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Dwarf galaxies provide opportunities for drawing inferences
about the processes in the early universe by observing our
“cosmological backyard”—the Local Group and its vicinity.
This special issue of the open-access journal Advances in
Astronomy is a snapshot of the current state of the art of
dwarf-galaxy cosmology. The issue contains fourteen review
papers, and one original research article. All papers were
peer-reviewed by a minimum of two referees.

Dwarf galaxies continue to challenge our cosmological
models and models of galaxy formation. Two well-known
problems are the “missing satellites problem” and the “cores
versus cusps problem.”

The dilemma posed by the fact that observations seem
to indicate an approximately constant dark matter density in
the inner parts of galaxies, while cosmological simulations
prefer a steep, power-law-like behavior that is assessed by
W. J. G. de Blok in the paper “The core-cusp problem.”
A. Kravtsov reviews the quandary that predicted subhalos
outnumber observed dwarf galaxies of the Local Group.
In his paper “Dark matter substructure and dwarf galactic
satellites,” he emphasizes insights that have been gained from
cosmological simulations and their tension with observa-
tional data.

The observer’s viewpoint of the missing satellites prob-
lem is provided by B. Willman in the review “In pursuit of the
least luminous galaxies.” Her paper focuses on the progress
made with the help of the Sloan Digital Sky Survey data and
gives perspectives on the potential for contributions to this

research by future surveys and new telescopes. Her paper
is complemented by H. Jerjen’s review “Dwarf cosmology
with the Stromlo missing satellites survey.” He makes the case
that the southern hemisphere has been largely unexplored
to faint magnitude levels with modern digital imaging data
and discusses the prospects for a complete census of the
Milky Way satellite population. An approach to finding
missing dwarf galaxies that is independent of their luminous
stellar content is through detecting their gravitational lensing
signal. E. Zackrisson and T. Riehm examine the many ways
through which lensing by subhalos can manifest itself in their
paper titled “Gravitational lensing as a probe of cold dark
matter subhalos.”

Early cosmological simulations also predict large num-
bers of dwarf galaxies in voids, which, since this is not
confirmed by observations either, is another face of the
missing dwarfs issue. It is currently hoped that a better
understanding of the physics that controls star formation
might resolve the discrepancies between the simulated and
observed dwarf galaxies in both environments. Work has
therefore focused on how gas is accreted and retained in
dwarf-galaxy-sized halos to form stars. In “The first galaxies
and the likely discovery of their fossils in the local group,”
M. Ricotti reviews simulations of the formation and fate of
preionization dwarfs. M. Hoeft and S. Gottlöber describe
what progress has been made with high-resolution simula-
tions to tackle the issue of “Dwarf galaxies in voids: dark
matter halos and gas cooling.” K. Nagamine adds his views
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on how to include star formation processes in cosmological
simulations in “Star formation history of dwarf galaxies in
cosmological hydrodynamic simulations.”

These papers are accompanied by a review of the current
knowledge of the star-formation histories of dwarf galaxies
that has been gained from observations. M. Cignoni and
M. Tosi describe experimental approaches and results in
“Star formation histories of dwarf galaxies from the colour-
magnitude diagrams of their resolved stellar populations.”

Several papers address how dynamical interactions influ-
ence the evolution of dwarf galaxies. In “Environmental
mechanisms shaping the nature of dwarf galaxies: the view
of computer simulations,” L. Mayer describes a mechanism
for transforming disky dwarfs into dwarf spheroidals, and
discusses implications for the substructure problem. L. V.
Sales et al. consider “The effect of tidal stripping on composite
stellar populations in dwarf spheroidal galaxies.” Their dwarf
galaxy model follows the evolution of two kinematically
and spatially segregated stellar components. They ask how
these can be distinguished after having interacted with
the potential of a massive galaxy. F. Bournaud, in “Tidal
dwarf galaxies and missing baryons,” discusses a tension
that exists between model predictions that tidal dwarfs
should not contain a significant mass fraction from the dark
matter halos of their progenitor spiral galaxies, and existing
observations which do suggest the presence of an unseen
component.

Dwarf spheroidal galaxies are considered to provide
good astronomical sites for the study of the nature of dark
matter. In “Kinematics of Milky Way satellites: mass estimates,
rotation limits, and proper motions,” L. Strigari reviews the
evidence for the presence of dark matter in dwarf spheroidal
companions of the Milky Way. M. Kuhlen portrays prospects
for the detection of the hypothetical dark matter particle.
His paper is titled “The dark matter annihilation signal from
dwarf galaxies and subhalos.” A. Kosowsky makes the case
that dwarf spheroidals are not only important for testing the
dark matter hypothesis, but also the competing, modified
Newtonian gravity hypothesis. His paper critically analyzes
“Dwarf galaxies, MOND, and relativistic gravitation.”

A. Kosowsky aptly summarizes what we consider the
spirit of this special issue: “Until the predominant picture of
dark matter cosmology can explain all of the observations,
other competing ideas should be pursued, either as a way of
sharpening the case for dark matter cosmology, or, perhaps,
uncovering an eventual replacement. . . . We should not allow
the successes of our leading theories to blind us to other
possibilities.”

There is much opportunity for theoretical and obser-
vational innovation in the area of dwarf-galaxy cosmology.
We asked the authors of our review papers to write them
in the style of a tutorial and at a level suitable for
beginning graduate students. We hope our special issue will
reach a wide audience of graduate students and beginning
researchers, in particular since all of the papers, under the
open-access model, are accessible free of charge to anyone
with a computer and an internet connection.

We would like to thank the members of the editorial
board of Advances in Astronomy, the authors and referees

of articles submitted to the special issue, and the staff of
Hindawi publisher. Without their support and hard work,
this special issue would not have come into being.

We hope you will enjoy reading “Dwarf-galaxy cosmol-
ogy.”

Regina Schulte-Ladbeck
Ulrich Hopp
Elias Brinks

Andrey Kravtsov
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This paper gives an overview of the attempts to determine the distribution of dark matter in low surface brightness disk and
gas-rich dwarf galaxies, both through observations and computer simulations. Observations seem to indicate an approximately
constant dark matter density in the inner parts of galaxies, while cosmological computer simulations indicate a steep power-law-
like behaviour. This difference has become known as the “core/cusp problem,” and it remains one of the unsolved problems in
small-scale cosmology.

1. Introduction

Dark matter is one of the main ingredients of the universe.
Early optical measurements of the rotation of spiral galaxies
indicated the possible presence of large amounts of dark
matter in their outer parts (e.g., [1]), though in many cases
the rotation curve could also be explained by the stars alone
(e.g., [2, 3]). Observations at even larger distances from the
galaxy centers, using the 21 cm line of neutral hydrogen,
definitively confirmed the mass discrepancy [4–6]. For an
extensive review, see Sofue and Rubin [7]. Most of these early
observations concentrated on late-type disk galaxies, which
all share the property of having an almost constant rotation
velocity in their outer parts (the so-called “flat rotation
curve”). As the dynamical contribution of the stars and the
gas is insufficient to explain the high rotation velocities in the
outer parts, this implies that most of the observed rotation
there must be due to some other material, the “dark matter.”
The observed constant velocity suggests that the dark matter
in the outer parts of galaxies has a mass density profile
closely resembling that of an isothermal sphere, that is,
ρ ∼ r−2.

In the inner parts of galaxies stars are obviously present
and they must be the cause of a (possibly large) fraction of the
observed rotation velocity. This therefore leads to a transition
from the inner parts, where the stars contribute to (and in
many cases dominate) the dynamics, to the outer parts where
the dark matter is important (e.g., [2, 3, 8, 9]).

The rotation velocity associated with dark matter in the
inner parts of disk galaxies is found to rise approximately
linearly with radius. This solid-body behaviour can be inter-
preted as indicating the presence of a central core in the dark
matter distribution, spanning a significant fraction of the
optical disk. Some authors adopt a nonsingular isothermal
sphere to describe this kind of dark matter mass distribution
(e.g., [10]), while others prefer a pseudoisothermal sphere
(e.g., [11, 12]). Both models describe the data well (see
[13]), and by the late 1980s they had become the de facto
description of the distribution of dark matter in (gas-rich,
late-type) dwarfs and disk galaxies.

In this paper we use the pseudoisothermal (PI) sphere
to represent the cored models, though this particular choice
does not affect any of the discussion in this paper. The mass
density distribution of the PI sphere is given by

ρPI(r) = ρ0

1 + (r/RC )2
, (1)

where ρ0 is the central density, and RC is the core radius of
the halo. This density distribution leads to an asymptotic flat
velocity V∞ given by V∞ = (4πGρ0R

2
C)1/2, where G is the

gravitational constant.
In the early 1990s, the first results of numerical N-body

simulations of dark matter halos based on the collisionless
cold dark matter (CDM) prescription became available.
These did not show the observed core-like behaviour in
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their inner parts, but were better described by a steep power
law mass-density distribution, the so-called cusp. Fits to the
mass-distributions as derived from these early simulations
[14–16] indicated an inner distribution ρ ∼ rα with α = −1.
(In the following we will use α to indicate the inner mass
density power law slope.)

The results from these and later simulations are based on
the (Λ)CDM paradigm, where most of the mass energy of
our universe consists of collisionless CDM in combination
with a cosmological constant Λ. This ΛCDM paradigm
provides a comprehensive description of the universe at
large-scales (as shown most recently by the Wilkinson
Microwave Anisotropy Probe (WMAP) results; see [17]).
However, despite these great successes, it should be kept in
mind that the cusp and the central dark matter distribution
are not predicted from first principles by ΛCDM. Rather,
these properties are derived from analytical fits made to
dark-matter-only numerical simulations. While the quality
and quantity of these simulations has improved by orders of
magnitude over the years, there is as yet no “cosmological
theory” that explains and correctly predicts the distribution
of dark matter in galaxies from first principles.

The value α = −1 found in the early CDM simulations
is very different from that expected in the PI model, where
the constant density core (ρ ∼ r0) implies α = 0. These two
cases thus lead to two very different descriptions of the dark
matter distribution in galaxies. The “cusp” (α = −1) models
gives rise to a rapidly increasing “spiky” dark matter density
towards the center, while the “core” model (α = 0) has an
approximately constant dark matter density. The cusp model
therefore has a rotation curve that will rise as the square root
of the radius, while the core model rotation curve rises in a
linear fashion. The difference in shapes between the rotation
curves of both models is quite pronounced, and, in principle,
it should therefore be possible to identify CDM haloes in real
galaxies by measuring their rotation curves.

Over the last 15 years or so, much effort has been put
into determining the central mass distribution in galaxies
using their rotation curves, and comparing them with the
outcomes of ever more sophisticated numerical simulations.
To first order, one can summarize this work as observational
determinations yielding slopes α ∼ 0, while simulations
produce α ∼ −1 slopes. This persistent difference is known as
the “core/cusp controversy,” sometimes also described as “the
small-scale crisis in cosmology”. The attempts to reconcile
the observations and simulations, either by trying to improve
them, or by trying to quantify systematic effects or missing
physics, are the subjects of this paper. I give a brief overview
of past and present work dealing with the determination
of the central dark matter density distribution in galaxies,
with an emphasis on the observational efforts. An overview
like this, touching on many different topics in galaxy
evolution, cosmology and computational astrophysics, is
never complete, and only a small (but hopefully somewhat
representative) fraction of the many papers relevant to this
topic can be referred to in the limited space available.
The rest of this paper is organised as follows. Section 2
gives a description of the results that numerical simulations
have produced over the years. Section 3 deals with the

observational determinations of the dark matter density
distribution. Section 4 discusses physical scenarios that have
been proposed to reconcile the core and cusp distributions.
Section 5 briefly summarizes the work discussed.

2. Cold Dark Matter Cusps

The presence of a cusp in the centers of CDM halos
is one of the earliest and strongest results derived from
cosmological N-body simulations. Dubinski and Carlberg
[14] were among the first to investigate the density profiles of
CDM halos and found that the inner parts of these simulated
halos could be characterized by a power law slope α = −1.
They did not rule out the existence of central cores but
noted that these would have to be smaller than the resolution
of their simulations (∼1.4 kpc). Subsequent simulations, at
higher and higher resolutions, made the presence of cores in
simulated CDM haloes increasingly unlikely.

A systematic study by Navarro et al. [15, 16] of sim-
ulated CDM halos, derived assuming many different sets
of cosmological parameters, found that the innermost dark
matter mass density distribution could be well described by
a characteristic α = −1 inner slope for all simulated halos,
independent of mass, size, or cosmology. A similar general
result was found for the outer mass profile, with a steeper
slope of α = −3. Navarro et al. [16] called this the “universal
density profile” and it is described by

ρNFW(r) = ρi

(r/Rs)(1 + r/Rs)
2 , (2)

where ρi is related to the density of the universe at the time
of the time of halo collapse and Rs is the characteristic radius
of the halo. This kind of profile is also known as the “NFW
profile.”

The corresponding rotation curve is given by

V(r) =
√

ln(1 + cx)− cx/(1 + cx)
x[ln(1 + c)− c/(1 + c)]

, (3)

with x = r/R200. This curve is parameterized by a radius
R200 and a concentration parameter c = R200/Rs. Here R200

is the radius at which the density contrast with respect to
the critical density of the universe exceeds 200, roughly
the virial radius; V200 is the circular velocity at R200 [15].
The parameters c and V200 are tightly related through the
assumed cosmology. Indeed, one can be expressed as a
function of the other, with only a small scatter [18]. That
is, the range of (c,V200) combinations that describes “real”
CDM rotation curves is tightly constrained by the ΛCDM
cosmology.

Simulations by Moore et al. [19] indicated an even
steeper inner slope. They found that their simulated halos
could be best described by a function

ρM99(r) = ρi

(r/Rs)
1.5(1 + r/Rs)

1.5 , (4)

that is, with an inner slope α = −1.5 and an outer slope
α = −3.
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The difference between these two results indicated that
issues such as numerical convergence, initial conditions,
analysis or interpretation could still play a role in defining
the inner slope. As ever more powerful computers and
increasingly higher resolution simulations became available,
the value and behavior of the inner slope of CDM halos
has therefore been extensively discussed in the literature. For
example, to give but an incomplete listing of the many papers
that have appeared on this topic, Klypin et al. [20] derived
slopes α = −1.5 for their simulated halos. From phase-
space density arguments, Taylor and Navarro [21] argue that
the density profile should resemble an NFW profile, but
converging to an inner slope α = −0.75, instead of the
α = −1 value. Colı́n et al. [22] investigated low-mass haloes
and found that they were best described using NFW profiles
(i.e., α = −1). Diemand et al. [23] found that CDM halos
have cusps with a slope α � −1.2.

Many studies assumed that the central cusp consisted of
a region, where the mass density behaved as a power law with
a constant slope. Navarro et al. [24] and Hayashi et al. [25]
suggested that this did not have to be the case. They did not
find evidence for an asymptotic power law slope, but instead
noted that the slope kept getting shallower towards smaller
radii without converging to a single asymptotic value. At
the smallest resolved radii they derive slopes of ∼ −1.2 for
“galaxy-sized” halos (as measured at ∼1.3 kpc), and ∼ −1.35
for “dwarf galaxy” halos (as measured at ∼0.4 kpc). These
values are significantly steeper than the original NFW slope,
but not as steep as the Moore et al. [19] value. Navarro et al.
[24] introduce a new fitting formula to quantify their results.
For reasonable choices of its input parameters, this formula
yields an extrapolated slope of α ∼ −0.7 at r ∼ 0.01 kpc.

Stoehr [26] also finds a gradual turnover in slope towards
smaller radii. Though his simulations formally resolve only
radii ∼1 kpc (where a slope of α ∼ −1 is measured), an
extrapolation of his favoured fitting function towards smaller
radii results in a decreasing slope ending up as a flat slope
(α = 0) around r ∼ 0.01 kpc.

Merritt et al. [27] and Graham et al. [28] showed that the
density distribution presented in Navarro et al. [24] could be
equally well described by a Sérsic function. In the context of
CDM halos they refer to this function as an Einasto model.
For completeness, this profile is given by

ρEin(r) = ρe exp

(
−dn

[(
r

re

)1/n

− 1

])
, (5)

where n determines the shape of the profile, and dn is
a function of n which enables the use of the density ρe
measured at the effective radius re. The latter is defined as
the radius of the volume containing half of the total mass. In
terms of observationally more accessible quantities this can
be written as

ρEin(r) = ρ−2,Ein exp

⎛
⎝−2n

⎡
⎣( r

r−2,Ein

)1/n

− 1

⎤
⎦
⎞
⎠, (6)

where r−2,Ein is the radius at which the logarithmic derivative
of the density profile equals −2, and ρ−2,Ein is the density at

that radius. The two versions of radius and density are related

by ρ−2,Ein = ρe exp(dn − 2n) and r−2,Ein = (2n/dn)nre.

A further discussion of this model is beyond the scope of
this paper, except to note that for typical parameterisations
of CDM galaxy halos one derives a slope of α ∼ −1.3± 0.2 at
a radius of 1 kpc and of α � −0.9± 0.2 at a radius of 0.1 kpc.
The precise values depend on the exact values of n and r−2;
the values just listed assume 4 < n < 8 and r−2 = 10 kpc, as
shown in Graham et al. [28]. (Less steep slope values listed in
the same paper are derived assuming r−2 = 100 kpc and are
thus more appropriate for giant or group-sized CDM halos.)

Amongst the highest resolution measurements of the
inner slope of CDM halos so far are those by Navarro
et al. [29] and Stadel et al. [30]. The former were done
as part of the Acquarius project [31]. Navarro et al. [29]
found no convergence to a single asymptotic slope. Rather, as
before, the slope keeps decreasing with decreasing radius. At
r = 0.1 kpc, which is approximately the smallest reliably
resolved radius, the slope has a value α � −0.85. At r = 1 kpc
the value is α � −1.4. An Einasto profile with n = 5.9
provides a good fit to the change in slope with radius.

In an independent, but equally detailed simulation,
Stadel et al. [30] find a similar behavior, as well as comparable
slope values. They quote a slope α = −0.8 at 120 pc, and
α = −1.4 at 2 kpc.

Even though the details of the simulations, the analytical
fits and the interpretation and analysis differ, we can still
draw some conclusions from the previous discussion. All
simulations and fitting functions considered here produce
slopes α � −1 at a radius of 1 kpc. At radii less than 1 kpc
the most recent simulations tend to produce slightly more
shallow slopes where a typical value seems to be α � −0.8 at
0.1 kpc. From an observer’s perspective, all models described
here produce slopes α ∼ −0.8 or steeper at the smallest
observationally accessible radii, and will thus all produce
results very similar to those derived using a “standard” NFW
profile. In the simulations, radii less than 0.1 kpc cannot
yet be reliably resolved, and the values of the slope derived
there depend on the validity of the assumed analytical fitting
function.

3. Observations

3.1. Early Measurements. The first comparisons of the HI
rotation curves of gas-rich dwarf galaxies with those pre-
dicted by CDM profiles were presented in Moore [32] and
Flores and Primack [33]. The dynamics of these galaxies are
dominated by dark matter, and they are therefore thought to
be good probes of its distribution. Both studies note a large
discrepancy between the observed rotation velocities and
those predicted, especially in the inner parts. They show that
the PI model gives a superior description, implying that the
halos of these late-type dwarf galaxies are best characterized
by an approximately constant-density core. Moore [32]
briefly addresses some of the observational uncertainties that
might affect the data, such as resolution, projection effects
due to inclination, and the effects of pressure support, and
concludes that they are not significant enough to affect
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the results. He also notes that it is conceivable that, during
the galaxy formation process, gas settling in the halo will have
affected the dark matter distribution. Usually this is thought
to take place in the form of a process called “adiabatic
contraction” [34], which has the effect of contracting the
inner dark matter distribution (increasing the density). If
currently derived halo properties are the result of this
process, then the initial halos must have been of even lower
density, exacerbating the discrepancy.

Navarro et al. [35] argue that baryonic processes might
be the cause of the observed core distribution. They use N-
body simulations to model the effect of star formation on
the baryons and the dark matter, and find that a central
dark matter core can be created if a large fraction of the
baryons is suddenly expelled into the halo. They estimate that
star formation rates of up to 10 M� yr−1 are needed over a
dynamical time scale of a galaxy for the process to have the
desired impact.

After analysing the same four dwarf galaxies that Moore
[32] investigated, Burkert [36] comes to the conclusion
that their rotation curves, after appropriate scaling, are self-
similar (see also [37]). He notes that it is unlikely that
baryonic blow-outs and mass-flows can cause this kind of
behaviour, unless fine-tuned, and attributes the slow rise of
the rotation curve to the intrinsic properties of the dark
matter (i.e., a dark matter core). He also finds tentative
evidence that the mass density in the outer parts of these
dwarfs drops off as r−3 (consistent with CDM), and not with
r−2 (as suggested by the asymptotically flat rotation curves of
spiral galaxies). Based on this, he introduces what has since
become known as the “Burkert-profile”:

ρBur = ρ0r
3
0

(r + r0)
(
r2 + r2

0

) , (7)

with ρ0 the central density, and r0 the scale radius, similar
to the core radius RC of the PI model. This model is thus
characterised by α = 0 in the inner parts, and α = −3 in the
outer parts.

A paper by Gelato and Sommer-Larsen [38] presents a
more detailed analysis of the baryonic blow-out process and
its impact on the halo structure. They attempt to reproduce
the observed rotation curve of DDO 154 by simulating
NFW halos, and subjecting them to the effect of violent gas
outflows, which are simulated by suddenly changing the disk
potential in the simulations. In order for the final rotation
curve to resemble the observed curve, they need to suddenly
blow out 33 to 75 percent of the initial disk material. They
note that they can reproduce the rotation curve of DDO 154
for a rather wide range of blow-out scenarios, and suggest
that the fine-tuning argument put forward by Burkert [36]
may not be applicable.

The blow-out process immediately gives rise to a number
of observational consequences. Firstly, a period of star
formation intense enough to blow out the majority of the
baryons should leave behind a substantial (by now) old
stellar population. In practice, however, these dwarfs are seen
to be dominated by a young stellar population. Is there a
discrepancy here? Secondly, what happens to the baryons

that are blown out? Do they stay in the halo? Presumably they
will be in the form of hot gas. Is this hot gas detectable? Or,
if the gas cools down, can we see it raining back on the disk?
Discussing these questions in detail is beyond the scope of
this paper, but note that there are a number of starbursting
dwarf galaxies in our local universe where one can attempt
to study these phenomena directly. As an example, Ott et al.
[39] analyse the properties of the hot and cold gas in 8 dwarf
galaxies that are in a starburst phase. They show that outflows
of hot gas are possible, but also that the presence of (tidal)
cold gas can again confine the hot gas. In the galaxies in
their sample, approximately 1 percent of the total ISM is
in the form of hot, coronal gas. The outflows are found to
be efficient in removing hot, metal-rich gas. Whether these
processes can, in the early universe, also remove the bulk of
the ISM is still an open question. It is clear that with this kind
of analysis we are no longer in the realm of cosmology, but
are dealing with “messy” astrophysics.

Fortunately, there is an alternative way to study the
dark matter distribution. Navarro et al. [35] already note
that the blow-out process can only be effective in dwarf
galaxies. In more massive galaxies, such as spiral galaxies,
the potential well is too deep to efficiently remove the
gas. Finding and investigating more massive dark-matter
dominated galaxies may therefore be a more effective way to
explore the core/cusp issue. These galaxies, fortunately, do
exist, and are called Low Surface Brightness (LSB) galaxies.

3.2. LSB Galaxies. The term LSB galaxies is used here to indi-
cate late-type, gas-rich, dark-matter-dominated disk galax-
ies. Their optical component is well described by an expo-
nential disk with an (extrapolated) inclination-corrected
central surface brightness fainter than μ0,B ∼ 23 mag arcsec−2

[40–42]. Despite their low surface brightness, their inte-
grated luminosity is a few magnitudes brighter than that
of late-type dwarf galaxies (MB ∼ −18 to ∼ −20 for LSB
galaxies, as opposed to MB � −16 for the dwarf galaxies).
As noted, they are gas-rich (MHI/LB � 1; see [43–45]),
and their interstellar medium has a low metallicity [46, 47].
Their optical appearance is dominated by an exponential
disk with a young, blue population, with little evidence for
a dominant old population. Additionally, these galaxies do
not have large dominant bulges, and seem to have had a
star formation history with only sporadic star formation
[48–50]. Central light concentrations, if present at all, tend
to be only fractionally brighter than that of the extrapolated
exponential disk. In terms of their spatial distribution,
they are found on the outskirts of the large-scale structure
filaments [51, 52]. In short, most observational evidence
indicates that these galaxies have had a quiescent evolution,
with little evidence for major merging episodes, interactions,
or other processes that might have stirred up the baryonic
and dark matter (see also [53, 54]).

As for the term “LSB galaxies,” there is some confusion
in the literature about what type of galaxies it applies to. The
type of LSB galaxies most commonly studied, in particular
with regards to the core/cusp controversy, are the late-
type LSB galaxies whose properties are described previously.
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The other type of LSB galaxies often discussed in the
literature is the massive, early-type, bulge-dominated LSB
galaxies. These galaxies have properties entirely different
from the late-type LSB galaxies [55, 56]. The massive
LSB galaxies are a lot more luminous and their optical
appearance is dominated by a bright central bulge with a
clearly detectable old population [57]. Many of them have
low-level AGN activity [58]. All indications are that the
evolution of these galaxies has been entirely different from
that of late-type LSB galaxies; if anything, they resemble S0
galaxies with extended disks, rather than late-type galaxies.
The presence of the dominant bulge also indicates that their
central dynamics are likely to be dominated by the stars,
rather than dark matter. In the following, the term “LSB
galaxies” therefore refers to late-type LSB galaxies only.

3.3. Early HI Observations of LSB Galaxies. The first detailed
studies of large samples of LSB galaxies soon led to the
picture of them being unevolved, gas-rich disk galaxies, as
described previously. The observation that they followed
the same Tully-Fisher relation as normal galaxies [59] was
intriguing, as this implied they had to be dark-matter
dominated. Follow-up radio synthesis observations in HI
[60] soon confirmed this. Though the resolution of these
early observations was limited, the derived rotation curves
clearly resembled those of late-type dwarf and “normal” disk
galaxies: a slow rise, followed by a gradual flattening. When
expressed in terms of scale lengths, the rotation curves of LSB
and HSB galaxies of equal luminosity turned out to be very
similar, indicating that LSB galaxies are in general low density
objects [61].

Mass models derived using the rotation curves clearly
showed that for reasonable assumptions for the stellar mass-
to-light ratio, Υ�, the dynamics of LSB galaxies had to be
dominated by dark matter [62]. Assuming that the stars
had to dominate the dynamics in the inner parts (the so-
called maximum disk solution) led to unrealistically high Υ�
values, and, even when taken at face value, still showed a need
for a moderate amount of dark matter at small radii (see also
[63]).

The distribution of the dark matter at first sight seemed
similar to that in gas-rich dwarf galaxies [62]. Because of the
limited resolution of the data, de Blok and McGaugh [62]
did not attempt fits with the NFW model, but noted that the
halos had to be extended, diffuse and low density.

A first attempt at comparing the HI data with CDM
predictions was made by McGaugh and de Blok [63]. Rather
than making fits to the rotation curve, they simply assumed
that the typical velocity V200 of the halo had to equal the
outer (maximum) rotation velocity of the galaxy. The strict
cosmological relation between c and V200 then automatically
yields a value of c compatible with ΛCDM. Adopting these
values, the resulting halo rotation curve turned out to be very
different from the observed curve, in a similar way as the
Moore [32] analysis; the NFW curve is too steep and rises too
quickly in the inner parts. The only way the halo curve could
be made to resemble the observed curve, was by abandoning
the cosmological (c,V200) relation.

Similar conclusions were derived by Côté et al. [64]. They
presented high-resolution HI observations of dwarfs in the
nearby Centaurus and Sculptor groups, and noted that the
derived rotation curves did not agree with the NFW model.

A possible explanation that was soon put forward was
that there were still unrecognized systematic effects in the
data, that would give the false impression of a core-like
behaviour. Initially, attention was focussed on the resolution
of the de Blok et al. [60] HI observations. These had
beam sizes of ∼15′′, resulting in the HI disks of the LSB
galaxies investigated having a diameter of between 3 and 18
independent beams. This limited resolution can potentially
affect the shapes of the rotation curves through a process
called “beam smearing,” as also mentioned in de Blok
et al. [60]. In observations with limited resolution, the
beam smearing process decreases the observed velocities
(compared to the true velocities), and in extreme cases can
turn any steeply rising rotation curve into a slowly rising
solid-body one. This would therefore give the impression of
a core being present in the data, while the true distribution
could still be cuspy. In their paper, de Blok and McGaugh
[62] argued, through modelling of these beam smearing
effects, as well as the direct detections of steeply rising
rotation curves in the data, that while some beam smearing
was indeed present, the effect was not strong enough to
completely “hide” the dynamical signature of a cusp, and
concluded that the data were consistent with the existence
of dark matter cores.

An alternative interpretation was given in van den Bosch
et al. [65] who used the de Blok and McGaugh [62] data,
along with high-resolution literature rotation curves of a
number of late-type “normal” and dwarf galaxies, such as
DDO154 and NGC 247. They derived and applied explicit
analytical corrections for beam smearing and concluded that
the LSB galaxy HI data were consistent with both cored and
cuspy halos. In their analysis of the other gas-rich dwarf and
late-type galaxies, they found evidence for cores in the dwarf
galaxies, but detected a steep mass-density slope—consistent
with a cusp—in NGC 247, the one late-type disk galaxy that
met their sample selection criteria.

In a related paper, van den Bosch and Swaters [66]
derive similar conclusions for a different, larger sample of
dwarf galaxies observed in HI as part of the Westerbork HI
Survey of Irregular and Spiral Galaxies (WHISP) [67]. They
attempt to correct for adiabatic contraction and resolution
and conclude that, while in a majority of the galaxies they
investigate a core is somewhat preferred in terms of fit
quality, they cannot exclude halo models that have a steep
inner mass-density slope.

Clearly, with this wide range of (sometimes contradic-
tory) conclusions, obtaining higher resolution data is the
only way to put stronger constraints on the exact distribution
of dark matter in galaxies.

3.4. Hα Observations. After the initial HI observations, the
most efficient way to improve the resolution was by obtaining
observations in the Hα line. These usually took the form of
long-slit spectra taken along the major axes of the galaxies,
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and resulted in an order of magnitude improvement in
resolution. Typical observations now had resolutions of a few
arcseconds, instead of a few tens of arcseconds.

Some of the first Hα long-slit rotation curves of LSB
galaxies were presented by Swaters et al. [68]. They found
that the Hα curves indeed did rise somewhat more steeply
in the inner parts than the HI curves, and for one or two
galaxies very much so, but they noted that on the whole
the HI and Hα curves were consistent when the beam
smearing effects were taken into account. The Hα curves
and corresponding mass models did still indicate that LSB
galaxies had to be dominated by dark matter. The curves also
still rose less steeply than those of higher surface brightness
late-type galaxies of a similar luminosity, as indicated by the
agreement between the curves when they were radially scaled
using their exponential disk-scale lengths.

A large set of high-resolution, Hα long-slit rotation
curves was published and analysed by McGaugh et al. [69],
de Blok et al. [70, 71], and de Blok and Bosma [72]. Many
of these galaxies had been part of the de Blok and McGaugh
[62] sample, and a direct comparison between the Hα and
HI rotation curves showed that in the majority of cases,
beam smearing effects were present, but not significant
enough to alter the previous conclusions regarding the dark
matter distribution. In the few cases where there were large
differences this could be explained by inclination effects or
elliptical beam shapes in the HI observations.

The Hα curves thus showed that the inner, slowly rising
slopes could not be caused by resolution effects. This meant
that for reasonable (stellar population synthesis inspired)
Υ� values, LSB galaxies were still dark matter dominated
throughout their disk, even though the Hα curves formally
allowed maximum disk fits with even higher Υ� values than
the HI observations did. These high values are, however,
completely at odds with the observed colours and star
formation histories, and still imply a significant dark matter
fraction.

Comparison of mass models assuming PI and NFW
models showed that the data were better described by the
PI models. In many cases, NFW models did yield reasonable
fits, but usually with very low concentrations and high V200

values, inconsistent with the cosmological (c,V200) relation.
Taken at face-value these results would imply that the halos of
LSB galaxies have barely collapsed, and have typical velocities
many times higher than those of the galaxies that inhabit
them. The low c-values are, however, due to the intrinsically
different shape of the NFW rotation curves compared to the
solid-body observed curves. An NFW curve has an inner
velocity slope v ∝ r1/2, and the only way this kind of curve
can fit the observed solid-body v ∝ r curve is by stretching,
resulting in the low c and high V200 values.

The observational inner mass density slopes were derived
by de Blok et al. [70] and plotted against the resolution
(physical radius of the innermost point) of the rotation
curve. A comparison with the expected slopes from various
halo models showed that the majority of the data scattered
towards the predicted slopes of the PI model. They also
showed that for resolutions of ∼1 kpc the PI and NFW
models yielded identical slopes. This would go some way

towards explaining why some of the lower resolution HI
observations were unable to distinguish between models.
The behaviour of the change in slope when going from
the lower resolution HI observation to higher resolution
Hα observations is consistent with that expected from the
PI model, as shown in de Blok and Bosma [72]. Clearly,
for unambiguous determinations of the inner mass density
slope, resolutions of better than a kpc are needed.

Independent observations and analyses came to similar
conclusions. Marchesini et al. [73] obtained long-slit Hα
observations of some of the de Blok and McGaugh [62]
galaxies, and also found little evidence for strong beam
smearing, as well as strong evidence for the existance of
dark matter cores. Zackrisson et al. [74] obtained long-slit
observations of the rotation curves of six extremely blue
and bulge-less LSB galaxies and also finds strong evidence
for the presence of cores in the dark matter distribution of
these galaxies. Salucci [75] analysed the rotation curves of
over a hundred rotation curves of disk galaxies, and found
clear signatures for the existence of dark matter cores in
these galaxies. This analysis is complementary to the work on
LSB galaxies, as it also analyses less dark-matter-dominated
galaxies. Borriello and Salucci [76] analysed Hα rotation
curves of a number of dark matter dominated galaxies,
and also found strong evidence for core-like dark matter
distributions. They also fit Burkert haloes to their data and
find that these also provide good fits. Analysis for a sample
of ∼25 spiral galaxies is presented in Donato et al. [77], and
leads to similar conclusions. They also find that the core
radius of the dark matter distribution is related to the disk-
scale length.

Hayashi et al. [25] find that the Hα rotation curves are
consistent with steep slopes. de Blok [78] suggests that these
conclusions are based on artificial constraints imposed on
the fitting functions. Once these constraints are removed,
17 of the 20 galaxies with the highest-quality data are best
fitted with cored models. Three are possibly consistent with
cuspy models; two of these are high-surface brightness dwarf
galaxies that are likely dominated by stars.

3.5. Possible Systematic Effects. At first glance, the observa-
tional data seems to provide good evidence for the presence
of cores in LSB galaxies. This does of course not exclude
the possibility that systematic effects might be present in
the data that could give the (false) impression of cores. A
number of studies have therefore focused on these effects
and asked whether the detected cores could still be consistent
with cuspy halo models.

The systematic effects that were investigated fall into two
categories.

(1) Pointing Problems. If small offsets exist between the
central slit position and the true, dynamical center,
this will cause the spectrograph slit to miss the cusp.
This could be due to inaccurate telescope pointings
or, alternatively, if large physical offsets between the
dynamical and photometric centers of galaxies exist,
the measured slopes will also be biased downwards.
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(2) Noncircular Motions. The fundamental assumption
in the observational analyses discussed so far is that
the gas moves on circular orbits. If for some reason
the orbits are elliptical, or of the gas motions are
disturbed, this will also lead to an underestimate of
the slope.

These effects are difficult to recognize in long-slit, one-
dimensional Hα data without additional information. Many
authors therefore, apart from modeling these effects, also
emphasized the need for high-resolution, two-dimensional
velocity fields. These make pointing problems irrelevant,
while noncircular motions can be directly measured.
Fortunately, these velocity fields are now available (see
Section 3.6), largely superseding the results derived from
the Hα rotation curves. Nevertheless, for completeness, the
further analysis of the Hα curves is briefly discussed here.

In de Blok et al. [79] a first attempt was made at
modeling the observational systematic effects. Their main
conclusion was that NFW halos can be made to resemble
dark matter cores only if, either systematic noncircular
motions with an amplitude of ∼20 km s−1 exist in all disks,
or systematic telescope pointing offsets of ∼3-4′′ exist for all
observations, or if the dynamical and photometric centers are
systematically offset in all galaxies by ∼0.5–1 kpc.

Marchesini et al. [73] and de Blok and Bosma [72]
compare independent sets of observations of the same
galaxies, obtained at different telescopes, by independent
groups, using independent data sets, and find no evidence for
telescope pointing errors. In general, galaxies can be acquired
and positioned on the slit with a repeatability accuracy of
0.3′′ or so.

Using further modeling, de Blok et al. [79] find that a
halo model with a mildly cuspy slope α = −0.2 ± 0.2 gives
the best description of the data in the presence of realistic
observational effects. It is interesting to note that this best-
fitting slope had already been derived by Kravtsov et al. [80]
on the basis of the de Blok et al. [60] data.

An analysis by Spekkens et al. [81] of long-slit Hα
rotation curves of 165 low-mass galaxies comes to the same
conclusion. Depending on how they select their sample, they
find best-fitting slopes of α = −0.22 ± 0.08 to α = −0.28 ±
0.06. They also model pointing and slit offsets, but come to
the conclusion that, after correction, their data are consistent
with cuspy haloes. Swaters et al. [82] also present extensive
modeling of high-resolution long-slit Hα rotation curves,
and show that while their data are consistent with α = 0
cores, steeper slopes cannot be ruled out.

Given the difference in interpretation of otherwise
similar samples, a double-blind analysis of the modeling
performed by the various groups would have been interest-
ing. However, with the availability of high-resolution velocity
fields, this is now a moot issue.

Rhee et al. [83] attempt to model many of the obser-
vational effects using numerical simulations. Most of their
conclusions apply to long-slit observations. The systematic
effects they investigate (dealing with inclination effects,
noncircular motions and profile shapes) have now been
directly tested on high-resolution velocity fields and do not
critically affect the data (e.g., [74, 84–89]).

3.6. High-Resolution Velocity Fields. As noted, high-reso-
lution two-dimensional velocity fields provide the context
which long-slit observations are missing. With these velocity
fields the pointing problem becomes irrelevant, offsets
between kinematical and dynamical centers can be directly
measured, as can noncircular motions. Following is a brief
overview of the various observational studies that have
presented and analysed these velocity fields within the
context of the core/cusp debate.

Some of the first high-resolution optical velocity fields of
late-type dwarf and LSB galaxies were presented by Blais-
Ouellette et al. [90]. They analyse Hα Fabry-Perot data
of IC 2574 and NGC 3109, two nearby dwarf galaxies,
and derive slowly rising rotation curves, consistent with a
core. This work was later expanded in Blais-Ouellette et
al. [91], and led to the work presented in Spano et al.
[92], where optical velocity fields of 36 galaxies of different
morphological types are presented. All three studies find
that the PI model generally provided better fits than NFW
models. If NFW models give fits of comparable quality,
then this is usually at the cost of an unrealistically low Υ�
value and noncosmological (c,V200) values. A similarly large
collection of Hα velocity fields is presented in Dicaire et
al. [93]. They do not explicitly address the core/cusp issue,
but show that when bars are present, their influence on the
velocity fields is very noticable.

Kuzio de Naray et al. [88, 89] present DensePak velocity
fields of LSB galaxies, many of them taken from the de Blok
and McGaugh [62] sample. Their conclusions are that NFW
models provide a worse fit than PI models, for all values
of Υ�. Where an NFW model could be fit, the c-values
generally again do not match the cosmological CDM (c,V200)
relation. They introduce a “cusp mass excess.” When the
predicted (c,V200) relation is assumed, and the V200 velocities
are matched with those in the outermost observed velocities,
the inner parts require about ∼2 times more dark matter
mass than is implied by the observed rotation curves.

Kuzio de Naray et al. [88, 89] also explore noncircular
motions. They find that random velocities with an amplitude
of ∼20 km s−1 are needed to bring the observed curves in
agreement with the CDM predictions. A comparison of
simulated long-slit observations (extracted from the velocity
fields) with the original long-slit data from McGaugh et al.
[69] and de Blok and Bosma [72] shows good agreement.

Swaters et al. [94] present a DensePak velocity field of
the late-type dwarf galaxy DDO 39. They derive a rotation
curve, and show that its slope is steeper than implied by
lower resolution HI data, and also different from earlier
long-slit data from de Blok and Bosma [72]. They indicate
that measurable noncircular motions are present, but do not
explicitly quantify them. They show fit results for NFW halos,
but do not show the corresponding results for a core model,
so further comparisons are difficult to make.

Weldrake et al. [95] present the HI velocity field of NGC
6822, a nearby Local Group dwarf galaxy. Their data have
a linear resolution of about 20 pc, so beam smearing is
definitely not a problem. The rotation curve shows a strong
preference for a core-like model, but they do not quantify
possible noncircular motions. Salucci et al. [96] present



8 Advances in Astronomy

similarly high-resolution HI data (including VLA B array) of
the dwarf galaxy DDO 47. Their analysis shows the dynamics
are not consistent with a cusp. Similar results are derived in
Gentile et al. [97] for a number of spiral galaxies.

Simon et al. [98] present results from CO and Hα velocity
fields of 5 low-mass dark-matter-dominated galaxies (see
also [99, 100]). They derive a range of slopes, from core-
like (α = −0.01 for NGC 2976) to cuspy (α = −1.20 for
NGC 5963). Note that NGC 5963 has an inner bright disk,
and it may therefore not be dark-matter-dominated all the
way to the center, making the value of its mass-density slope
uncertain (see also [101]). The average slope they derive
is α = −0.73 ± 0.44. Their analysis method differs in a
few aspects from the other studies referenced in this paper.
Firstly, their inner slope values are derived from a single
power law fit to the entire rotation curve. Most of their
models do not take into account the gas component due to
a lack of HI observations. In low-mass galaxies the gas can
dynamically be more important than the stars (especially in
the outer parts), and correcting for this component could
potentially change the derived slopes.

More importantly, the mass models in Simon et al. [98]
are derived under the explicit assumption of a constant
inclination and position angle for each galaxy. Most velocity
fields of nearby galaxies show radial inclination and position
angle trends, especially in the outer parts (e.g., [87]). Simon
et al. [98] attribute these to radial velocities that give the
impression of changes in inclination and position angle.
Nevertheless, the noncircular velocities derived in this way
are typically less than ∼20 km s−1, and in a few galaxies less
than ∼5 km s−1. Whether these velocities are real or whether
inclination and position angle changes are preferred would
be an interesting topic of further study. Simon et al. [98]
also derive harmonic decompositions of the velocity fields to
study noncircular motions, but they do not list the values of
the harmonic coefficients. It would be similarly interesting
to compare these with results derived for other disk and LSB
galaxies.

Direct measurements of noncircular motions are pre-
sented in Gentile et al. [84]. Using high-resolution HI
observations, they make a harmonic decomposition of the
velocity field, and show that noncircular motions are only
present at the level of a few km s−1. This is a factor of ∼10
lower than what is needed for the noncircular motions to
wipe out the kinematical signature of a cusp and to give the
impression of a core.

An analysis by Gentile et al. [102] of another gas-rich
dwarf galaxy, NGC 3741, based on the entire 3D HI data
cube, showed noncircular motions around 5−10 km s−1,
and a strong preference for a core model. NFW models
could be accommodated, but with the usual caveat of the
fit parameters not being consistent with the cosmological
(c,V200) relation.

Trachternach et al. [85] present harmonic decomposi-
tions of the velocity fields of galaxies from The HI Nearby
Galaxy Survey (THINGS; [103]). The THINGS survey covers
a large range in galaxy properties, from luminous early-type
disk galaxies to late-type dwarfs. Trachternach et al. [85] find
a relation between the median strength of the noncircular

motions and the luminosity of the galaxies, indicating that
the noncircular motions are associated with the baryons.
Luminous disk galaxies have noncircular motions up to
∼30 km s−1, mostly associated with bars and spiral arms.
These then decrease rapidly to a level of only a few km s−1

for dwarf galaxies like DDO 154. They also found that offsets
between photometric and kinematic centers were typically
∼200 pc or less.

This low level of noncircular motions seems inconsistent
with observations by Pizzella et al. [104], who find significant
noncircular motions in a sample of 4 LSB galaxies. However,
their galaxies all contain bright bulges and are therefore
probably more representative of the class of giant LSB
galaxies, rather than the late-type ones discussed in this paper
(in this regard see also [105]).

Finally, McGaugh et al. [106] and Gentile et al. [107]
show that the core/cusp issue is not limited to the very
inner parts of galaxies. As mentioned before, the shape
of the NFW curve is fundamentally different from that of
observed curves. One can try and work out the implications
in two ways. McGaugh et al. [106] match the observed outer
rotation velocities with those of corresponding cosmological
NFW halos (effectively identifying NFW halos that have
a similar dark matter density at these outer radii as real
galaxies), and find that these halos are too massive. Due
to the cusp mass excess their average density is then also a
factor of 2-3 too high (see also [87]). Gentile et al. [107]
take a different approach and identify halos that have the
same enclosed mass as observed galaxies. Again, due to the
cusp mass excess, this results in halos that, compared to what
can be derived for real galaxies, are more dense in the center
and less dense in the outer parts. Due to the fundamentally
different shapes of the mass distributions, the core/cusp issue
is therefore not limited to the inner parts, but is relevant at
all radii.

4. Effects of Baryons and Triaxiality

The high-resolution velocity fields thus seem to indicate
mass distributions that are cored. As many observational
effects such as pointing, center offsets, and even noncircular
motions seem to be too small to be the cause of the
observed cores, many studies have attempted to explain the
apparent presence of cores as the result of processes such
as interactions between and merging of dark matter halos,
or the effect of baryons on the dark matter distribution.
Following is a brief discussion of some of these effects.

4.1. Feedback and Merging. It was already noted that violent,
large-scale star formation might be able to explain the cores
in gas-rich dwarf galaxies, but not in more massive galaxies
[15]. The implied large bursts of star formation are also
not consistent with the quiescent evolution of LSB galaxies.
An alternative way to achieve the removal of the cusp was
proposed by Weinberg and Katz [108]. They model a rotating
rigid bar in a disk which is embedded in a CDM halo and
show that this bar creates a wake in the dark matter. This
trailing wake slows down the bar, transferring some of the bar
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angular momentum to the dark matter. This “puffs up”
the dark matter distribution thus forming a core. Recent
numerical simulation work by Dubinski et al. [109] does,
however, suggest that the bar does not destroy the central
cusp, and may even increase the halo density slightly.

A very detailed case study of the effects of bars and
feedback is presented in Valenzuela et al. [110]. They attempt
to reproduce the observed rotation curves of NGC 6822 and
NGC 3109 using NFW halos and a variety of feedback effects
and noncircular motions. They present numerical models
including gas dynamics, and tune them to resemble the two
target galaxies. Whilst they succeed in matching the rotation
curves, it is not clear whether these results can be generalized,
due to, for example, the different assumptions that are
made in determining inclinations and position angles of
the models, compared to the data. Although the authors
present simulated velocity fields, they do not make a direct
comparison between observed and simulated velocity fields,
which would provide much additional information on the
bar and feedback effects.

Dekel et al. [111, 112] argue that merging of cuspy halos
inevitably leads to a cusp. The only way to prevent this
from happening is to puff up the dark matter distribution
of the infalling halos before they merge. This way the halos
get disrupted more easily and a core-like distribution can
be gradually built up. The authors describe the scenario
as speculative, however, and note that it is unlikely that
supernovae will be able to cause the puffing up for any galaxy
with V > 100 km s−1. Boylan-Kolchin and Ma [113] show
that for this process to work, none of the merging halos can
be cuspy to start with, as only mergers between cored halos
give a cored merger product. Any merger involving a cusp
inevitably leads to a cuspy end-product. Dehnen [114] also
shows that the final slope always equals that of the steepest
component. Setting up cored halos and ensuring that they
remain cored is apparently not trivial.

4.2. Dynamical Friction. El-Zant et al. [115] propose a
different way to make halos cored; they note that merging
gas clouds of ∼105 M� (for dwarfs) to ∼108 M� (for spirals)
can disrupt cusps through dynamical friction. If this happens
early enough in the universe (when halos were smaller),
this process could be very efficient. Similar scenarios are
presented in Tonini et al. [116]. Romano-Dı́az et al. [117]
in their study also argue that the effect of the baryons on
the halo structure must be significant. They suggest that in
the presence of baryons, initially a very steep cusp is formed
(with α ∼ −2), which is then heated by subhalos through
dynamical friction, and, subsequently, from the inside out
becomes shallower. According to their analysis, the end result
is a density profile that is less steep than α = −1 in the inner
few kpc, and may even be cored in the very center.

Jardel and Sellwood [118] take the opposite view. They
model the dynamical friction process, but argue that it
is difficult to find “free-floating” baryon clumps massive
enough to make this process happen, as these clumps must
not be associated with dark matter (due to the cusp that will
then be formed; see what is mentioned before). They note

that work by Kaufmann et al. [119] implies clump masses
that are two orders of magnitude too small.

The processes just described are similar to those pro-
posed by Mashchenko et al. [120, 121]; see also Ricotti
and Wilkinson [122]. They make it all happen in the early
universe, when mass scales and the required amount of
baryons were both smaller. Their numerical simulations
suggest that cusps can be erased in the very early universe
(z � 10) when (proto-) galaxies had approximately the
size of the HI holes and shells observed in the disks of
present-day, gas-rich spiral and dwarf galaxies. In objects that
small, a random motion of only ∼7 km s−1 (i.e., equal to
the HI velocity dispersion observed in local disk galaxies)
is sufficient to disrupt the cusp and keep the halos cored
until the present day. Note though that in a recent analysis,
Ceverino and Klypin [123] perform similar calculations, but
find that halos remain cuspy, and suggest that differences in
the simulation approach might be responsible for this.

Chen and McGaugh [124] also argue against the idea
of creating cores at high redshift. Their argument is that
cuspy halos cannot explain gravitational lensing results, but
demand halos with an even steeper mass distribution (a
singular isothermal sphere with slope α = −2). This means
that if the halos of the elliptical galaxies that do the lensing
indeed form with NFW-like profiles, these need to steepen
over the course of their evolution, using some process
for which the quiescent adiabatic contraction is the most
likely candidate. LSB galaxies, on the other hand, need to
experience vigorous bursts of early star formation that drive
feedback to erase the initial cusp. These scenarios are at odds
with what we know about the evolution of these galaxies;
ellipticals typically undergo a large amount of merging,
with the associated vigorous star formation, as evidenced
by their extensive old stellar populations. LSB galaxies show
no evidence at all for any kind of violent interactions, nor
intense star formation. Dynamical friction and adiabatic
contraction thus seem to place demands on the evolution of
elliptical and LSB galaxies contrary to what can be derived
from their star formation histories.

4.3. Triaxiality. Hayashi and Navarro [125] and Hayashi
et al. [126] show that introducing an elliptical disturbance
in an NFW potential can lead to systematic (noncircular)
motions that, when unrecognized, could be interpreted as
evidence for a core. Their arguments particularly apply
to long-slit Hα observations, where indeed the context of
a velocity field is not available to gauge the validity of
the circular motion assumption. As described earlier, work
on high-resolution velocity fields by Gentile et al. [84],
Trachternach et al. [85], and Kuzio de Naray et al. [89] has
put significant observational constraints on the strength of
noncircular motions and the ellipticity of the (equatorial)
potential. For a large sample of disk and dwarf galaxies, this
potential is consistent with being round and the noncircular
motions are too small to give the illusion of cores in long-slit
observations.

The results from Hayashi and Navarro [125], and
Hayashi et al. [126] assume massless disks. Bailin et al. [127]
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present results from simulations of self-consistent massive
disks in triaxial halos and find that the baryons circularize the
potential rapidly, even for low-mass disks, thus wiping out a
large part of the triaxiality signal. Widrow [128] also presents
models of “live” disks in triaxial halos, and can approximate
an observed LSB rotation curve by introducing triaxiality in
the halo.

In all these studies it would be interesting to compare
simulated velocity fields with the observed ones. As has
become clear from the preceding discussion, modeling the
long-slit rotation curves leaves too many ambiguities which
only studies of the velocity fields can address. In an observa-
tional study, Kuzio de Naray et al. [89] subject model NFW
velocity fields to the DensePak observing procedure, and
show that even in the presence of observational uncertainties
the signature of an NFW velocity field can be observed.

They show that axisymmetric NFW velocity fields are
unable to reproduce the observed velocity fields for any
combination of inclination and viewing angle. They derive
NFW velocity fields in an elliptical potential, and show that
the only way these can be made to resemble the observations
is by having the observer’s line of sight along the minor
axis of the potential for 6 out of the 7 galaxies investigated,
inconsistent with a random distribution of the line of sight.

Kuzio de Naray et al. [89] also note that the kind of
rapidly varying ellipticity of the potential as proposed by
Hayashi et al. [126] might help in better describing the data,
but that the problem of a preferred viewing angle will remain.
For an elliptical potential with a random viewing angle, one
also expects, once in a while, to observe a rotation curve that
is steeper than the corresponding axisymmetric NFW profile.
Rotation curves like that are, however, exceedingly rare, if not
absent, in the available observations.

5. Summary

Rotation curves of LSB and late-type, gas-rich dwarf galaxies
indicate the presence of constant-density or mildy cuspy
(α ∼ −0.2) dark matter cores, contradicting the predictions
of cosmological simulations. The most recent simulations
still indicate resolved mass density slopes that are too steep
to be easily reconciled with the observations (typically
α ∼ −0.8 at a radius ∼0.1 kpc). Claims of shallow slopes at
even smaller radii depend on the validity of the analytical
description chosen for the mass-density profile.

Whereas early HI observations and long-slit Hα rotation
curves still left some room for observational (pointing,
resolution) or physical (noncircular motions, triaxiality)
systematic effects to create the illusion of cores in the
presence of a cuspy mass distribution, the high-resolution
optical and HI velocity fields that have since become available
significantly reduce the potential impact of these effects.
Measured noncircular motions and potential ellipticities are
too small to create the illusion of a core in an intrinsically
cuspy halo.

This indicates either that halos did not have cusps to
begin with, or that an as yet not understood subtle interplay
between dark matter and baryons wipes out the cusp, where
the quiescent evolution of LSB galaxies severely limits the

form this interplay can take. Adiabatic contraction and
dynamical friction yield contradictory results, while models
of massless disks in triaxial halos result in preferred viewing
directions. LSB galaxy disks, despite their low Υ� values, are
not entirely massless, and observations and simulations will
need to take this into account. Similarly, the difficulties in
reconciling a possible underlying triaxial potential with the
circularizing effects of the baryons also needs to be investi-
gated. In short, studies which, constrained and informed by
the high-quality observations now available, self-consistently
describe and model the interactions between the dark matter
and the baryons in a cosmological context are likely the way
forward in resolving the core/cusp problem.
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A decade ago cosmological simulations of increasingly higher resolution were used to demonstrate that virialized regions of Cold
Dark Matter (CDM) halos are filled with a multitude of dense, gravitationally bound clumps. These dark matter subhalos are central
regions of halos that survived strong gravitational tidal forces and dynamical friction during the hierarchical sequence of merging
and accretion via which the CDM halos form. Comparisons with observations revealed that there is a glaring discrepancy between
abundance of subhalos and luminous satellites of the Milky Way and Andromeda as a function of their circular velocity or bound
mass within a fixed aperture. This large discrepancy, which became known as the “substructure” or the “missing satellites” problem,
begs for an explanation. In this paper, the author reviews the progress made during the last several years both in quantifying the
problem and in exploring possible scenarios in which it could be accommodated and explained in the context of galaxy formation
in the framework of the CDM paradigm of structure formation. In particular, he shows that the observed luminosity function,
radial distribution, and the remarkable similarity of the inner density profiles of luminous satellites can be understood within
hierarchical CDM framework using a simple model in which efficiency of star formation monotonically decreases with decreasing
virial mass satellites had before their accretion without any actual sharp galaxy formation threshold.

1. Introduction

In the hierarchical scenario of galaxy formation [1], theo-
retically rooted in the Cold Dark Matter (CDM) structure
formation model [2], galaxies form via cooling and con-
densation of gas in dark matter halos, which grow via an
hierarchical sequence of mergers and accretion. The density
perturbations in these models have amplitude that increases
with decreasing scale down to ∼1 comoving parsec or below
[3], with the smallest fluctuation scale defined by the specific
properties of the particles assumed to constitute the majority
of the CDM. Smaller perturbations thus collapse first and
then grow and merge to form larger and larger objects,
with details of the evolution determined by expansion
history of the universe (i.e., by parameters describing the
background cosmological model) and by the shape of the
density fluctuation power spectrum [4].

An example of such evolution in the flat ΛCDM model is
illustrated in Figure 1, which shows collapse of a ≈ 1012M�
object. The figure shows that during the early stages of
evolution the matter that is incorporated into the final halo

collapses into a large number of relatively small clumps
with a filamentary, web-like spatial distribution. Further
evolution, mediated by the competition between gravity and
expansion of space, is a sequence of accretion and mergers
that builds objects of progressively larger mass until the
single system is formed during the last several billion years
of evolution. The figure also shows that cores of some of
the small clumps that merge with and are incorporated into
larger objects survive until later epochs and are present in
the form of halo substructure or subhalos: small dense clumps
within virialized regions of larger halos. (Survival of subhalos
is not a trivial result and is due to a relatively compact
distribution of mass in CDM halos. Ensuring their survival
requires a rather large dynamic range in spatial and mass
resolution, which had not been achieved until the late 1990s
[5–9].)

The CDM model of structure formation is remarkably
successful in explaining a wide range of observations from
temperature fluctuations of the cosmic microwave back-
ground [10] to galaxy clustering and its evolution [11] both
qualitatively and, in many cases, quantitatively. Nevertheless,
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Figure 1: Formation of a Milky Way-sized dark matter halo in a cosmological simulation of flat ΛCDM cosmology (Ωm = 1 −ΩΛ = 0.3,
h = 0.7, σ8 = 0.9). The panels show an evolutionary sequence at nine redshifts (from left to right and from top to bottom) focusing on the
most massive progenitor of the main halo at each epoch (redshift of each epoch is shown in the left upper corner). The rendering shows the
dark matter particles with intensity indicating the local matter density on a logarithmic stretch. The build-up of the halo proceeds through
a series of spectacular mergers, particularly frequent in the early stages of evolution. Many of the merging clumps survive until the present
epoch (z = 0) in the form of “substructure.” The size of the region shown is about 3 comoving Mpc at z = 15, monotonically zooming in to
a scale of ≈1 comoving Mpc across at z = 0.

many key details of the model are still being developed
[12, 13] and its testing is by no means complete.

One area of active investigation is testing predictions of
the CDM models at scales from a few kpc to tens of pc (i.e.,
the smallest scales probed by observations of galaxies). In
particular, there is still tension between predictions of the
central mass distribution in galaxies [14, 15] and sizes and
angular momenta of galactic disks and observational results
[16, 17]. Notably, this tension has not gone away during the
past 10–15 years, even though both theoretical models and
observations have improved dramatically.

Another example of tension between CDM predictions
and observations that has been actively explored during the
last decade is the fact that satellite systems around galaxies of

different luminosity are qualitatively different, even though
their dark matter halos are expected to be approximately
scaled down versions of each other [18], with their total mass
as the scaling parameter. Faint dwarf galaxies usually have no
luminous satellites at all, Milky Way and Andromeda have a
few dozen, but clusters of galaxies often have thousands of
satellites around the brightest cluster galaxy.

The number of gravitationally bound satellite subhalos
at a fixed mass relative to the mass of their host CDM
halo, on the other hand, is expected to be approximately
the same [8, 19, 20]. This is illustrated in Figure 2, which
shows distribution of dark matter out to approximately two
virial radii around the centers of two CDM halos of masses
different by two orders of magnitude. It is clear that it is
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(a) (b)

Figure 2: Comparison of two z = 0 halos of masses 3 × 1014M� and 3 × 1012M� formed in flat ΛCDM cosmology (Ωm = 1 − ΩΛ = 0.3,
h = 0.7, σ8 = 0.9). In each case the mass distribution around the center of the halo is shown to approximately two virial radii from the center
of each halo. Both objects were resolved with similar number of particles and similar spatial resolution relative to the virial radius of the halo
in their respective simulations. I leave it as an exercise to the reader to guess the mass of the halo shown in each panel.

not easy to tell the mass of the halo by simply examining
the overall mass distribution or by counting the number of
subhalos. This is a visual manifestation of approximate (but
not exact, see, e.g., [21, 22]) self-similarity of CDM halos
of different mass. If we would compare similar images of
distribution of luminous matter around galaxies and clusters,
the difference would be striking.

The manifestly different observed satellite populations
around galaxies of different luminosities and expected
approximately self-similar populations of satellite subhalos
around halos of different mass is known as the substructure
problem [8, 23, 24]. In the case of the best studied satellite
systems of the Milky Way and Andromeda galaxies, the
discrepancy between the predicted abundance of small-mass
dark matter clumps and the number of observed luminous
satellites as a function of circular velocity (see Section 2) has
been also referred to as the “missing satellites problem.” (The
name derived from the title “Where are the missing galactic
satellites?” of one of the papers originally pointing out the
discrepancy [24].) The main goal of this paper is to review
theoretical and observational progress in quantifying and
understanding the problem over the last decade.

2. Quantifying the Substructure and
Luminous Satellite Populations

In order to connect theoretical predictions and observations
on a quantitative level, we need descriptive statistics to
characterize population of theoretical dark matter subha-
los and observed luminous satellites. Ideally, one would
like theoretical models to be able to predict properties
of stellar populations hosted by dark matter halos and
subhalos and make comparisons using statistics involving
directly observable quantities, such as galaxy luminosities.
In practice, however, this is difficult as such predictions
require modeling of still rather uncertain processes shaping

properties of galaxies during their formation. In addition,
the simulations can reach the highest resolution in the
regime when complicated and computationally costly galaxy
formation processes are not included and all of the matter
in the universe is modeled as a uniform collisionless and
dissipationless component (i.e., the component that cannot
dissipate the kinetic energy it acquires during gravitational
collapse and accompanying gravitational interaction and
relaxation processes). Such simulations thus give the most
accurate knowledge of the dark matter subhalo populations,
but can only predict dynamical subhalo properties such
as the depth of their potential well or the total mass of
gravitationally bound material. Therefore, in comparisons
between theoretical predictions and observations so far, the
most common strategy was to find a compromise quantity
that can be estimated both in dissipationless simulations and
in observations.

2.1. Quantifying the Subhalo Populations. Starting with the
first studies that made such comparisons using results of
numerical simulations [8, 24] the quantity of choice was the
maximum circular velocity, defined as

Vmax = max
(
Gm(< r)

r

)1/2

, (1)

where m(< r) = 4π
∫
ρ(r)r2dr is the spherically averaged

total mass profile about the center of the object. Vmax is a
measure of the depth of the potential (the potential energy
of a self-gravitating system is W ∝ V 2

max) and can be fairly
easily computed in a cosmological simulation once the center
of a subhalo is determined. (The detailed description of the
procedure of identifying the centers of subhalos is beyond the
scope of this paper, but is nevertheless pertinent. While many
different algorithms are used in the literature [6, 9, 25–29],
all algorithms boil down to the automated search for density
peaks (most often in configuration space, but sometimes
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in the phase space) field smoothed at a scale comparable
to or smaller than the size of the smallest subhalos in the
simulations. Once the peaks are identified, the gravitationally
bound material around them is usually found by iteratively
removing the unbound particles.) The attractive feature of
Vmax is that it is well defined and does not require estimate
of a physical boundary of subhalos, which is often hard
to determine. The price is that resolution required to get
the Vmax correctly for a subhalo is higher, compared, for
example, to the total bound mass of subhalo, because Vmax is
probing the mass distribution in the inner regions of halos.

The total gravitationally bound mass of a subhalo,
msub, is less sensitive to the resolution, but requires careful
separation between real subhalo particles and unbound
particles from the diffuse halo of the host dark matter halo.
This can be quite difficult in the inner regions of the host
system where density of the background diffuse halo is
comparable to the internal density of subhalo or when two
subhalos overlap substantially.

An alternative option is to define mass of a subhalo
within a fixed physical radius. For suitably chosen radius
value, the mass can be measured unambiguously both
in simulations and in observations. We will discuss the
measurement of the enclosed mass and comparisons between
simulations and observations below in Sections 3 and 4.3 (see
Figures 8 and 12).

Figure 3 shows the cumulative circular velocity and mass
functions (CVF and CMF) of subhalos within the virial
radius (defined as RΔ = (3MΔ/4πΔρ)1/3, where ρ is the mean
matter density in the universe and Δ = 337, corresponding
to the z = 0 virial overdensity suggested by the spherical
collapse model in theΛCDM cosmology [30]) of a simulated
Milky Way sized halo, formation of which was illustrated in
Figure 1. Both cumulative functions can be approximated by
power laws over the ranges of circular velocity and in units
of Vmax and virial mass of the host: ν ≡ Vmax/Vhost

max � 0.1
and μ ≡ msub/M

host
vir � 0.001 with the slopes of −2.7 ÷ −3

and ≈ −0.8 ÷ −0.9, respectively. At large circular velocities
deviations from the power law can be significant due to small
numbers of subhalos.

The highest-resolution simulations (to date) of the
individual MW-sized DM halos formed in the concordance
ΛCDM cosmology [31–33] show that the power laws with
the slopes in the range indicated above describe the CVF and
CMF down to μ ≈ 10−7 and ν ≈ 10−2. Note, however, that
over a wider range of subhalo masses the power law can be
expected to change slowly reflecting the changing slope of
the rms fluctuations as a function of scale, which controls
the abundance of halos as a function of mass [34, 35].

The amplitude of the mass and velocity functions is sen-
sitive to the normalization of the power spectrum on small
scales [31, 36, 37] and is thus sensitive to the cosmological
parameters that control the normalization (such as tilt and
normalization σ8).

For a given cosmology, the normalization of the CVF and
CMF scales approximately linearly with the host halo mass
[19]: N(msub | Mh) ∝ Mh. The halo-to-halo scatter in the
normalization of CVF and MCF for a fixed host halo virial
mass is described by the Poisson distribution [19]: σN(>μ) =

1
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Figure 3: Cumulative circular velocity and mass function of
subhalos within the virial radius R337 = 328 kpc of a halo of virial
mass M337 = 2 × 1012M� at z = 0. The dashed lines show power
laws with the slopes indicated in the legend of each panel.

√
N(> μ). The fractional scatter is, therefore, quite small for

small μ and ν (large N).
The mass and circular velocity functions within a given

radius describe the overall abundance of subhalos of different
mass, but not their radial distribution. The latter depends
rather sensitively on how the subhalo samples are selected
[38]. This is because subhalos at different distances from
their host halo center on average experience different tidal
mass loss, which affects different subhalo properties by
different amount. Subhalo mass is the most affected quantity
as large fraction of halo mass when it accretes is relatively
loosely bound and is usually lost quickly. Although circular
velocity is determined by the inner mass distribution in the
inner mass of subhalos, it is still affected by tidal stripping
(albeit to a less degree and slower than the total mass [39]).

The average mass loss experienced by subhalos increases
with decreasing distance to the center of the host halo [38].
Therefore, selecting subhalos based on their current bound
mass or circular velocity biases the sample against subhalos at
smaller radii and results in the radial distribution much less
concentrated than the overall mass distribution of the host
halo [6, 26, 38–42]. Conversely, one can expect that if the
selection of subhalos is made using a quantity not affected
by stripping, the bias should be smaller or even disappear
altogether.
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Figure 4(a) shows the radial distribution of subhalos (the
same population as in Figure 3) selected using their current
bound mass or circular velocity and density profile of dark
matter within an MW-sized host halo. The figure shows
that the subhalo distribution is less radially concentrated
compared to the overall density profile because selection
using current subhalo properties affected by tidal evolution
biases the sample against the inner regions. Figure 4(b)
shows the radial distribution of subhalos in the same host
halo but now selected using circular velocity and mass
the subhalos had before accretion (which are of course not
affected by the tides). In this case, the radial profile is
very close to that of the dark matter distribution. This
dependence of the radial profile on the property used
for subhalo selection should be kept in mind when the
observed and predicted radial distributions are compared.
The latter are selected based on their luminosity (i.e., the
stellar mass), which may be affected by tides much less
than either the total bound mass or circular velocity [38,
43].

Finally, the spatial distribution of satellites is not com-
pletely spherically symmetric, but is triaxial, which reflects
their accretion along filaments and subsequent evolution in
the triaxial potential of their host halos [44–46].

2.2. Quantifying Populations of Luminous Galactic Satellites.
Although we currently know only a few dozens of nearby
satellite galaxies around the Milky Way and Andromeda,
these galaxies span a tremendous range of the stellar densities
and luminosities. The two brightest satellites of the Milky
Way, the Large and Small Magellanic Clouds (LMC and
SMC), are easily visible by the naked eye in the southern
hemisphere and have, therefore, been known for many
hundreds of years, while the faintest satellites have been
discovered only very recently using sophisticated search
algorithms and the vast data sets of stellar photometry
in the Sloan Digital Sky Survey and contain only a few
hundred stars [47, 48]. Up until the late 1990s, only a dozen
dwarf galaxies were known to exist within 300 kpc of the
Milky Way, with a similar number around the Andromeda
[49]. These galaxies have luminosities L � 105L� and
morphologies of the three types: (1) dwarf irregular galaxies
(dIrrs, e.g., LMC and SMC)—low surface brightness galaxies
of irregular appearance which have substantial amount of
gas and thus exhibit continuing star formation, (2) dwarf
spheroidal galaxies (dSphs, e.g., Draco or Fornax)—low
surface brightness galaxies with spheroidal distribution of
stars and no (or very little) ongoing star formation, and
(3) dwarf elliptical galaxies (dEs, e.g., M32)—high-surface
brightness, low-luminosity ellipticals with no gas and no
current star formation. dSph and dE galaxies tend to be
located within 200 kpc of their host galaxies, while dIrr
galaxies are distributed more uniformly. This tendency is
called the “morphological segregation” [49] and appears to
exist in other nearby groups of galaxies [50]. The properties
of these “classical” dwarf galaxies are reviewed extensively
by [49] (see also recent study of scaling relations of dwarf
galaxies by [51]).
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Figure 4: Radial distribution of subhalos (solid lines) selected using
their different properties (Vmax and total mass—solid red and blue
lines, resp.) compared to the matter density profile in their host
halo (dashed lines). (a) shows the profiles for subhalos selected
using circular velocity and bound mass a the current epoch, while
the lower shows radial distribution of subhalos selected using the
corresponding quantities before subhalo was accreted unaffected by
the subsequent tidal mass loss. Note that minimum threshold values
for subhalo selection, μmin and νmin, are different in (b) because for a
typical mass loss many subhalos with smaller circular velocities and
masses at the time of accretion fall below the completeness limit of
the simulation by z = 0.

Despite the wide range of observed properties, all of
the nearby dwarfs share some common features in their
star formation histories (SFHs). The SFHs of all classical
dwarfs are characterized by a rather chaotically varying star
formation rates. Most bright dwarfs form stars throughout
their evolution, although the majority of stars may be formed
in several main episodes spread over ten or more billion years
[52–55], and have at least some fraction of stars that formed
in the first two billion years of the evolution of the universe.
In terms of their SFHs, the main difference between the dwarf
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Figure 5: The distance to which the current samples of dwarf
satellite galaxies around the Milky Way are complete (dotted, solid
and dashed lines correspond to somewhat different assumptions
about detection limits of dwarf galaxies, see [56] for details) as a
function of galaxy luminosity (absolute V-band magnitude on the
bottom scale and physical luminosity in units of solar luminosity at
the top scale). The points show different types of observed satellites
around the Milky Way and in the Local Group. The horizonthal
dotted line indicates the outer radius for satellites counts shown
in the Figure 6. Note that the completeness distance of the faintest
recently discovered satellites is �50 kpc. Adopted from [56].

irregular and dwarf spheroidal galaxies is in the presence or
absence of star formation in the last two billion years [54].

The radial distribution of the classical satellites around
the Milky Way is rather compact. For the dwarf galaxies
within 250 kpc of the Milky Way, the median distance to
the center of the Galaxy is ≈70 kpc [39, 57], while the
predicted median distance for subhalos is≈120–140 kpc [39]
(see Figure 13). The distribution of the satellites around the
Andromeda galaxies is consistent with that of the Milky
Way satellites, but is less accurately determined due to
larger errors in distances. The spatial distribution of satellites
about the Milky Way and Andromeda is also manifestly
nonisotropic with the majority of the satellites found in a
flattened structure nearly perpendicular to the disk [58–62].

In 1994, a new faint galaxy was discovered in the
direction toward the center of the Galaxy (in the Sagittarius
constellation [63]). The galaxy is similar to other nearby
dwarf spheroidal galaxies in its properties but is remarkably
close to the solar system (the distance of only ≈28 kpc) and
is in the process of being torn apart by the tidal interactions
with the Milky Way. This interaction has produced a
spectacular tidal tail, which has wrapped several times along
the orbit of the Sagittarius dwarf [64].
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Figure 6: The luminosity function of dwarf galaxies around the
Milky Way. The function includes all observed galaxies within
417 kpc of the Milky Way. The red circles connected by the
dotted line show the luminosity function as observed, without
any corrections for incompleteness. The green circles connected by
the dashed line show the observed luminosity function corrected
for limited area coverage of surveys on the sky. The blue circles
connected by the solid line show luminosity function corrected for
the radial bias using radial distribution of subhalos from the Via
Lactea I simulation. Adopted from [56].

The discovery of this new satellite has alerted researchers
in the field to the possibility that other satellites may be
lurking undiscovered in our cosmic neighborhood. The
advent of wide field photometric surveys, such as the Sloan
Digital Sky Survey and the targeted surveys of regions
around the Andromeda galaxy, and new search techniques
has resulted in dozens of new satellite galaxies discovered
during the last decade [47, 48, 65–71] with many more
discoveries expected in the near future [56, 72]. The majority
of the newly discovered galaxies are fainter than the “classical
dwarfs” known prior to 1998. Due to their extremely low
luminosities (as low as ∼1000L� in the case of the Segue 1
[48]), they have collectively been referred to as the “ultra-
faint” dwarfs. Such low luminosities (and implied stellar
masses) indicate an extreme mode of galaxy formation, in
which the total population of stars produced during galaxy
evolution is smaller than a star cluster formed in a single star
formation event in more luminous galaxies. (Alternatively,
extremely low luminosities of the ultra-faint dwarfs can also
be explained as a highly stripped remnants of more luminous
dwarfs [43]. While this possibility is not excluded, it is
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disfavored by the fact that ultra-faint dwarfs appear to lie
on the continuation of the luminosity-metallicity relation of
more luminous dwarf galaxies [73].)

More practically, the extreme faintness of the majority of
dwarf satellites implies that we have a more or less complete
census of them only within the volume of ∼30–50 kpc of the
Milky Way [56, 74]. Figure 5 shows the distance to which the
dwarfs of a given luminosity are complete in the SDSS survey,
in which the faintest new dwarfs have been discovered. The
figure shows that we have a good census of the volume of
the Local Group only for the relatively bright luminosities
of the “classical” satellites. At the fainter luminosities of
the ultra-faint dwarfs, on the other hand, we can expect to
find many more systems at larger radii in the future deep
wide area surveys. The exact number we can expect to be
discovered depends on their uncertain radial distribution,
but given the numbers of already discovered dwarfs and
our current knowledge of the radial distribution of brighter
satellites (and expected radial distribution of subhalos), we
can reasonably expect that at least a hundred faint satellites
exist within 400 kpc of the Milky Way. This is illustrated in
Figure 6, which shows the luminosity function of the Milky
Way satellites corrected for the volume not yet surveyed
under different assumptions about radial distribution of the
satellites [56].

The basis for considering these extremely faint stellar
systems as bona fide galaxies is the fact that unlike star
clusters, they are dark matter dominated: that is, the total
mass within their stellar extent is much larger than the
stellar mass expected for old stellar populations [48]. The
total dynamical masses of these galaxies are derived using
kinematics of stars. (These faint dwarf spheroidal galaxies
do not have cold gas and therefore their mass profiles
cannot be measured using the gas rotation curve, as is
commonly done for more massive dIrr galaxies.) High-
resolution spectroscopy of the red giant stars in the vicinity
of each galaxy provides the radial velocities of these stars.
The radial velocities can then be modeled using using the
Jeans equilibrium equations to derive the total mass profile
[75–80]. This modeling requires certain assumptions about
the unknown shape of the stellar distribution and velocity
distribution of stars, as well as assumptions about the
shape and radial profile of the dark matter distribution.
The resulting mass profile, therefore, has some uncertainty
associated with these assumptions [75, 78, 80].

Additionally, the ultra-faint dwarfs follow scaling rela-
tions of the brighter classical satellites such as the luminosity-
metallicity relation [73] and, therefore, seem to be the low
luminosity brethren within the family of dSph galaxies.

3. Defining the Substructure Problem

As I noted above, comparison of theory and observations
in terms of the directly observable quantities such as
luminosities is possible only using a galaxy formation model.
These models, although actively explored [39, 81–87] (see
also Section 4.3) are considerably more uncertain than the
predictions of dissipationless simulations on the properties
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Figure 7: Comparison of the cumulative circular velocity functions,
N(> Vmax), of subhalos and dwarf satellites of the Milky Way within
the radius of 286 kpc (this radius is chosen to match the maximum
distance to observed satellites in the sample and is smaller than the
virial radius of the simulated halo, R337 = 326 kpc). The subhalo
VFs are plotted for the host halos with maximum circular velocities
of 160 km/s and 208 km/s that should bracket the Vmax of the actual
Milky Way halo. The VF for the observed satellites was constructed
using circular velocities estimated from the line-of-sight velocity
dispersions as Vmax =

√
3σr (see the discussion in the text for the

uncertainties of this conversion).

of dark matter subhalos. Given that observed dwarf satellites
are very dark matter dominated, the dissipative processes
leading to formation of their stellar component are expected
to have a limited effect on the distribution of the dynamically
dominant dark matter. Fruitful comparison between simula-
tion predictions and observations is, therefore, possible if a
quantity related to the total mass profile can be measured in
the latter.

The first attempts at such comparisons [8, 9] assumed
isotropy of the stellar orbits and converted the line-of-
sight velocity dispersion of stars in dSph satellites, σr ,
to estimate their maximum circular velocities as Vmax =√

3σr . The admittedly oversimplistic conversion was adopted
simply due to a lack of well-measured velocity profiles and
corresponding constraints on the mass distribution at the
time. Figure 7 shows such a comparison for the classical
satellites of the Milky Way and subhalo populations in
Milky Way-sized halos formed in the concordance ΛCDM
cosmology.(I did not include the new ultra-faint satellites in
the comparison both because their Vmax values are much
more uncertain and because their total number within
the virial radius requires uncertain corrections from the
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currently observed number that probes only the nearest few
dozen kpc. The velocity dispersions of the ultra-faint dwarfs
are very similar to each other (∼5 km/s) and they, therefore,
formally have similar Vmax values according to this simple
conversion method (hence, they would all be “bunched up”
at about the same Vmax ∼ 9 km/s value). The maximum
circular velocity of the halos of these galaxies is expected
to be reached at radii well beyond the stellar extent and
its estimate from the observed velocity dispersions requires
substantial extrapolation and assumptions about the density
profile outside the radii probed by stars. The errors of the
derived values of Vmax can, therefore, be quite substantial
[75, 88]. I will compare the predicted luminosity function
of the luminous satellites using a simple galaxy formation
model in Section 4.3 (see Figure 11).)

The observed velocity function is compared to the
predicted VF of dark matter subhalos within a 286 kpc
radius of Milky Way-sized host halos. In literature, the
term “Milky Way-sized” is often used to imply a total virial
mass of Mvir ≈ 1012M� and maximum circular velocity
of Vmax ≈ 200 km/s. However, there is some uncertainty
in these numbers. Therefore, the figure shows the VFs for
the host halos with Vmax = 208 km/s and 160 km/s. The
former is measured directly in a simulation of the halo of
that circular velocity, while the latter VF was rescaled as
N(> Vmax) ∝Mvir,1/Mvir,2 = (Vmax,1/Vmax,2)3.3, using scaling
measured statistically in the simulations [19].

The simple conversion of σr to Vmax has justly been
criticized as too simplistic [89]. Indeed, the conversion
factor η ≡ Vmax/σr requires a good knowledge of mass
profile from small radii to the radius rmax. The mass profile
derived from the Jeans equation has errors associated with
uncertainties in the anisotropy of stellar orbits, as well as with
uncertainties of spatial distribution of stellar system and/or
its dynamical state [76, 90]. Most importantly, the mass
profile is only directly constrained within the radius where
stellar velocities are measured, r∗. If this radius is smaller
than rmax, conversion factor η depends on the form of the
density profile assumed for extrapolation. The uncertainties
of the derived mass profile within the stellar extent will of
course also be magnified increasingly with increasing rmax/r∗
ratio [90].

Thus, for example, Stoehr et al. [89] have argued that the
conversion factor can be quite large (η � 2–4) if the density
profile is shallow in the inner regions probed by the stars.
Such large conversion factor would shift the low Vmax points
in Figure 7 to the right closer to the subhalo VF [78, 89, 91]
and would imply that there is a sharp drop in the luminosity
function of satellites below a certain threshold circular veloc-
ity (Vmax ≈ 30 km/s). High-resolution simulations of indi-
vidual satellites, on the other hand, have demonstrated that
the CDM satellites retain their cuspy inner density profiles,
even as they undergo significant tidal stripping [92]. (The
profiles can be even steeper than predicted by dissipationless
simulations due to the effects of adiabatic contraction during
gas condensation towards the center of the dwarf progenitors
[93]. Although the effect of baryon condensation in dwarfs
are uncertain at present, one can argue that they can

reasonably be expected to be modest, given large mass-to-
light ratios of faint dwarfs [48].) This implies that η is
likely not as large as advocated by Stoehr et al. The main
uncertainty in its actual value for a specific satellite is then
due to the uncertainty in the density profile and ratio rmax/r∗.

Recently, Peñarrubia et al. [78] combined the measure-
ments of stellar surface density and σr(R) profiles to estimate
Vmax values for individual observed MW satellites under
the assumption that their stellar systems are embedded
into NFW dark matter potentials. Such procedure by itself
does not produce a reliable estimate of Vmax, because NFW
potentials with a wide range of Vmax can fit the observed
stellar profiles. To break the degeneracy, Peñarrubia et al.
have used the relation between Vmax and rmax expected
in the concordance ΛCDM cosmology. They showed that
this results in estimates of Vmax which imply η ≈ 2-
3 [43, Figure 4]. This estimate does not take into account
effects of tidal stripping on the evolution of the rmax-Vmax

relation. Typically, subhalos located in the inner regions of
the halo are expected to have lost ∼60%–90% of their initial
mass by z = 0 due to tidal stripping [22, 38, 39]. For such
mass loss Vmax changes only by ≈20%–30% [39, 78] but rmax

should change by a factor of ≈2-3 [43, 92].
In a subsequent study, Peñarrubia et al. [43] used

controlled simulations of subhalo evolution to argue that
tidal stripping does not significantly affect their inferred
conversion factor η [43, Figure 9]. This conclusion, however,
was drawn based on the systems in which both stellar system
and DM halo were significantly stripped. In such system,
rmax is close to the stellar radius and σ0 and Vmax evolve in
sync. For systems with more realistic mass loss and with stars
deeply embedded within rmax, however, stellar system (and
σ0) may not be affected, while Vmax can evolve significantly.
For such systems, the method of [78] will lead to a significant
overestimate of η. Indeed, the systems in [43, Figure 9] for
which the method overestimates η (by a factor of ≈1.4) the
most are the systems with moderate total mass loss and least
affected stellar systems. Note that even these systems have
likely experienced more tidal loss than most of the real dSph
satellites.

Another factor in estimates ofVmax is anisotropy of stellar
velocities in dSph (e.g., [92]). For example, recent analysis
of observed velocity dispersion profiles of “classical” dSph
by [79], in which the anisotropy of stellar orbits was treated
as free parameters, results in estimates of Vmax of their host
subhalos in the range ∼10–25 km/s, smaller than would be
suggested if correction factor was η ≈ 2-3.

Regardless of the actual conversion factor value, however,
it is clear that it cannot change the main difference between
the observed and predicted VFs—the large difference in
their slope—unless η strongly depends on Vmax (there is no
observational evidence for this so far).

Another promising approach is to abandon attempts
to derive Vmax altogether and to measure instead the
observed mass within the radius where the uncertainty of
the measured mass profile is minimal. Such radius is close
to the stellar extent of observed galaxies [78, 80, 88, 90].
Figure 8, adopted from [90], shows comparison of the mass
functions of subhalos in the Via Lactea I simulation [94]
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Figure 8: The mass function of dwarf satellites of the Milky Way,
where masses of subhalos and observed satellites are measured
within a fixed physical radius of 0.6 kpc. Adopted from [90].

and observed satellites of the Milky Way, where masses are
measured within a fixed physical radius of 600 pc (see also the
discussion in Section 4.3 and Figure 12). The figure shows
that the simulated and observed mass functions are different,
the conclusion similar to that derived from the comparison
of the circular velocity functions.

Thus, the discrepancy that is clearly seen in the com-
parison of circular velocity functions, measured with more
uncertainty in observations, persists if the comparison is
done using a much better measured quantity. Unfortunately,
the stellar distribution in most of the newly discovered ultra-
faint dwarf galaxies does not extend out to 600 pc radius
and m(r < 0.6 kpc) ≡ m0.6, therefore, cannot be measured
as reliably for these faint systems as for the classical dwarfs.
Similar comparisons have to be carried out using masses
within smaller radii. This puts stringent requirements on the
resolution of the simulations, as they need to reliably predict
mass distribution of subhalos within a few hundred parsec
radius. Such high-resolution simulations are now available
[31–33].

We can draw two main conclusions from the compar-
isons of the circular velocity functions and the more reliable
m0.6 mass functions of subhalos and observed satellites
presented in the previous sections, even taking into account
existing uncertainties in deriving circular velocities and the
total dynamical masses for the observed satellites. First,
the predicted abundance of the most luminous satellites is
in reasonable agreement with the data, even though the
statistics are small. Most MW-sized halos simulated in the
concordance ΛCDM cosmology have ∼1 SMC/LMC sized
(Vmax ≈ 50–70 km/s) subhalos within their virial radius.

This is not a trivial fact because the abundance of the
most massive satellites is determined by a subtle interplay
between the accretion rate of systems of corresponding
circular velocity and their disruption by the combined effects
of the dynamical friction and tidal stripping [95]. Dynamical
friction causes satellites to sink to the center at a rate which
depends on the mass and orbital parameters of satellite orbit.
Orbital parameters, in turn, depend on the cosmological
environment of the accreting host halo and are mediated by
the tidal stripping which reduces satellite mass as it sinks,
thereby rendering dynamical friction less efficient [96–99].
The fact that the concordance ΛCDM model makes an ab
initio prediction that the number of massive satellites that
can host luminous dwarfs is comparable to observations can
therefore be viewed as a success of the model.

Second, the slopes of both the circular velocity function
and the m0.6 mass function are different in simulations and
observations. This implies that we cannot simply match all
of the luminous satellites to the subhalos with the largest
Vmax andm0.6, as was sometimes advocated [89, 91]. Them0.6

mass function comparison, in particular, indicates that there
should be some subhalos with the m0.6 ∼ 107M� that do not
host the luminous galaxies, and some that do. As I discuss
in Section 4.2, this has a strong implication for the physical
interpretation of the difference in terms of galaxy formation
scenarios.

In summary, the substructure problem can be stated as the
discrepancy in the slopes of the circular velocity and m0.6 mass
functions inferred for observed satellites of the Milky Way and
the slopes of these functions predicted for dark matter subhalos
in the MW-sized host halos formed in the concordance ΛCDM
cosmology.

I believe that stated this way the problem is well defined.
Defining the problem in terms of the difference in the
actual number of satellites and subhalos is confusing at
best, as both numbers are fairly strong functions of subhalo
mass or stellar luminosity. Thus, for example, even though
the discovery of the ultra-faint dwarfs implies the possible
existence of hundreds of them in the halo of the Milky
Way [49, 75] (this fact has been used to argue that the
substructure problem has been “alleviated”), the most recent
simulations show that more than 100 000 subhalos of mass
msub > 105M� should exist in the Milky Way [31, 32].
(Indeed, it is not obvious a priori that subhalos of mass
105-106M� are too small to host luminous stellar systems
of stellar mass M∗ ∼ 103-104M� [100]—the stellar masses
corresponding to the luminosities of the faintest recently
discovered dwarfs. After all, the halos of this mass are
expected to be hosting formation of the very first stars [101].)
The substructure problem stated in the actual numbers
of satellites is therefore alive and well and has not been
alleviated in the least.

I would like to close this section by a brief discussion of
the comparison of spatial distribution of observed satellites
and subhalos. As I noted above, the radial distribution of the
observed satellites of the Milky Way is more compact than the
radial distribution of subhalos selected using their present
day mass or circular velocity [39, 57, 102]. In addition,
the observed satellites are distributed in a quite flattened
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structure with its plane almost perpendicular to the disk of
the Milky Way [58–62]. Although the spatial distribution
of all subhalos is expected to be anisotropic, reflecting the
anisotropy of their accretion directions along filaments [44,
45] and, possibly, the fact that some of the satellites could
have been accreted as part of the same group of galaxies
[103], the expected anisotropy is not as strong as that of the
observed Milky Way satellites.

Thus, both the radial distribution and anisotropy of the
observed satellites do not match the overall distribution of
subhalos in CDM halos. This may be yet another side of
the same substructure problem coin and the overall spatial
distribution of observed satellites needs to be explained
together with the differences in the circular velocity function.
(Although distribution of satellites around other galaxies is
not mapped as accurately as around the Milky Way, there is
evidence for similar planar anisotropy around M31 [60]. The
evidence for such anisotropy in other disk galaxies is weak
at best [104], although measurements for distant galaxies
are more difficult as they require very careful handling
of projection effects [105].) I will review a few possible
explanations for the substructure problem and differences in
the spatial distribution in the following section.

4. Possible Solutions

4.1. Modifications to the CDM Model. One possible way to
account for the differences of the predicted and observed
circular velocity and m0.6 mass functions is to assume that
ΛCDM model is incorrect on the small scales probed by the
dwarf galactic satellites. Indeed, the abundance of satellites
is sensitive to the amplitude of the power spectrum on the
scales corresponding to the total mass of their host halos. For
a halo of mass M the comoving scale of fluctuations that seed
their formation is

d = 2R = 2

(
3M

4πΩm0ρcrit0

)1/3

= 360.4 kpc
(

M

109M�
0.3
Ωm

)1/3(H0

70

)−2/3

,

(2)

where Ωm is the present-day total matter density in units of
the present-day critical density, ρcrit0 ≡ 3H2

0 /8πG, and H0 is
the current Hubble constant in units of km/s/Mpc.

If the amplitude of density fluctuations on such scales
is considerably suppressed compared to the concordance
ΛCDM model used in most simulations, the abundance of
subhalos can then also be suppressed. Such suppression can
be achieved either by suitably varying parameters controlling
the amplitude of the small-scale power spectrum within the
ΛCDM model itself [36], such as the overall normalization of
the power spectrum or its large-scale tilt, or by switching to
models in which the amplitude at small scales is suppressed,
such as the warm dark matter (WDM) structure formation
scenarios [36, 106–109]. In these models the abundance of
satellites is suppressed both because fewer halos of dwarf
mass form in the first place (due to smaller initial amplitude
of fluctuations) and because halos that do form have a

less-concentrated internal mass distribution, which makes
them more susceptible to tidal disruption after they accrete
onto their host halo. Models in which dark matter was
assumed to be self-interacting, a property that can lead to
DM evaporation, have also been proposed and discussed
[110, 111], but these models both run into a contradiction
with other observational properties of galaxies and clusters
[112–115] and are now strongly disfavored by observational
evidence indicating that dark matter self-interaction is weak
[116].

The problem, however, is more subtle than simply
suppressing the number of satellites. As discussed above,
differences exist between observed and predicted slopes of
the circular velocity and mass. The slope is controlled by
the slope of the primordial fluctuation spectrum around
the scale corresponding to the masses of satellite halos and
structural properties of the forming halos. It has not yet
been demonstrated convincingly whether both the circular
velocity and the m0.6 mass functions can be reproduced
in any of the models alternative to CDM. In fact, recent
measurements of mass distribution in the central regions
of observed satellites put stringent constraints on the phase
space density and “warmness” of dark matter [75]. At the
same time, measurements of the small-scale density power
spectrum of the Lyman α forest indicate that fluctuations
with the amplitude expected in the ΛCDM model at the
scales that control the abundance of dwarf mass halos are
indeed present in the primordial spectrum [117, 118].

While the inner density distribution in observed satellites
may still be affected by dark matter warmness in the allowed
range of parameter space [77] (see, however, [79]), the
models with such parameters would not suppress the overall
abundance of satellites considerably. In fact, observations
of flux ratios in the multiple image radio lenses appear
to require an amount of substructure which is even larger
than what is typically found in the CDM halos [119–121],
disfavoring models with strongly suppressed abundance of
small mass subhalos.

There is thus no compelling reason yet to think that the
observed properties of galactic satellite populations are more
naturally reproduced in these models. In the subsequent
discussion, I will therefore use Occam’s razor and focus on
the possible explanations of the differences between observed
satellites and subhalos in simulations within the ΛCDM
model. The prime suspect in producing the discrepancy is
the still quite uncertain physics of galaxy formation. After
all, a similar problem exists for objects of larger masses
and luminosities if we compare the slope of the luminosity
function and the halo mass function [122–125] or the
predicted and observed abundance of galaxies in the nearby
low density “field” regions [126].

4.2. Physics of Galaxy Formation. Several plausible physical
processes can suppress gas accretion and star formation in
dwarf dark matter halos. The cosmological UV background,
which reionized the universe at z � 6, heats the inter-
galactic gas and establishes a characteristic time-dependent
minimum mass for halos that can accrete gas [127–134].
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The gas in the low-mass halos may be photoevaporated
after reionization [135–137] or blown away by the first
generation of supernovae [138–141] (see [142]). At the
same time, the ionizing radiation may quickly dissociate
molecular hydrogen, the only efficient coolant for low-
metallicity gas in such halos, and prevent star formation
even before the gas is completely removed [143]. Even if
the molecular hydrogen is not dissociated, cooling rate in
halos with virial temperature Tvir � 104 K is considerably
lower than in more massive halos [144] and we can therefore
expect the formation of dense gaseous disks and star
formation to be suppressed in such halos. (The virial virial
temperature Tvir is related to the virial mass by kTvir =
(1/2)μmpGMvir/Rvir, where isothermal temperature profile
is assumed for simplicity. The virial mass and radius are
related by definition as Mvir = 4π/3 × ΔvirρR

3
vir. Assuming

Δvir = 178 appropriate for z � 1 regardless of Ω0, this gives
Mvir ≈ 5.63 × 107h−1M�(Ω0/0.3)−1/2((1 + z)/11)−3/2(Tvir/
104 K)3/2.) Another potential galaxy formation suppression
mechanism is the gas stripping effect of shocks from galactic
outflows and cosmic accretion [145, 146]. Finally, even
if the gas is accreted and cools in small-mass halos, it
is not guaranteed that it will form stars if gas does not
reach metallicities and surface densities sufficient for efficient
formation of molecular gas and subsequent star formation
[39, 147–150].

The combined effect of these processes is likely to leave
most of dark matter halos with masses � few × 109 M�
dark, and could have imprinted a distinct signature on the
properties of the dwarf galaxies that did manage to form stars
before reionization. In fact, if all these suppressing effects are
as efficient as is usually thought, it is quite remarkable that
galaxies such as the recently discovered ultra-faint dwarfs
exist at all. One possibility extensively discussed in literature
is that they managed to accrete a certain amount of gas and
form stars before the universe was reionized [81–84, 87, 151–
153]. Direct cosmological simulations do show that dwarf
galaxies forming at z > 6 bear striking resemblance to
the faint dwarf spheroidal galaxies orbiting the Milky Way
[154–156] and their predicted abundance around the Milky
Way is consistent with estimates of the abundance of the
faintest satellites [151]. Alternatively, some authors argued
[78, 89, 91, 157] that observed dwarf satellite galaxies could
be in much more massive subhalos than was indicated by
simple estimates of dynamical masses and circular velocities
using stellar velocity dispersions. In this case, the relatively
large halo mass could allow an object to resist the suppressing
effects of the UV background.

Cosmological simulations also clearly show that the
subhalos found within virial radii of larger halos at z = 0
have on average lost significant amount of mass and have
been considerably more massive in the past [22, 38, 39].
The dramatic loss of mass occurs due to the tidal forces
that subhalos experience as they orbit in the potential of the
host. A significant fraction of the luminous dwarf satellites
therefore can be associated with those subhalos that have
been substantially more massive in the past and hence more
resilient against galaxy formation suppressing processes.

Such subhalos could have had a window of opportunity
to form their stellar systems even if the subhalos they are
embedded in today have relatively small mass [39].

4.3. Models for Luminous Satellite Population. Given the
galaxy formation suppression mechanisms and evolutionary
scenarios listed above, the models aiming to explain the
substructure problem can be split into the following broad
classes: (1) the “threshold galaxy formation models” in which
luminous satellites are embedded in the most massive
subhalos of CDM halos and their relatively small number
indicates the suppression of galaxy formation in subhalos
of circular velocity smaller than some threshold value [78,
89, 157] and (2) “selective galaxy formation models” in which
only a fraction of small subhalos of a given current Vmax

and mass host luminous satellites while the rest remain
dark.

In the second class of models the processes determining
whether a subhalo hosts a luminous galaxy can be the
reionization epoch [81, 87, 152–154, 158]: subhalos that
assemble before the intergalactic medium was heated by
ionized radiation become luminous. The observed faint
dwarfs can then be the “fossils” of the pre-reionization epoch
[154, 155]. Subhalo may also form a stellar system if its
mass assembly history was favorable for galaxy formation
[39]: namely, luminous subhalos are those that have had
sufficiently large mass during a period of their evolution
to allow them to overcome the star formation suppression
processes.

Several models using a combination of the processes
and scenarios outlined above have been shown to reproduce
the gross properties of observed population of satellites
reasonably well [39, 84, 85, 87]. How can we test different
classes of models and differentiate between specific ones?

First, I think the fact the m0.6 mass function for observed
satellites has a different slope compared to simulation
predictions (Figure 8) favors the second class of the selective
galaxy formation models, at least for the brighter “classical”
satellites. Indeed, given what we know about the average mass
loss of subhalos, it is more natural to associate the observed
systems with the halos of the largest mass prior to accretion
[39] rather than with the subhalos with the largest current
masses. Second, the predicted number of the weakly evolving
pre-reionization objects [84, 151, 153], the extended star
formation histories of most of the observed dwarf satellites
[53–55, 159] (in fact, in terms of star formation the main
difference between the dIrr and dSph galaxies appears to
be presence or lack of star formation in the last 2 billion
years before z = 0 [54]) , and the significant spread in
metallicities and certain isotope ratios [160] indicate that
majority of “classical” dwarfs have not formed most of their
stars before reionization but have formed their stars over
rather extended period of time (∼10 Gyr). It is still possible,
however, that a sizable fraction of the ultra-faint dwarfs are
the “pre-reionization fossils” [151, 155, 161, 162], if star
formation efficiency in these objects is greatly suppressed
[84] compared to that of brighter dwarfs.
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Interesting additional clues and constraints on the galaxy
formation models available for the dwarf satellites of the
Milky Way are the measurements of the total dynamical
mass within their stellar extent. Observations show that
the total masses within a fixed aperture of the observed
satellites are remarkably similar despite a several order
of magnitude span in dwarf satellite luminosities [49, 78,
88, 163, 164]. For example, the range of masses within
0.6 kpc shown in Figure 8 is only an order of magnitude.
Furthermore, existence of the tight correlation between total
dynamical mass within the half-light radius, M(rhalf), and
the corresponding radius rhalf [79] for bright dSph galaxies
implies a very similar inner dark matter density profile of
their host halos. Recently, Strigari et al. [88] have shown that
the mass estimated within the central 300 pc, m(< 0.3 kpc) ≡
m0.3, for all of the dwarfs with kinematic data varies by at
most a factor of four, while the luminosity of the galaxies
varies by more than four orders of magnitude.

These observational measurements put constraints on
the range of masses of CDM subhalos that can host observed
satellites. To estimate this range, we should first note that
for the CDM halos described by the NFW profile [18] with
concentration c ≡ Rvir/rs (where rs is the scale radius—the
radius at which the density profile has logarithmic slope of
−2) the dependence of the mass within a fixed small radius
x ≡ r/Rvir on the total virial mass is

m(< x) =Mvir
f (cx)
f (c)

,

where f (x) ≡ ln(1 + x)− x

1 + x
,

(3)

and is quite weak for r = 300 pc: m0.3 ∝ M0.3–0.35
vir , as

shown in Figure 9. Indeed, even for a halo with the Milky
Way mass at z = 0 we expect m0.3 ≈ 4 × 107M�, a value
not too different from those measured for the nearby dwarf
spheroidals. Physically, the weak dependence of the central
mass on the total mass of the halo reflects the fact that central
regions of halos form very early by mergers of small-mass
halos. Given that the rms amplitude of density perturbations
on small scales is a weak function of scale, the central regions
of halos of different mass form at a similar range of redshifts
and thus have similar central densities reflecting the density
of the universe when the inner region was assembled. At
earlier epochs the dependence is stronger because 300 pc
represents a larger fraction of the virial radius of halos.

Note that the relation plotted in Figure 9 is for isolated
halos unaffected by tidal stripping. Taking into account
effects of tidal stripping results in even flatter relation [86]:
m0.3 ∝ M0.25

vir , which also has a lower normalization (smaller
m0.3 for a given Mvir. This is likely due to a combination
of two effects: (1) the halos of larger mass have lower
concentrations and thus can be stripped more efficiently and
(2) the halos of larger mass can sink to smaller radii after
they accrete and experience relatively more tidal stripping.
Overall, the effect of tidal stripping and heating on m0.3

appears to be substantial and cannot be neglected.
Finally, Figure 9 shows that the virial mass range cor-

responding to a given range of m0.3 is quite different for
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Figure 9: The mass within central 300 pc versus the total virial mass
of an NFW halo predicted using the concentration mass relation
c(Mvir) at different redshifts in the concordance WMAP 5-year best
fit cosmology. The horizontal dotted lines indicate the range of m0.3

masses measured for the Milky Way dwarf satellites.

halos that form at z > 2 compared to those that form at
later epochs due to the rapidly evolving NFW concentration
concentration for a fixed halo mass [165]. The mass m0.3 can
therefore be only interpreted in the context of a model for
subhalo evolutionary histories.

Several recent studies have used such models to show
that the nearly constant central mass of the satellite halos
is their natural outcome [84–86]. This outcome can be
understood as a combination of the weakness of the m0.3 −
Mvir correlation and the fact that in the galaxy formation
models galaxy luminosity L must be a nonlinear function
of Mvir in order to produce a faint-end slope of the galaxy
luminosity function much shallower than the slope of the
small-mass tail of the halo mass function.

For example, if the faint-end slope of the luminosity
function is ξ (i.e., dn(L)/dL ∝ Lξ) and the slope of the halo
mass function at small mass end is ζ (dn(M)/dM ∝Mζ) and
we assume for simplicity a one-to-one monotonic matching
between galaxies and halos n(> L) = n(> M) (see [166–
168] for the detailed justification for such assumption), the
implied slope of the L −Mvir relation is β = (1 + ζ)/(1 + ξ),
which for the fiducial values of ζ ≈ −2 and ξ ≈ −1.2 gives
β ≈ 5. In semianalytic models, such a steep nonlinear L−Mvir

relation is usually assumed to be set by either suppression of
gas accretion due to UV heating or by gas blowout due to SN
feedback, e.g., [83]). If I instead assume the faint-end slope
of ξ ≈ 1.5-1.6 as suggested by recent measurement of [125],
the relation is shallower but is still nonlinear: β ≈ 2.
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Figure 10: The mass within the central 300 pc versus luminosity for
the dwarf satellites of the Milky Way (stars with error bars, see [88]).
The open symbols of different types show the expected relation for
subhalos in three different Milky Way-sized halos formed in the
simulations of the concordanceΛCDM cosmology if the luminosity
of the subhalos is related to their virial mass at accretion epoch as
L = 5× 103L�(Mvir,acc/109M�)2.5 (see text for discussion).

Regardless of the specific processes producing the non-
linear luminosity-mass relation, for a relation of the form

L ∝ M
β
vir, we have L ∝ m

γ
0.3, where γ ≈ β/0.25, using

the m0.3 − Mvir relation above taking into account effects
of tidal stripping. To account for a smaller than a factor of
four spread in central masses for approximately four orders
of magnitude spread in luminosity one needs γ ≈ 6–8 or
β ≈ 2–4, the values not too different from the estimate above.
Thus, the weak correlation of the m0.3 and luminosity will
be the natural outcome of any CDM-based galaxy formation
model which reproduces the slope of the faint end of the galaxy
luminosity function.

Within the framework I just described, the slope of the
m0.3 − L correlation depends on the slope of the L −Mvir,acc

correlation β. The models published so far [84–86], as well as
the simple model above with the slope β ≈ 2-3, predict that
the slope of the L−m0.3 relation is shallow but is nevertheless
not zero. Constraining this slope with future observations
will tighten constraints on the galaxy formation models and
will tell us more about the L−Mvir correlation if such exists.

To illustrate the points just made, Figure 10 shows the
m0.3 − L relation for the observed nearby dwarfs [88] and
subhalos found within 300h−1 kpc around three different
MW-sized halos formed in the concordance cosmological
model (see [39, 151] for simulation details).(The simulations
used here do not reliably resolve the mass within 300 pc.
Therefore, in order to calculate the mass I have used the
mass and concentration of each subhalo at the epoch when it
was accreted and computed evolution of their density profile
given the mass loss they experienced by the present epoch,
as measured in cosmological simulations, and using results
of controlled high-resolution simulations of tidal evolution
[43], which predict the evolution of the NFW concentration
of halos as a function of tidal mass loss. The mass m0.3 was
then computed from the evolved density profile.) To assign
luminosity to a given subhalo I follow the logic of the model
presented in [39], which posits that the brightest observed
satellites should correspond to the subhalos which have the

largest mass before they were accreted. In this model the
luminosity of stellar systems should positively correlate with
the mass of its host subhalo before it was accreted onto the
MW progenitor, Mvir,acc:

LV = 5× 103L�
(
Mvir,acc

109M�

)2.5

. (4)

The power law form of the relation is motivated by the
approximately power law form of the galaxy luminosity and
halo mass functions at faint luminosities and small masses.
The actual parameters were chosen such that luminosities of
the most massive subhalos roughly match the luminosities
of the most massive satellites, such as the SMC and LMC
(L ∼ 108-109L�). (Figure 10 does not show the most massive
subhalos which would correspond to the systems such as
the Large Magellanic Clouds, which have luminosities L >
108L� outside the range shown in the figure. This is justified
because observational points shown in the figure include
only the fainter dwarf spheroidal galaxies.) After all, the first
order of business for all the models of satellite population
is to reproduce the abundance and luminosities of the most
massive (Vmax � 40 km/s) satellites. The slope of the relation
in (4) was set to reproduce the range of observed satellite
luminosities and flatness of the m0.3 − L relation. Note that
this model does not assume any threshold for formation
of galaxies. It simply implies that the efficiency with which
baryons are converted into stars, f∗ = M∗/Mvir, steadily
decreases with decreasing Mvir at the rate given by (4). The
slope of 2.5 assumed in the equation above is on the lower
end of the slopes suggested by matching of the faint end
of galaxy luminosity function and small-mass end of halo
mass functions discussed above, but is within the current
uncertainties in the slope of the former [125]. Assuming
such relation for field halos would therefore also reproduce
the observed faint end of galaxy luminosity function within
current uncertainties.

Figure 10 shows that the model with parameters of (4) is
in agreement with observed measurements of the m0.3 − LV
relation. The results will not change drastically if a somewhat
steeper (≈3–3.5) slope is assumed. (The model of (4) is
similar to the model 1B in the recent study by Koposov et
al. [84], which assumes that stellar mass scales as M∗ =
f∗M0(Mvir,acc/M0)1+α, These authors find that the model
reproduces the luminosity function of satellites for f∗ ≈
1.7 × 10−4, M0 = 1010M�, and α = 2, which gives M∗ =
1.7×103(Msat/109M�)3, quite similar to the relation given by
(4). Koposov et al. adjust parameters to match the observed
luminosity function and then show that L − m0.3 relation is
reproduced, while I adopted the opposite route here. The key
difference between the models is that their model assumes a
ceiling on the value of M∗/Mvir,acc, while I assume no such
ceiling. Absence of the ceiling on star formation efficiency is
actually important for bright satellites (see Figure 14).)

Having fixed the parameters of the L −Mvir,acc relation,
we can then ask the question of whether the luminosity
function of satellites would be reproduced self-consistently
by such a model. We can use the observed luminosity
functions corrected for completeness for the faintest dwarfs
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Figure 11: The cumulative luminosity function of subhalos in
the three MW-sized halos shown in Figure 10 with the simple
luminosity assignment ansatz of (4). The luminosity function
includes all subhalos within 417 kpc from the center of each halo,
the same radius as was used to construct the luminosity function of
the observed satellites shown in Figure 6. The points with (Poisson)
error bars, connected by the dashed line, and the shaded region
show the observed and inferred satellite luminosity functions within
the same radius for classical and ultra-faint dwarfs, respectively, as
compiled by [56] (see text for details).

from [56] (shown in Figure 6) to test this. Figure 11 shows
the subhalo luminosity functions constructed using subhalos
identified within 417 kpc (the same outer radius used in the
construction of the observed luminosity function by [56])
in the simulations and the simple luminosity assignment
scheme of (4). The points with (Poisson) error bars and the
shaded region show the observed luminosity functions for
the classical satellites and for ultra-faint dwarfs, as compiled
by [56]. As I noted before, the current samples of the ultra-
faint satellites exist only over a fraction of the sky and there
are reasons to expect that they are incomplete for distances
larger than≈50 kpc. The shaded region, therefore, represents
the likely bracket of the possibilities. The lower edge of
the region is the luminosity function in the case when the
observed luminosity function of the ultra-faints is simply
corrected for the fractional sky coverage. The upper edge
of the shaded region shows a combined correction for both
the sky coverage and radial distribution assuming that ultra-
faints have the same radial distribution as mass-selected
subhalos in the Via Lactea I simulation [56].

Figure 11 shows that although the model and observed
luminosity functions do not match perfectly, they are in
reasonable agreement. One should remember a number of
uncertainties in the model luminosity functions. First, the
masses of host halos can be a factor of two or so larger
than the mass of the Milky Way and the cosmology of the
simulations may not be exactly correct. Second, the L−Macc
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Figure 12: The cumulative m0.6 function of subhalos in the
ΛCDM simulations of three MW halos (dotted lines) and for the
observed dSph Milky Way satellites (points, connected by solid
line) Sagittarius was excluded due to its very large mass errors),
as measured by [90]. The dashed lines show the mass function
for subhalos with L ≥ 2.6 × 105L� and d < 270 kpc (the same
range of luminosities and distances as for the observed satellites)
with luminosities assigned using (4). I have excluded the two most
luminous objects from the model luminous satellites to account for
the fact that SMC and LMC are not included in the observational
sample and one additional object to account for noninclusion of
the Sagittarius dwarf in the comparison.

relation assumed in the model can be somewhat different
from that assumed in the figure: for example, the slope can
be somewhat steeper and normalization lower, which would
make both the m0.3 − L relation flatter and the luminosity
functions closer to observations. The fiducial relation in (4)
was chosen to have the shallowest slope (2.5) still reasonably
consistent with observations.

Figure 12 shows comparison of the m0.6 mass functions
for the observed “classical” dwarf spheroidal satellites of the
Milky Way [90] and predicted mass function for the entire
subhalo population of the MW-sized halos within 270 kpc
(the largest distance of the observed satellite included in the
comparison) and the subhalos with L > 2.6 × 105L� (the
smallest dSph luminosity included in the observed sample)
with luminosities assigned using (4). I have excluded the
Sagittarius dwarf from this comparison as its m0.6 mass has
very large errors [90]. The number of the predicted luminous
satellites was reduced by three to account for exclusion of
the Sagittarius, SMC, and LMC from the comparison. The
figure shows that the model predicts the range of m0.6 quite
similar to that measured for the observed luminous dSphs.
The shape of the mass function is also in reasonably good
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agreement with the data. Although there are somewhat more
predicted satellites at small masses, this is likely due to
the somewhat larger virial mass of the simulated halos (≈
2 − 3 × 1012M�) compared to the mass of the Milky Way
(≈ 1012M�). We expect the number of subhalos to scale
approximately linearly with host mass and so the difference
in the virial mass of the Milky Way and simulated halos can
account for the difference with observations in Figure 12.
There is some discrepancy at the largest m0.6 values, but it
is not clear just how significant the discrepancy is given that
the typical errors on the m0.6 measurements for these galaxies
are ≈20%–40%.

Finally, Figure 13 compares cumulative radial distribu-
tion of the observed “classical” Milky Way satellites within
280 kpc and satellites with similar luminosities and within
the same distance from their host halo in the model of (4).
The figure also shows the cumulative distribution of all sub-
halos selected using their current Vmax. The predicted distri-
bution of bright luminous satellites is somewhat more radi-
ally concentrated than the distribution of the Vmax-selected
subhalos and is in reasonable agreement with the observed
distribution both in its median and in the overall shape.

Thus, the observed m0.3−L relation, the luminosity func-
tion, the m0.6 mass function, and the radial distribution of
the observed satellites can all be reproduced simultaneously
with such a simple dwarf galaxy formation scenario. The
observational uncertainties in these statistics are still quite
large, which leaves significant freedom in the parameters
of (4) and in its functional form. (It is quite possible that
relation between luminosity and mass is more complicated
than (4). For example, the normalization of the L −Mvir,acc

relation can evolve with redshift because luminosity may be
determined both by the mass of the halo at the accretion
epoch and by the period of time before its accretion
during which it was sufficiently massive to withstand star
formation suppressing processes. Such redshift dependence
would be an extra parameter which would generate scatter
in the L − Mvir,acc relation.) It is also possible that all of
these statistics may be reproduced in a drastically different
scenario. Nevertheless, the success of such simple model
is encouraging and it is interesting to discuss its potential
implications.

First of all, (4) implies that all of the observed Milky Way
dSph satellites had virial masses Mvir,acc � 5 × 108M� when
they were accreted and these masses may span the range up
to ∼ 5× 1010M� (the actual range depends sensitively on the
slope of the L−Mvir,acc relation). This shows that progenitors
of the observed satellites could have had a wide range of virial
masses, even though the range of their m0.3 and m0.6 masses
is narrow.

An interesting implication of the value of lowest mass of
the range of masses above is that whatever gas the small-mass
halos (Mvir � 5×108M�) are able to accrete, it should remain
largely unused for star formation, and of course would not
be blown away by supernovae (given that the model implies
that such objects should have no stars or supernovae). If
some of this gas is neutral, it can contribute to HI absorption
lines in the spectra of quasars and distant galaxies. If this gas
is enriched, it can also produce absorption lines of heavier
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Figure 13: The cumulative radial distribution of the observed
“classical” Milky Way satellites (solid points connected by the solid
line) within 280 kpc and satellites with similar luminosities and
within the same distance from their host halo in the model of (4)
(dashed lines). The figure also shows the cumulative distribution of
all subhalos selected using their current Vmax (dotted lines).

elements. At lower redshifts, the neutral gas in the otherwise
starless or very faint halos could manifest itself in the form
of the High Velocity Clouds (HVCs) abundant in the Local
Group [169–172] and around other galaxies.

Second, as I noted above the slope of the L − Mvir

relation required to explain the weak dependence of m0.3 on
luminosity is not surprising, given what we know about the
faint-end slope of galaxy luminosity function and what we
expect about the slope of the mass function of their host
halos in CDM scenario [173]. The implied normalization
of the L − Mvir relation, however, is quite interesting. For
example, it indicates that halo of Mvir,acc = 1010M� should
have luminosity of LV = 1.6× 106L�. Converting it to stellar
mass assuming M∗/LV = 1 (appropriate for old populations,
e.g., [174]) gives M∗ = 1.6× 106M�. Results of cosmological
simulations with UV heating of gas show that halos of M ∼
1010M� should have been able to accrete almost all of their
universal share of baryons, Mb = (Ωb/Ωm)Mvir,acc ≈ 1.7 ×
109M� (assuming Ωb/Ωm ≈ 0.17 suggested by the WMAP
measurements [10]), even in the presence of realistic UV
heating [133, 134]. The derived stellar mass thus implies
that only F∗ ≡ M∗/Mvir,acc × (Ωm/Ωb) ≈ 0.001 (i.e., 0.1%)
of the expected baryon mass was converted into stars in
such objects. Such small efficiency F∗ for systems accretion
onto which is not suppressed by the UV heating implies
that star formation is dramatically suppressed by some other
mechanism.
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Figure 14: The efficiency of gas conversion into stars, defined
as the fraction of baryon mass, expected if the halo accreted
its universal fraction of baryons, converted into stars: F∗ =
(Ωm/Ωb)(M∗/Mvir,acc). The points (as before different symbols
correspond to subhalos in three different simulated host halos)
show the dependence of F∗ on the maximum circular velocity
of each subhalo at accretion according to luminosity assignment
model of (4). The short-dashed line shows the functional form
expected if F∗ was controlled by the suppression of gas accretion
due to UV heating of intergalactic gas (model 3B of [84]), while
long-dashed line shows scaling expected in efficiency was set by
supernova feedback (e.g., [140]).

In fact, the implied efficiency of baryon conversion into
the stars, F∗, in this model is a steep, power law function
of mass and circular velocity (F∗ ≈ V 8÷9

max,acc), as shown in
Figure 14. The figure also shows the functional form one
would have expected if the dependence of the efficiency
F∗ on circular velocity was determined by the fraction of
gas halos are able to accrete in the presence of the UV
radiation. This functional form is almost identical to the
fiducial model 3B of Koposov et al. [84] (I used slightly
larger value for critical velocity because I use Vmax rather
than the virial circular velocity used by these authors). The
two models have similar behavior at Vmax,acc � 30 km/s,
but the UV heating model asymptotes to a fixed value of
F∗ = 10−3 for more massive systems. This model would
therefore underpredict luminosities of the most massive
satellites in MW-sized halos, which was noticed by Koposov
et al. in its failure to reproduce the bright end of the satellite
luminosity function. Moreover, the estimates of the efficiency
F∗ for more luminous galaxies, such as the Milky Way,
are in the range F∗ ∼0.05–0.2 [175–178], which would lie
roughly on the continuation of the relation in Figure 14 to
larger circular velocities shown by symbols. (The F∗ − Vmax

relation could plausibly flatten at larger Vmax, as expected
from the halo modeling of the galaxy population, e.g.,
[173].)

These considerations indicate a very interesting possibil-
ity that while the UV heating can mediate accretion of gas
into very small mass halos, the efficiency with which the
accreted gas is converted into stars in the known luminous
galaxies is dramatically suppressed by some other mass-
dependent mechanism. This strong suppression operates
not only for halos in which gas accretion is suppressed
but for halos of larger masses as well. Note that this
suppression mechanism is unlikely to be due to blowout of
gas by supernovae, which is expected to give F∗ ∝ V 2

max
(e.g., [140]), a much shallower relation than the scaling in
Figure 14.

While discussion of the nature of this suppression
mechanism is outside the scope of this paper, the rapidly
improving observational data on the satellite population
should shed light on the possible mechanisms.

The exercise presented in this section illustrates just
how powerful the combination of luminosity function
and radial distribution of satellites, high-quality resolved
kinematics data and inferred dynamical constraints on the
total mass profile, measurements of star formation histories
and enrichment histories can be in understanding formation
of dwarf galaxies. The rapidly improving constraints on the
mass profiles of the dSph galaxies down to the smallest
luminosities [79, 88] should further constrain the range
of subhalo masses hosting the observed satellites and, by
inference, the efficiency of star formation in such small
halos. The hints that star formation efficiency is actually a
monotonic function of halo mass from galaxies such as the
Milky Way to the faintest known galaxies, such as Segue
1, indicates that the physics learned from the “near-field
cosmology” studies of the nearest dwarfs can potentially
give us important insights into formation of more massive
galaxies as well.

Acknowledgments

The author would like to thank Brant Robertson, Anatoly
Klypin, Nick Gnedin, Jorge Peñarrubia, Erik Tollerud, and
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The dwarf galaxy companions to the Milky Way are unique cosmological laboratories. With luminosities as low as 10−7LMW, they
inhabit the lowest mass dark matter halos known to host stars and are presently the most direct tracers of the distribution, mass
spectrum, and clustering scale of dark matter. Their resolved stellar populations also facilitate detailed studies of their history and
mass content. To fully exploit this potential requires a well-defined census of virtually invisible galaxies to the faintest possible
limits and to the largest possible distances. I review the past and present impacts of survey astronomy on the census of Milky
Way dwarf galaxy companions and discuss the future of finding ultra-faint dwarf galaxies around the Milky Way and beyond in
wide-field survey data.

1. Introduction

The least luminous known galaxies have historically been
those closest to the Milky Way. Whether visually or with
automated searches, resolved stars reveal the presence of
nearby dwarf galaxies with surface brightnesses too low to
be discovered by diffuse light alone. Even until recently,
nearly all cataloged dwarfs fainter than MV = −11 resided
within the Local Group of galaxies (LG) [1]. In 1999 the LG
contained 36 known members, of which eleven are Milky
Way (MW) satellites [2]. Four of these eleven MW dwarf
galaxies are less luminous than MV = −10, more than 10 000
times less luminous than the Milky Way itself. Although
such low luminosity dwarfs almost certainly contribute
a cosmologically insignificant amount to the luminosity
budget of the Universe, all eight of the Milky Way’s classical
dwarf spheroidal companions (−9 > Mv > −13, not
including Sagittarius or the Magellanic Clouds) have been
studied in extensive detail. (“Classical” will be used in the
paper to refer to the Milky Way dwarf companions known
prior to 2003.) There is now a new class of “ultra-faint”
dwarf companions to the Milky Way known to have absolute
magnitudes as low as MV ∼ −2 ([3], see Section 3). The
resolved stellar populations of these near-field cosmological
laboratories have been used to derive their star formation
and chemical evolution histories [4] and to model their

dark mass content in detail (see article by Strigari in this
volume and references therein). These complete histories
of individual systems complement studies that rely on high
redshift observations to stitch together an average view of the
Universe’s evolution with time.

The need for an automated, “systematic, statistically
complete, and homogeneous search” for LG dwarf galaxies
has been known for some time [5]. A combination of theo-
retical results and the advent of digital sky surveys have initi-
ated a renaissance in the pursuit of a well-measured sample of
the least luminous galaxies. This renaissance began in 1999,
when simulations were used to highlight the discrepancy
between the number of dark matter halos predicted to orbit
the MW and the eleven observed to be lit up by dwarf galaxies
orbiting the MW [6, 7]. As the resolution of simulations has
increased over the last ten years, so has the magnitude of this
apparent discrepancy. The most recent simulations predict
tens (Mhalo > 106M�, [8]) or even hundreds of thousands
(Mhalo > 105M�, [9]) of dark matter halos around the
Milky Way. In light of this “missing satellite problem”, great
attention has been paid to the total number of Milky Way
dwarf galaxies. However, this is only one metric with which
to learn about the properties of dark matter. The intrinsically
faintest dwarfs (which can only be found and studied close
to the Milky Way) likely inhabit the least massive dark matter
halos that can host stars. Such dwarfs may thus provide
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the most direct measurement of the mass spectrum, spatial
distribution, and clustering scale of dark matter.

What was initially viewed as a problem now provides an
opportunity to simultaneously learn about dark matter and
galaxy formation physics. Many studies have invoked simple
models of galaxy formation within low-mass dark matter
halos to successfully resolve the apparent satellite discrepancy
within the context of ΛCDM (e.g., [10–13]). See the review
article in this volume on “Dark matter substructure and
dwarf galactic satellites” by A. Kravtsov for more details on
the original missing satellite problem and on resolutions to
this problem based on models of star formation in low-mass
halos.

To untangle the extent to which dark matter physics,
galaxy formation physics, and incompleteness in the census
of dwarf galaxies contribute to this missing satellite “oppor-
tunity” requires a well-defined dwarf galaxy census that is
as uniform as possible to the faintest limits. For example–
Well defined: to compare observations of the MW dwarf
population with models requires a detailed, quantitative
description of the current census. Quantitative assessments
of the detectability of MW dwarfs in recent survey data,
plus an assumed spatial distribution of dwarfs, enabled
extrapolation of the known population to predict a total
number of ∼100–500 dwarf satellites [14, 15]. Uniform:
because the very least luminous MW dwarfs (MV ∼ −2)
can currently only be found within 50 kpc, it is presently
unclear whether dwarfs can form with such intrinsically low
luminosities, or whether the tidal field of the Milky Way
has removed stars from these nearby objects. The epoch
of reionization and its effect on the formation of stars
in low-mass dark matter halos also leaves an imprint on
both the spatial distribution [16, 17] and mass function
of MW satellites [13, 18]. Other studies have claimed that
the spatial distribution of MW satellites is inconsistent with
that expected in a Cold Dark Matter-dominated model
[19, 20]. Robust tests of these models are not possible
without improving the uniformity of the MW census with
direction and with distance. Faintest limits: reaching the low
luminosity limit of galaxy formation is necessary to probe the
smallest possible scales of dark matter, the scales on which
the model faces the greatest challenges. Moreover, a census
to faint limits over a large fraction of the MW’s virial volume
may yield enough dwarfs to rule out dark matter models with
reduced power on small scales, although numerical effects
presently inhibit concrete predictions of such models [21].

The specific observational requirements to fully exploit
the population of MW dwarfs (and beyond) to effectively test
dark matter theories and/or to learn about galaxy formation
therefore include the following:

(i) a census of dwarfs (we apply the term “dwarf” only
to stellar systems that, through direct or indirect
evidence, are known to be dark matter dominated
either now or at any point in the past) that is
minimally biased with respect to Galactic latitude,
distance (at least out to the virial radius of the
Milky Way), star formation history, and structural
parameters,

(ii) a statistically significant sample of lowest luminosity
dwarfs,

(iii) a sample of the least luminous dwarfs in a range of
environments.

This article focuses on the roles of wide-field, optical
imaging surveys of the past, present, and future in the
pursuit of a minimally biased census of the least luminous
galaxies. In particular, it focuses on automated analyses of
resolved star counts as a method to reveal these systems.
Since the visual searches of the 20th century, new digital sky
survey data have substantially progressed the completeness
and uniformity of the MW satellite census. Although this
progress has already revolutionized the landscape of dwarf
galaxy cosmology, it has also revealed great incompleteness
in our knowledge of the least luminous galaxies. Imminent
and future surveys such as the Southern Sky Survey [22],
PanSTARRS 1 (http://pan-starrs.ifa.hawaii.edu/public/) the
Dark Energy Survey [23], and the Large Synoptic Survey
Telescope [24] are poised to ultimately achieve the observa-
tional requirements needed for MW dwarf galaxy cosmology.

2. Discovering Milky Way Dwarf Galaxies,
Pre-SDSS

All Milky Way dwarf galaxies known prior to 1990 were
discovered in visual inspections of photographic survey
data. Sculptor (MV = −11.1) and Fornax (MV = −13.1)
were discovered in 1938 by Shapley [25, 26] in images
obtained with a 24-inch telescope at Harvard’s Boyden
Station. Leo I (MV = −11.9), Leo II (MV = −10.1),
Ursa Minor (MV = −8.9), and Draco (MV = −9.4) were
discovered in the 1950’s in the images obtained with a
48-inch Schmidt telescope as part of the original Palomar
Observatory Sky Survey (POSS) [27, 28]. The last Milky
Way companion discovered by an eyeball search was Carina
(1977, MV = −9.4), found on photographic plates obtained
in the Southern hemisphere counterpart to the Palmar
Observatory surveys—the ESO/SRC Southern Sky Survey
[29]. Magnitudes listed above are from [30], except for
Sculptor [1].

At the time of Carina’s discovery, it was hypothesized
that “The only possibility for detecting new systems of
this type would seem to be in regions of relatively high
foreground stars density and will probably require careful
scanning under low-power magnification or detailed star
counts” [29]. This hypothesis was validated by the discovery
of Sextans in 1990 (MV = −9.5) [31] as an overdensity
of star counts from automated plate machine (APM) scans
of the same POSS and ESO/SRC survey data that had been
carefully inspected decades earlier. Sextans was discovered
as part of the first large-scale, automated search for Milky
Way companions [32]. The serendipitous discovery of the
eleventh Milky Way companion, Sagittarius, in 1994 [33]
as a moving group of stars was the final Milky Way dwarf
discovered in the photographic survey data of the 20th
century.
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Since the discoveries of the eleven classical Milky Way
dwarf satellites, Kleyna et al. [34] and Whiting et al. [35] con-
ducted systematic searches of the COSMOS/UKST survey of
the southern sky and the POSS-II and ESO/SRC survey data,
respectively. Whiting’s eyeball, all-sky search resulted in the
discoveries of the Local Group dwarfs Antlia (MV = −11.2)
and Cetus (MV = −11.3), but not new Milky Way satellites.
The closest predecessor to the modern searches described in
Section 3, Kleyna et al. searched for overdensities of resolved
stars in spatially smoothed, pixellated maps of star counts.
Although their survey revealed no new dwarf galaxies, they
performed the first detailed characterization of the Milky
Way dwarf satellite census. The detection limits of these
searches are discussed in Section 4.

3. Mining for the Lowest Iuminosity Dwarfs in
the SDSS Era

Although the searches for dwarfs in the survey data available
in the 20th century were impressively successful, empirical
evidence suggested that the census of Milky Way dwarf
galaxies may not yet be complete [2, 16]. Since then, the
Sloan Digital Sky Survey (SDSS, [36]) revolutionized the
field of dwarf galaxy cosmology with the discoveries of 14
MW dwarfs (and possible dwarfs) as overdensities of resolved
stars: 2005—Ursa Major [37] and Willman 1 (originally
known as SDSSJ1049+5103, [38]); 2006—Boötes I [39], Ursa
Major II [40], Canes Venatici I [41]; 2007—Segue 1, Coma
Berenices, Leo IV, Canes Venatici II, Hercules (all announced
in [42]), Leo T [43], Boötes II [44]; 2008—Leo V [45];
2009—Segue 2 [46]. Follow-up observations confirmed most
of these to be the most dark matter dominated (central M/L
up to 1000 [3, 13]), least luminous (−1.5 > MV > −8.6 [47]),
and among the least chemically evolved galaxies known in
the Universe [48, 49]. Among these 14, Willman 1, Segue 2,
and Boötes II have not yet been shown to be dwarf galaxies
rather than star clusters or unbound remnants thereof. The
ultra-faint dwarfs are also predicted to be the most detectable
sources of gamma-rays from dark matter annihilation [50,
51]. In parallel with these Milky Way discoveries, 11 new M31
satellite galaxies have been discovered, primarily in large INT
and CFHT surveys of M31 (And IX - And XX, −6.3 > Mv >
−9 [52–58]).

The accomplishments of the SDSS dataset seem partic-
ularly remarkable given that the data were obtained with 1-
minute exposures taken on a 2.5 m telescope, with a resulting
r-magnitude limit of 22.2. In general, pushing the census
of resolved dwarf galaxies to lower luminosities and greater
distances can be accomplished by (1) obtaining photometry
of stars to fainter apparent magnitudes, (2) more efficiently
suppressing the noise from point sources contaminating
the signal from stars belonging to a dwarf galaxy, and/or
(3) reducing spurious detections, the primary source of
which had been cluster galaxies misclassified as point sources
[32, 34]. The features of the SDSS that facilitated (2) and
(3) were its multiband photometry and accurate star-galaxy
separation. The digital camera and uniformity of the survey
also played key roles in its richness as a hunting ground for
dwarfs.

With a median luminosity of MV ∼ −5 (104L�), the
ultra-faints are up to ten million times less luminous than
the Milky Way. All but Willman 1 and Leo T of the new
Milky Way satellites are invisible in the SDSS images,
even in hindsight. How was the presence of these invisible
galaxies revealed? The seventh data release of SDSS, DR 7
[59], includes 11 663 deg2 of imaging and over 100 million
cataloged stars. The searches that resulted in the discoveries
of the ultra-faint dwarfs were based only on analyses of these
cataloged stars. The methods applied were all similar in
spirit, starting with the search of Willman et al. [60]. The
search technique summarized here is the specific method
used in the most recent automated search, that of Walsh
et al. (WWJ [61]).

(i) Apply a Color-Magnitude Filter to Point Sources. The
primary source of noise in searches for dwarfs in SDSS-
depth data is MW stars. Figure 1(b) shows that MW stars
are smeared out in color and magnitude. The red plume
contains thin disk main sequence stars, the bright blue plume
contains thick disk main sequence turnoff (MSTO) stars,
and the faint blue plume contains halo MSTO and MS stars.
However, the stars belonging to a dwarf galaxy will occupy
a well-defined region of color-magnitude space. All stars
with colors and magnitudes inconsistent with a dwarf galaxy
(at a particular distance) can thus be filtered out. WWJ
used Girardi isochrones to define a color-magnitude (CM)
filter for stars between 8 and 14 Gyr old and with −1.5 <
[Fe/H] < −2.3. This filter is shown Figure 1(a) for a dwarf
galaxy with d = 20 kpc. Unlike the matched filter technique
of [62], stars outside of the filter are simply removed from
the analysis. No weighting is done, because the filter is
not intended to exactly match stars from a specific stellar
population. The CM filter was shifted to 16 values of m–M
between 16.5 and 24.0 to search for dwarfs with 20 � d �
600 kpc. Figure 1(a) shows that a 20 kpc color-magnitude
filter contains substantial noise from both thick disk and halo
stars. Figure 1(d) shows that a 100 kpc filter resides primarily
between the two plumes and includes contamination from
faint halo stars. The horizontal branch (HB) extension of this
100 kpc filter passes through MSTO halo stars, suggesting
that this HB extension may include more noise than signal
from the least luminous systems. Although the analysis of
WWJ was automated and included no visual component,
the result of this processing step is illustrated in Figures 2(a)
and 2(b). The Ursa Major I ultra-faint dwarf (MV = −5.5,
d = 100 kpc) is not visible in the star count map on the
left. After CM filtering, a slight overdensity of point sources
becomes visible.

(ii) Create Spatially Smoothed Image of Stellar Surface
Density. As originally done in searches for nearby dwarf
galaxies performed in the 1990’s [32, 34], the number density
map of stars passing CM filtering is smoothed with a spatial
kernel to enhance the signals from resolved objects with
angular scale sizes expected for nearby dwarf galaxies. WWJ
used only a 4.5′ scale length filter, while [14] applied filters
of two different angular sizes. The result of this analysis
step is illustrated Figure 2(c), which shows that Ursa Major
I appears prominent in a spatially smoothed map of CM-
filtered stars.
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Figure 1: A color-magnitude (CM) filter used to suppress the noise from foreground stars while preserving the signal from dwarf galaxy stars
at a specific distance. (a) and (c) CM filters for an old and metal-poor stellar population at a distance modulus of 16.5 and 20.0, respectively.
The solid lines show Girardi isochrones for 8 and 14 Gyr populations with [Fe/H] = −1.5 and−2.3. (b) and (d) These CM filters overplotted
on stars from a 1 deg2 field to illustrate the character of the foreground contamination as a function of dwarf distance. Data are from SDSS
DR7.
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Figure 2: (a) Map of all stars in the field around the Ursa Major I dwarf satellite, MV = −5.5, d = 100 kpc. (b) Map of stars passing the CM
filter projected to m −M = 20.0 shown in Figure 1(c). (c) Spatially smoothed number density map of the stars in (b). The Ursa Major I
dwarf galaxy has a μV ,0 of only 27.5 mag arcsec2 [63]. Data are from SDSS DR7.

(iii) Identify Statistically Significant Overdensities. A
search of 10 000 deg2 of SDSS data, optimized for dwarfs
at 16 different distances, and a single choice of stellar
population and scale size require evaluating the statistical
significance of 600 million data pixels that do not necessarily
follow a Gaussian distribution of signal. Setting the detection
threshold to select candidate dwarf galaxies was done by
simulating numerous realizations of the search, assuming a
random distribution of point sources and permitting only
one completely spurious detection. The threshold is set to be
a function of point source number density after CM filtering.

(iv) Follow-up Candidates. Regions detected above the
detection threshold are considered candidates for MW
dwarf galaxies. Although the threshold is set to prevent
the detection of any stochastic fluctuations of a randomly
distributed set of point sources [61], the detections are only
“candidates” because resolved dwarf galaxies are not the only

possible overdensities of point sources expected in the sky.
For example, fluctuations in the abundant tidal debris in
the Milky Way’s halo or (un)bound star clusters could be
detected. It is essential to obtain follow-up photometry to
find the color-magnitude sequence of stars expected for a
dwarf galaxy and also follow-up spectroscopy to measure the
dark mass content (dark matter is required to be classified as
a galaxy) based on the observed line-of-sight velocities.

This search algorithm is very efficient. In the WWJ
search, the eleven strongest detections of sources unclassified
prior to SDSS were 11 of the 14 (probable) ultra-faint
Milky Way dwarfs. All of these but Boötes II were known
prior to the WWJ search. See references in Section 3 for
details of the follow-up observations that confirmed these
objects to be dwarf galaxies. Follow-up observations of
as-yet unclassified SDSS dwarf galaxy candidates are on-
going by several groups, including a group at the IoA at
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Cambridge (M. Walker, private communication) and at the
MPIA (N. Martin, private communication). The Stromlo
Missing Satellites team (PI H. Jerjen) is also now obtaining
and analyzing observations of the ∼ two dozen candidates
from the WWJ search of 9500 square degrees of SDSS DR6.

Because most probable candidates for dwarf galaxies
have already been followed up, it is possible that SDSS I
has already been completely mined for ultra-faint dwarfs.
Nevertheless, it is essential to concretely classify all objects
identified down to the detection threshold used to quantify
the limits of a survey. If there are dwarf galaxies hiding in the
low significance detections, then they must be included when
interpreting the properties of the global population down
to the observational limits. If there are no dwarf galaxies
anywhere close to the detection thresholds, then there may
not be many unseen dwarfs with luminosities (distances)
slightly fainter than (a bit more distant than) those of similar
dwarfs in the known population.

4. Current Limitations of the Census of Milky
Way Dwarfs

As discussed in Section 1, a well-defined census of dwarfs is
essential to use the MW dwarf galaxy population as a probe
of dark matter and galaxy formation physics. Astronomers
have used a variety of approaches to characterize the
completeness of the Milky Way dwarf census for more than
50 years, beginning with Wilson [28] in 1955 who observed
that “The uniform coverage of the sky provided by the
(Palomar Observatory) Sky Survey allows an estimate to be
made of the probable total number of Sculptor-type galaxies
in the local group.”

Until this day, little is known about the possible popula-
tion of MW dwarfs at |b| < 20◦ [32, 34], which includes 1/3
of the volume around our galaxy, owing to obscuration by
the Galaxy’s disk. A substantial fraction of the SDSS footprint
is at b > 30◦; so no progress has yet been made on this
severe observational bias at optical wavelengths. Searches for
satellites near the Galactic plane at radio and near-infrared
wavelengths (2MASS) are less affected by disk obscuration
than optical studies. Although two satellites have tentatively
been discovered at these wavelengths (high-velocity cloud
Complex H in HI survey data [64], Canis Major in 2MASS
[65]), searches for MW dwarfs at nonoptical wavelengths
have not yet been very fruitful or quantified in detail.

Likewise, the limitations of the Southern hemisphere
dwarf galaxy census remain unchanged since the searches
conducted with photographic plate data. Kleyna et al. [34]
derived detailed detection limits for their search by inserting
simulated galaxies with the physical scale size of Sculptor into
the COSMOS survey data. They found that the Southern sky
at b < −15◦ was complete to dwarfs closer than 180 kpc and
as faint as 1/8 LSculptor, corresponding to Mv = −8.8. Whiting
et al. also quantitatively characterized the completeness of
their visual search for dwarfs in the Southern Sky and
estimated a limiting surface brightness (25 < μlim < 26
mag arcsec−2), with a 77% completeness of dwarfs above this
surface brightness limit [35].

It is thus likely that no dwarf similar to any of the 14
ultra-faints discovered in SDSS I data could have been found
outside of the SDSS footprint. Within the SDSS footprint,
the most extensive calculation of the limitations of the ultra-
faint dwarf census is that of WWJ. WWJ simulated the
detectability of nearly 4 million artificial galaxies with a range
of luminosity, scale size, distance, and Galactic latitude [61].
They estimate that the SDSS MW dwarf census is more
than 99% complete within 300 kpc to dwarfs brighter than
MV = −6.5 with scale sizes up to 1 kpc. Although this is
a tremendous improvement, only four of the 14 new MW
satellites are brighter than this limit. d90, the distance at
which 90% of dwarfs with some set of properties can be
detected, is independent of the distribution of objects. d90

is ∼35, 60, and 100 kpc for dwarfs with MV ∼ −2,−3, and
−4 with scale sizes similar to those of the known ultra-faints
at like absolute magnitude. (This is smaller than the distance
within which 90% of dwarfs with some set of properties can
be detected.) Larger scale length (lower surface brightness)
systems are less detectable. For example, systems with Mv =
−2 and a scale size of 100 pc or with Mv = −4 and a scale size
of 500 pc would have been undetectable in SDSS. Koposov
et al. [14] derived quantitative detection limits for their SDSS
search for ultra-faint dwarfs and found similar results.

The luminosity bias still present in the MW dwarf census
as a function of distance has several major implications.
First, the unknown underlying radial distribution of MW
dwarfs prevents assumption-free predictions of their total
number or luminosity function. Second, assumption-free
comparisons between the observed and predicted spatial
distribution of MW dwarfs are still not possible. However,
studies of the spatial distribution that only include the
brighter MW dwarfs (MV < −5.5) would provide initial
insight into models. Finally, four of the MW ultra-faint
companions (Willman 1, Boötes II, Segue 1 and 2) have
L < 103L� (MV � −2.5). At present, only ∼1/200 of the
volume within the SDSS footprint has been mined for such
ultra-faints. Are there pristine dwarfs in other environments
with such low luminosities? Answering this question will be
critical for determining whether they have extremely low
luminosities because of nature (they formed that way) or
nurture (e.g., the tidal field of the Milky Way removed
previously bound stars). Preliminary morphological studies
suggest that the properties of the nearest ultra-faints may
have been affected by the MW’s tidal field.

These limitations and achievements do not substantively
vary across most of the SDSS footprint. ∼50% of the SDSS
DR6 footprint resides at b > 50◦ and only ∼10% at b <
30◦. d90 is almost identical for dwarfs with b = 53◦ and
b = 73◦ and is up to ∼25% less for b ∼ 30◦, depending
on MV ,dwarf. The relatively weak variation with latitude is
owing to the CM filter (Figure 1) that does not include stars
with g − r > 1.0, cutting the majority of thin disk stars
from analysis. Although the spatial variation is weak on
average, regions of lower Galactic latitude plus longitude or
regions containing substantial Sagittarius stream debris do
have a lower sensitivity for dwarfs. For searches extending to
b � 30◦, careful attention must be paid to the dependence of
detectability on Galactic direction.
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5. Mining for Ultra-Faint Dwarfs Post-SDSS

To move from the excitement of discovery to more concrete
comparisons between observations and predictions will
require progress on the observational limitations described
in Section 4. Here we highlight several new and upcoming
wide-field optical surveys that contain the qualities necessary
to make this progress.

The Southern Sky Survey (SSS) [22] and PanSTARRs
(PS1) are optical surveys of the entire Southern and
Northern skies, respectively. The SSS is anticipated to begin
survey operations at the end of 2009, and PS1 has already
begun obtaining survey data. The SDSS filter set [66] plus a
Strömgren u filter will be used for the SSS, while SDSS griz
plus a y filter at 1 micron is being used for PS1. These surveys
are both conducted on small aperture telescopes (1.3 m
for SSS, 1.8 m for PS1), with images of the sky obtained
repeatedly over a period of about 5 years. The coadded point
source catalogs anticipated from these surveys will be 0.5
(SSS) to 1 (PS1) magnitude deeper than the SDSS catalog.

Searches for resolved dwarf galaxies in the SSS will be
led by H. Jerjen and the Stromlo Missing Satellites team
and in PS1 will be lead by N. Martin at MPIA. Between
the SSS and PS1, a full digital picture of the sky at optical
wavelengths will be obtained, nearly 75% of it for the very
first time. The region of sky at b < −20◦ to be observed by the
SSS should contain many discoverable ultra-faint galaxies –
perhaps a dozen by comparison with those already known in
the North. These new surveys will also substantially progress
our understanding of the distribution of dwarfs close to the
disk. However, mining for dwarfs at low b will require careful
adjustments to the search techniques applied to SDSS data
owing to severe Galactic contamination and obscuration at
low Galactic latitudes. For example, it has been common to
use a 1◦ × 1◦ running windows to measure the local density
of the foreground [14, 61]. The steep spatial gradient in the
number density of disk stars at low b will demand a more
careful characterization of the average point source counts
when searching for localized overdensities.

These imminent surveys will also reveal ultra-faint
dwarfs throughout a greater fraction of the Milky Way’s
virial volume. A naive extrapolation from the detectabil-
ity of dwarfs in the SDSS yields dmax,PS1/dmax,SDSS =
( flim,PS1/ flim,SDSS)0.5. In this approximation, analyzing the
PS1 star catalog with methods analogous to those applied
to SDSS data will reveal dwarfs (at |b| > 20◦) to distances
∼1.6 times farther, which is a factor of 4 in volume. Despite
this anticipated improvement, these surveys will not provide
an unbiased measurement of the ultra-faint dwarf galaxy
population all the way out to the virial radius of the Milky
Way (∼300 kpc).

Only a survey such as the planned Large Synoptic
Survey Telescope (LSST (http://www.lsst.org/)) project, cur-
rently scheduled to begin survey operations in 2016, will
potentially yield a measurement of the ultra-faint dwarf
galaxy population that truly satisfies all of the observational
requirements needed to fully exploit these objects for dark
matter and galaxy formation science. LSST’s primary mode
will be the planned “deep-wide-fast” survey that will observe

20 000 deg2 of sky at δ < 34◦ roughly 1000 times over 6
bands (SDSS ugriz plus y). Single 15-second exposures have
an anticipated 5σ limit of r = 24.5, and the final 10-year co-
added catalog has an anticipated limit of r = 27.5 [24].

Using the same naive extrapolation of the detectability
of dwarfs in SDSS applied above to the PS1 survey, Tollerud
et al. [15] showed that an SDSS-like analysis of a 10-year
LSST-like catalog of stars would reveal MV = −2.0 dwarfs
to distances of at least 400 kpc. More luminous ultra-faints
would be detectable throughout the entire Local Group, and
even beyond, based on this sort of extrapolation. Such a
calculation assumes that the number density of contaminat-
ing point sources passing color-magnitude filtering (such as
shown in Figure 1) does not substantially vary with distance.
However, the landscape of the point source population at
magnitudes fainter than r ∼ 24 does differ greatly from that
in the SDSS-depth data shown in Figure 1.

Figure 1 showed that thick disk and halo main sequence
and main sequence turnoff stars in the Milky Way were
the primary noise in SDSS searches. At fainter apparent
magnitudes, the number density of unresolved galaxies,
galaxies at high redshift that cannot be distinguished from
individual stars by morphology alone, rapidly increases.
Figure 3 shows the (V − I ,V) color-magnitude diagram of
galaxies in the 9 arcmin2 Hubble Ultra Deep Field (HUDF)
with an angular full-width half-max size smaller than 0.8′′,
the expected average image quality of LSST. Overplotted
in red are the stellar sources in the HUDF; they are
outnumbered by galaxies by a factor of 75.

The CMDs in Figure 4 illustrate in more detail the
point source contamination expected in deep searches for
resolved ultra-faint dwarfs. Figure 4(a) displays a TRILEGAL
(http://stev.oapd.inaf.it/cgi-bin/trilegal) [68] simulation of
Milky Way stars in a one square deg field at (l, b) = (45,40).
Figure 4(b) displays a simulation of the galaxy population
as it will be observed by LSST. The LSST image simulation
project (led by A. Connolly at UW) was based on a mock
catalog generated from the Millennium simulation [69].
The isochrone of an old and metal-poor stellar population
overplotted on Figure 4(a) shows that red giant branch stars
belonging to a system ∼300 kpc away will be contaminated
by MW halo dwarf and subdwarf stars (the plume at g −
r ∼ 1.0). In multicolor survey data of sufficient depth and
photometric precision, colors can be used to select stars
based on temperature, metallicity, and surface gravity [70].
For example, it has been shown that g−r combined with u−g
separates metal-poor red giants at halo distances from red
dwarf stars in the disk of the Milky Way, but only to r ∼ 17
in SDSS-depth data [71]. SDSS was not deep enough in all
filters to utilize photometric stellar classification to distances
beyond 25 kpc. LSST will have small enough photometric
errors to photometrically select red giant stars at outer halo
distances. Therefore, color-color selection of red giant stars
at outer halo distance may reveal both bound and unbound
structure at MW halo distances to unprecedentedly low
surface brightnesses.

The overploted isochrone on Figure 4(b) shows that
the main sequence turnoff of stars in an old and metal-
poor stellar population in the MW’s outer halo will be
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Figure 3: Color-magnitude diagram of galaxies with small angular
sizes and stellar sources in the Hubble Ultra Deep Field [67].
Galaxies outnumber stellar objects by a factor of 75 in this figure,
suggesting that unresolved galaxies will be the primary source of
contamination in searches for ultra-faint dwarfs in deep survey
data. Objects designated “stellar” in this image are those with
type > 0.3 in the HUDF catalog.

severely contaminated by unresolved galaxies. The mock
galaxy catalog predicts ∼700 000 galaxies per deg2 with r <
27.5 and g − r < 1.5. By contrast, the Trilegal model predicts
∼35 000 stars per deg2 with those same colors and mag-
nitudes. Based on the HUDF catalog, roughly half of the
galaxies at the faint magnitudes to be accessible by LSST have
angular sizes smaller than the expected median image quality
of 0.8′′. Unresolved galaxies thus outnumber stars by a factor
of 100 in observations down to r = 27.5 when only angular
size is used to morphologically classify objects, consistent
with the results obtained from the small HUDF field-of-view.

The very least luminous (MV � −3) systems can only
be discovered by their MSTO and main sequence stars,
because they have few, if any, red giant branch stars. The
contamination by unresolved galaxies could therefore be
catastrophic for discoveries of such systems at large distances,
particularly because galaxies themselves are clustered and
thus do not provide a smooth background that can easily be
removed. However, a combination of careful morphological
classification and color-color-magnitude filtering can be
used to drastically reduce the noise from unresolved galaxies.
In reality, star-galaxy separation is not performed by a simple
measurement of angular size; the extended shapes of the light
profiles of sources are often used to discriminate between

stars and galaxies. For example, [72] describes a method to
use the curve-of-growth of the light profile of individual
objects to yield a morphological star-galaxy classification.
This type of classification will still yield a star catalog that
is dominated by faint galaxies. Galaxies also have colors
that differ from those of stars. For example, color-color
information has been used to distinguish Milky Way stars
from unresolved galaxies at very faint magnitudes in the
Deep Lens Survey, a deep, ground-based, survey in multiple
optical filters [73].

An important consideration for dwarf searches in LSST-
depth data is prospects for meaningful follow-up obser-
vations. Follow-up imaging to obtain deep CMDs has
been needed to confirm many of the 14 known ultra-faint
dwarfs. However, color-magnitude diagrams deeper than the
expected LSST limiting r-magnitude of 27.5 could likely
not be obtained from the ground. Space-based follow-up
to confirm new dwarfs with JWST will probably also not
be feasible, because the number of dwarfs may be in the
hundreds (with a higher number of candidates) and because
the fields-of-view of the cameras on JWST (∼2.2′ × 2.2′)
are smaller than the angular sizes expected for all but the
smallest scale size dwarfs. With a half-degree field-of-view,
the camera on the Supernova Acceleration Probe (SNAP)
could provide the imaging needed to confirm the presence
of relatively distant dwarfs tentatively detected in LSST data.
There are not currently plans for SNAP to be a pointed
tool for such science. Therefore the number of resolved
stars required for a certain ultra-faint detection in very
deep survey data will necessarily be higher than in SDSS-
depth data. The spectroscopic resources now being used to
measure the masses of new ultra-faint objects (e.g., DEIMOS
on Keck II, Hectochelle on the MMT) are also already
being pushed to their limits with the dwarfs discovered
in SDSS. Much fainter or more distant dwarfs could not
be effectively studied with these resources but instead will
require next generation 30 m class telescopes (such as a
Giant Magellan Telescope or Thirty Meter Telescope) and/or
instrumentation.

A final consideration for searches is based on resolved
stars in an LSST-depth dataset—the possible crowding of
stars belonging to more distant satellites. Although fewer
stars are resolved in more distant galaxies, the apparent
angular separation of resolved stars decreases with increasing
distance. If the average star separation is small relative to
the average full-width half-max of stars in the image, then
an object may be confusion limited and its individual stars
not identified in a standard photometric pipeline. Could
ultra-faint dwarf galaxies become confusion limited before
they are, in theory, too distant to detect as overdensities of
resolved stars? Using the Dotter stellar luminosity functions
(http://stellar.dartmouth.edu/) [74] and assuming a star cat-
alog as deep as the LSST 10-year coadd, the average spacing
between resolved stars in a 10 Gyr, [Fe/H] = −2.0 stellar
population is roughly constant with distance for 100 kpc—
dlim. dlim is the optimistic limiting detection distance for
dwarfs with −2.5 > MV > −7.5. For ultra-faint Milky Way
satellites with scales sizes ∼50% smaller (and thus smaller
angular separation between stars) than those of ultra-faints
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Figure 4: Simulated observations of Milky Way stars and galaxies in an LSST-like survey. (a) TRILEGAL simulated observation of Milky
Way stars in a one deg2 field at (l, b) = (45,40). (b) Simulated observation of galaxies in a 0.01 deg2 field based on [69] (A. Connolly, private
communication). A Dotter isochrone for a 10 Gyr, [Fe/H] = −2.0 stellar population at a distance of 300 kpc (m −M ∼ 22) is overplotted
on both panels. For clarity, only 1/4 of sources in each panel are plotted. LSST-like photometric uncertainties have not been added to the
simulated data.

with similar magnitudes, this average separation is expected
to range between 1′′ and 2′′. Because this separation is
larger than the average image quality expected for LSST
and because LSST will likely reach its coadded depths by
simultaneous photometering of numerous exposures, rather
than photometering a single stacked image, crowding should
not be a technical issue that will inhibit future dwarf searches.

6. Conclusion

The next 15 years will be an exciting time for near-field dwarf
galaxy cosmology. A lot hinges on the new class of ultra-faint
galaxies that was only discovered in the last 5 years but that
may be the most numerous and cosmologically important
class of galaxies. However, to effectively exploit these dwarfs
as cosmological barometers will require improvements on
many observational limitations. Several wide-field, optical
surveys are planned that may finally reveal the true nature
of the MW’s satellite population and the true nature of
ultra-faint dwarfs. Careful statistical analyses of star counts
will continue to be a primary method to identify ultra-
faints, which are known to have surface brightnesses as
low as ∼27.5 mag arcsec−2. Future surveys could possibly
reveal such objects at Mpc and greater distances by their
diffuse light, rather than just by individual stars. Planned
and current surveys at infrared wavelengths will at minimum
complement searches for dwarf galaxies done with optical
datasets and will provide important support for dwarf
searches near the Galactic plane. The upcoming Vista
Hemisphere Survey (PI Richard McMahon) will image the
entire Southern Sky in J and KS 4 magnitudes deeper than
2MASS. UKIDSS is in the middle of survey operations and

is obtaining 7000 deg2 of IR imaging in the North to a
depth of K ∼ 18, including part of the Galactic plane. These
surveys have the promise to open up enough new dwarf
discovery space to reveal systems not yet accessible in optical
datasets.

Pointed surveys will also reveal low luminosity galaxies
in other systems, although they cannot yet reveal objects
as low luminosity as many of the MW’s ultra-faints.
Recently, [75] identified 22 dwarf galaxy candidates as
faint as r = −10 around M81. They used both eyeball
evaluation and automated analysis of resolved stars in 65
square degrees of deep imaging. The on-going PAndAS
survey (PI A. McConnachie) of 350 square degrees around
M31 and M33 is expected to reveal diffuse objects around
these galaxies as faint as 32 magnitudes per square arcsec-
ond.

The future will reveal whether we have yet seen the
ultimate limit of galaxy formation. The possibilities remain
that either (1) the low luminosities of the ultra-faint dwarfs
are an artifact of nature, rather than nurture, and/or (2)
the present survey data are not deep enough to reveal the
very least luminous systems and a vast population of ultra-
faint dwarfs lie just beyond our fingertips. Regardless, at least
dozens of ultra-faint satellites will be discovered in the near
future, with the possibility of hundreds or more.
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The standard Lambda Cold Dark Matter model is considered to be a triumph of theoretical astrophysics but observations of the
Milky Way and its system of satellite galaxies irresistibly signal that theory is incomplete on galactic and subgalactic scales. The
Stromlo Missing Satellites (SMS) Survey is a critical endeavor to investigate at what level predictions of CDM cosmology are
consistent with the observed matter distribution in the Milky Way halo. It will be the deepest, most extended search for optically
elusive satellite galaxies to date, covering 20 000 square degrees of sky. The international SMS Survey collaboration will exploit 150
TB of CCD images in six filters acquired by the new SkyMapper telescope of the Australian National University over the next five
years, expecting on completion photometric limits 0.5–1.0 mag fainter than the Sloan Digital Sky Survey. The primary objective
of the program is to characterise the baryonic and dark matter components of a complete sample of MW satellites in the Southern
hemisphere to provide stringent observational constraints for improving our understanding of how the Milky Way formed and
what physical processes governed galaxy formation and evolution in general.

1. Satellite Galaxies

According to cosmological theory, overdensities of cold
dark matter gravitationally collapsed and formed the first
structures in the Universe one billion years after the Big Bang.
The gravitational pull of those dark matter clumps drew in
primordial baryons in the form of hydrogen gas, providing
the seeds for galaxy formation. The observational Universe
today is populated with galaxies, the prime repositories of
stars, the shining baryonic matter. For obvious reasons, most
of the detected and catalogued galaxies are intrinsically the
largest and the brightest, those that can be seen from the
greatest distance and are most easily studied against the night
sky. Ironically, a major limitation on our ability to develop
a physically consistent model that describes how galaxies
evolved out of the dark matter and baryonic ingredients
comes from our incomplete picture of the vicinity of
the Milky Way, in particular from the lack of a good
understanding of the phenomenon “satellite galaxies.” This
term is broadly used for dwarf galaxy companions of the
Milky Way (Figure 1), some of which contain only a few
thousand stars. They cover a stellar mass range of 103–7M�
and consist of up to 99.9% of dark matter (e.g., [1–7]). At the

low end of the mass scale, satellites exhibit extreme low star
densities so they are completely resolved, that is, transparent,
and hard to detect against the screen of MW foreground
stars. A few examples of such ultrafaint satellites have been
discovered around the Milky Way in the recent years. Cold
Dark Matter theory tells us that those are the survivors of
the accretion/merger process that assembled larger galaxies.
Hence, if we want to shed light on the nature of dark matter
and understand how galaxies formed we have to spend a
much greater amount of effort on finding and physically
characterising these faintest, most elusive galaxies that exist
in the Universe.

2. Cold Dark Matter Theory to the Test

While the cold dark matter paradigm successfully explains
the large-scale distribution of bright baryons (i.e., luminous
galaxies) in the Universe (e.g., [8]), one crucial test of
the model lies in its ability to predict the properties of
dark matter on subgalactic scales, most fundamentally the
number and distribution of substructures around the Milky
Way and their optical manifestation, the satellite galaxies.
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A generic result of high-resolution numerical simulations
of large galaxies [9–12] is that the dark matter halo of the
Milky Way must be filled with hundreds or even thousands
of smaller dark matter condensations [13]. It is thought that
the majority of these subhalos will gravitationally collect
sufficient primordial hydrogen gas, turn it into stars, and
form MW satellite galaxies observable today. However, the
number of bound dark matter subhaloes exceeds the entire
population of currently known MW satellites by at least
one order of magnitude. This discrepancy is discussed in
the literature as the “missing satellites” or “substructure”
problem [9, 14]. There has been no shortage of solutions
proposed, ranging from a drastic modification of the dark
matter power spectrum [15] or self-interacting dark matter
[16] to the reduction of the amount of small-scale features
through warm dark matter-like models (e.g., [17–20]) to
careful estimates of the effects of the epoch of photoioniza-
tion on the ability of subhalos to retain baryons and evolve
into luminous satellite galaxies (e.g., [21]).

More recently focus has shifted to the question whether
the known Milky Way satellites can actually originate
from a population of dark matter subhalos. Even if the
suppression of star formation by cosmic reionization and
other mechanisms was quite effective in the early Universe
and thus the observed satellite galaxies today are comprising
only a subset of the actually present CDM substructures,
their number-density distribution should be still consistent
with an isotropic or mildly triaxial parent distribution.
However, Kroupa and collaborators [22–24] showed that
the spatial distribution of the luminous Milky Way satellites
that was known to be anisotropic for more than 30 years
[25–29] is well described by a plane of finite thickness,
statistically inconsistent with the distribution of a cosmo-
logical dark matter substructure population at the 99.5%
confidence level (see Figure 1). First evidence for a similar
disc-of-satellites in M31 has been found by [24] that is
now awaiting further testing with the results from the
Pan-Andromeda Archaeological Survey (PI McConnachie;
http://www.nrc-cnrc.gc.ca/eng/projects/hia/pandas.html).

Although theoretical cosmologists argue that the distri-
bution of the few galaxies in such a “Great Disk of Satellites”
almost perpendicular to the MW plane is not improbable
(e.g., [30]), debating this issue remains difficult due to
the incompleteness of the census of Milky Way satellites,
particularly in the crucial parts of the sky away from the
proposed plane, regions that are coincidently not covered
by the SDSS Survey. Currently, little is known about what
physics is concealed behind the “missing satellites” and
“Great Disk of Satellites” phenomena but researchers agree
that resolving the mystery is going to have a major impact
on our understanding of dark matter and its role in the
formation process and evolution of galaxies over the lifetime
of the Universe.

For example, Kroupa [31] showed that dSph satellite
solutions are obtained from ancient tidal dwarf galaxies,
implying that the disc-of-satellites can be naturally under-
stood as the remnant of ancient tidal arms that formed
during the early assembly of the Milky Way. The almost
exact match of one of the author’s models with the Hercules

satellite [32] is noteworthy. If a significant number of MW
dSphs are confirmed to be of tidal origin this would also
imply the substructure crisis to become even more severe.
Alternative explanations have been put forward to reconcile
this anisotropic distribution within theΛCDM paradigm. So
Li and Helmi [33] and D’Onghia and Lake [34] proposed a
scenario where the majority of satellites entered the Milky
Way halo in a group rather than individually to explain the
spatial and dynamical peculiarities of its satellite distribution.
However, no dwarf galaxy associations exist in the vicinity
of the Local Group today that are sufficiently compact to
produce a disc-of-satellites [35]. On the theoretical side,
Libeskind et al. [36] found that one third of their N-body
simulations of MW-type halos are in agreement with the
observed flattened spatial arrangement and the coherence
of angular momenta of the Milky Way satellites. Accurate
proper motion estimates for more satellites are needed to
properly test the consistency within CDM galaxy formation
model.

3. Searching for the Invisibles

Because incompleteness in the census of Milky Way satellites
prevents any serious scrutiny of the currently best cosmo-
logical model, a breakthrough can only be expected once
observers established the number and spatial distribution of
satellite galaxies around the Milky Way including accurate
estimates of those that remain hidden due to detection limits
[37, 38]. Indirect evidence for a large number of undetected
Milky Way, satellites was provided by Willman et al. [39]. The
comparison of the spatial distributions of satellites around
M31, the Milky Way and a simulated galaxy showed that
the radial distribution of M31 satellites and the 15 oldest
subhaloes of the simulated galaxy are in agreement, while the
Milky Way satellites fall below expectations within the limits
of observational completeness. Moreover, if one looks at the
distribution of satellites as a function of Galactic latitude, the
number of Milky Way satellites is less than the simulation
predicts at low latitudes.

Northern Hemisphere. Willman et al. [40, 41] conduced a
first systematic modern search for Milky Way satellites based
on the Sloan Digital Sky Survey (SDSS; [42]) covering 20
percent of the entire sky. The analyses of resolved stars in
both the SDSS and the Two Micron All Sky Survey (2MASS)
uncovered the Willman 1 and Ursa Major galaxies. Since
then, the SDSS collaboration [43–48] and other groups [49,
50] have found already more new Milky Way satellites than
were detected in the previous 70 years while the exploitation
of the SDSS data is still in process. In an attempt to reach
to even lower luminosity systems, Walsh et al. [38, Figure 5]
identified a total of 30 ultrafaint candidates in the DR6
footprint (see Figure 2). Establishing the true nature of these
stellar overdensities will deeply probe into unknown territory
of the galaxy luminosity function.

Southern Hemisphere. This part of the sky remains com-
pletely unexplored to faint magnitude levels with modern
digital imaging data. The great potential of finding new
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Figure 1: The distribution of currently known Milky Way satellites
out to the 250 kpc virial radius from the center of the Milky Way.
The arrangement of the galaxies in a “Great Disk of Satellites”
almost perpendicular to the Galactic plane is highlighted by the
dotted line and the arbitrarily chosen ±15 degree band. Half of the
sky will be searched for satellites by the SMS survey (area south of
the celestial equator).

Milky Way satellites in the Southern hemisphere was demon-
strated when the analysis of stars from 2MASS led to the
discovery of the Canis Major dwarf galaxy (see [51–53]; but
see [54] for an update on the controversy of the nature of
the CMa phenomenon). Covering twice the area of the SDSS
footprint, the Southern hemisphere is expected to conceal at
least 30 satellites more luminous than Boo II, Willman 1, or
Segue 2.

4. The Stromlo Missing Satellites Survey

The Stromlo Missing Satellites (SMS) Survey (see http://
msowww.anu.edu.au/∼jerjen/SMS Survey.html) was initi-
ated to carry out the deepest, most extended search for
Milky Way satellites over the next five years, covering the
entire 20 000 square degrees of the Southern hemisphere.
The international SMS Survey collaboration will analyse the
digital images obtained by the Australian National University
(ANU) SkyMapper Telescope and will use specialized data
mining tools on the catalogues produced from the images
by the SkyMapper team. Extensive follow-up observations
of newly detected satellite candidates are absolutely essential
and require the most powerful telescopes to gain an accurate
picture of their physical nature. Recent follow-up works on
one of the most luminous MW satellites, the CMa dwarf
[54, and references therein], and the least luminous Segue
1 [55, 56] highlight some of the many challenges.

4.1. The ANU SkyMapper Telescope. Large CCD arrays are
finally becoming available to construct wide-field CCD cam-
eras at optical telescopes. Given this new research window of
wide-field astronomy it is not surprising that almost every
major observatory worldwide is in the process of developing
survey telescopes base on that technology: Pan-STARRS
of the University of Hawaii, the near-infrared 4 m Survey
Telescope VISTA of the European Southern Observatory, and
on an even larger financial and time scale, the 8.4 m Large

Synoptic Survey Telescope (http://www.lsst.org/lsst), a wide-
field telescope facility that is planned to have first light in
2015.

In this latest development, the ANU 1.35 m SkyMap-
per telescope (http://www.mso.anu.edu.au/skymapper/) at
Siding Spring Observatory represents an investment in
Australian frontier technologies of A$13 million. It is among
the first of this new breed of specialised telescopes capable
of scanning the night sky more quickly and sensitively
than ever before featuring a 32 × 4k × 2k CCD mosaic
camera with 0.5 arcsec pixels and a 5.7-sq degree field of
view. The primary goal of the facility is to perform the
Southern Sky Survey (hereafter S3) over the next five years,
producing 150 Terabytes of CCD images and a reference
catalogue for one billion stars and galaxies. This program
is a six-colour photometry survey based on the SDSS filter
set (u, g, r, i, and z) plus a Strömgren-like v filter. It will
cover all 20 000 square degrees south of the celestial equator
in 3845 individual pointings with photometric limits 0.5–
1.0 magnitudes fainter than SDSS. The absolute stellar
photometry accuracy is expected to be three percent. The S3
is carried out in six full scans of the sky each pointing of 90
seconds duration and a total integration time of 540 seconds.
On completion, the S3 is expected to be 70 times more
sensitive than 2MASS and 1.5 times deeper than the northern
hemisphere SDSS. A single S3 epoch requires approximately
six months to complete. For a detailed description of
the SkyMapper observing cadence, the reduction pipeline,
photometric and astrometry calibration, and accuracy we
refer to Keller et al. [57].

4.2. Needles in the Haystack. The S3 catalogue is the ideal
data set to continue the success story of finding new dwarf
galaxies in the Milky Way halo. Out to the virial radius of
250 kpc, Milky Way satellites are completely resolved into
stars. Hence, a satellite initially reveals its presence only
through an unusual concentration of faint stars in the sky
behind a foreground screen of disk stars, embedded in halo
and possibly tidal stream stars, and superimposed on a sea
of mid-to-high redshift galaxies. This excess of stars will
also populate a well-defined locus in the colour-magnitude
diagram depending on the satellite’s star formation history
(see Figure 3).

In practice, searching for new satellites in the mul-
tidimensional parameter space of galactocentric distance,
satellite SFH, star density, and angular size is a computer
intensive process; the S3 catalogue will contain coordinates
and photometric parameters for approximately one billion
stars but only about 1 : 100 000 belong to a satellite galaxy.
The SMS team has already a working data mining algorithm
in place that was originally developed by Willman et al.
[41] and subsequently extended and improved by Walsh
et al. [38]. In essence, it is a cluster detection algorithm
with capabilities to analyse colour-magnitude diagrams of
any given patch of sky. The important preselection of stars
in the colour-magnitude diagram employs a comprehensive
library of isochrone filters based on Padova evolutionary
tracks [58, 59]. This selection process is repeated to scan
through various distance slices. The concept of this search
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Figure 2: Four stellar overdensities found in SDSS-DR6 with detection significances equal to or greater than known MW satellites.
Candidates were found (from top to bottom) in the constellations Canes Venatici, Hercules, Ursa Major, and Virgo. Isochrones in the Hess
diagrams (right panel) show at what heliocentric distances those overdensities produced the strongest signal (figures from [38]).

strategy has been extensively tested [38] by taking advantage
of the publicly available Sloan Digital Sky Survey data
(DR5 and DR6). In single-blind experiments every Northern
Hemisphere Milky Way satellite was recovered as well as the
previously unknown satellite Boötes II [50, 60].

4.3. Satellites, Light Beacons, or Extreme Globular Clusters.
Stochastic fluctuations in the distribution of MW halo stars
are one of the major sources of confusion in the search
for satellite candidates. Our algorithm has been carefully
calibrated to separate these unwanted sources from true
stellar overdensities. Detection thesholds were set above
the 1 in 10 000 chance for a false positive. However, we

cannot exclude a priori the possibility that some of the
stellar overdensities turn out to be extremely low luminosity
globular clusters, such as Koposov 1 and 2 [61], or stellar
condensations in large-scale stellar streams [45, 62, 63].
Any of these alternatives would be equally important to
confirm.

Ultrafaint satellites such as Willman 1, Boo II, and
Segue 2 with absolute magnitudes MV ,tot ∼ −2.7 [48, 66]
are less luminous than the median Milky Way globular
cluster. Hence, the expected numbers of RGB and HB stars
are naturally small (see Figure 3) making it necessary to
obtain accurate photometry fainter than the Main Sequence
Turnoff (MSTO) to confirm/negate spurious detections to
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Figure 3: A series of four (g − r, r) mock colour-magnitude diagrams of a 10 Gyr old, [Fe/H] = −2.0 single burst stellar population (Padua
library) at 150 kpc with realistic Galactic foreground (TRILEGAL; [64]), background galaxies (ACS; [65]) and photometric errors as expected
from observations at an 8-m class telescope. Each stellar population has its total luminosity decreased by one magnitude from left to right.
The top of the main sequence and the MSTO remain the only visible features that reveal the presence of an ultrafaint dwarf.

the highest possible degree. As a point of reference, the
MSTO of a 10 Gyr old, [Fe/H] = −2.0 stellar popula-
tion at 150 kpc, is at r ∼ 24.2 magnitude. Ideally, one
aims at 1.0 mag below the MSTO (S/N ∼ 10) in both
photometric bands to have a sufficiently large number of
stars available for deriving a mean age and metallicity of
the population from isochrone fitting and to measure the
distance modulus. Deep photometry combined with the fact
that these stellar systems have a typical half-light angular
size of 10–20 arcmin (see Figure 2) demands a large aperture
telescope and an CCD camera with a wide field of view.
Imagers like IMACS at the 6.5 m Magellan telescope (27 ×
27 sq arcmin FOV) or Suprime-Cam at the 8m Subaru
Telescope (34 × 27 sq arcmin FOV) come immediately to
mind.

4.4. Kinematics and Dark Matter Contents. The importance
of Milky Way satellites extends far beyond the simple
construction of a complete list with spatial coordinates.
Stellar velocity measurements over the last 20 years continue
to show that the luminous satellites all have central velocity
dispersions of the order of 10 km s−1 (e.g., Sculptor [67, 68];
Fornax [69]; Carina [70]; Sextans [71]; Ursa Minor [72–
74]; Draco [73–75]; Leo II [76]). These results support the
picture that those stellar systems are completely governed
by dark matter—up to 99.9% of the total mass (e.g., [1–
7]). Consequently, each individual satellite represents a
prime laboratory to study dark matter physics in great
details.

Once a candidate has been confirmed with deep imaging,
red-giant candidates in the satellite will be targeted to the
faintest possible limit employing multiobject spectrographs
such as AAOmega at the AAT and the Michigan/MIKE
Fiber Spectrograph on 6.5 m Magellan telescope. Measuring

routinely radial velocities of stars (V � 20.5) to 2-3 km s−1

precision over the last couple of years enabled not only
to measure the systemic velocity of a satellite but also
its internal velocity dispersion (dynamical mass) assuming
spherical symmetry, dynamic equilibrium, velocity isotropy,
and a constant stellar mass-to-light ratio [4, 5, 55, 77, and
references therein]. After the SMS Survey completion we
hope to have measured these quantities for as many as 30
satellites providing a stringent test for the notion that dwarf
satellites have a common total mass of 107M� within the
central 300 parsec [7, 70, 78, 79].

In cases where sufficient stellar spectra can be measured
across the surface of the dwarf satellite, its projected velocity
dispersion profile and the underlying mass density profile
can also be derived [39, 50]. These results will allow a statis-
tically robust comparison with the dark matter halo profiles
determined from high-resolution N-body simulations to
address the core-cusp problem, that observed galactic dark
matter haloes show a density profile with a flat core (e.g.,
[80, 81]) while CDM haloes have divergent density (a cusp)
at the centre [82, 83].

As a valuable byproduct of radial velocity measurements
the high resolution spectra of the more luminous stars in
these dwarf satellites will be very useful for a chemical
abundance analysis (e.g., [84–87]). This will enable to test the
“galactic building block” hypothesis in which the Milky Way
galaxy grew through the merging of smaller dwarf galaxies.
Current observations of the four dwarf satellites Sculptor,
Sextans, Fornax, and Carina have shown a significantly
different chemical composition from stars in the Milky Way
halo (e.g., [88, 89]), leading to the suggestion that not
the bright, but rather the newly discovered ultrafaint MW
satellites are the predicted building blocks (e.g., [90]).
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5. Possible Outcomes

A cosmological model is only as good as it is capable of
describing what is observed. On galaxy scales these are the
internal and external physical properties of dwarf satellite
galaxies. From cold dark matter simulations we expect the
virialized extent of the Milky Way’s halo (radius < 250 kpc),
which has an almost spherically symmetric shape [91, 92] to
contain hundreds of subhalos following a power-law radial
distribution. After the accomplishment of a full analysis
of the SDSS, SkyMapper, and Pan-STARRS data, a highly
complete census of MW satellites over the entire sky will
be available, based on data mining algorithms that reliably
pick up MV = −5 dwarfs out to that galactocentric distance.
If the number of satellites will be still relatively small and
their spatial configuration isotropic, the conclusion would be
that they comprise indeed only a subset of the existing low-
mass DM halos orbiting the Milky Way [93–97]. The ratio
of observed satellites to dark matter subhalo numbers would
tell us about the effectiveness of processes such as gas physics,
photoionization, and stellar feedback to suppress or evacuate
baryons from low mass dark matter halos. First attempts
of detailed comparisons between the Milky Way satellite
luminosity function down to its faint end and subhalo
predictions from ΛCDM simulations have been presented
over the last year [98–102]. On the one hand, the MW dwarf
satellites would be superb targets to discriminate between
competing dark matter particle models including the search
for annihilation signals (e.g., [11, 103]) using the upcoming
new generation of ground-based Imaging Air Cherenkov
Telescopes like MAGIC II and CTA. On the other hand, the
reconciliation of CDM theory and observations at that level
would prompt the development of innovative techniques to
search for the “missing” pure dark CDM substructures in the
Milky Way halo (e.g., [104]).

However, if after all the observational effort the sky
distribution of any number of genuine satellites is still
consistent with a planar or highly anisotropic configuration,
the result would be severely at odds with the apparent
sphericity of the Milky Way dark matter halo, and even more
at odds with an oblate halo having the same orientation as the
MW disk. Such a finding would lend strong support to the
hypothesis that the majority of MW dwarf satellites have a
noncosmological origin and thus lack significant amounts of
dark matter. They could have formed from a gas-rich parent
satellite on an eccentric near-polar orbit that interacted with
the proto-MW [22] or during the dense early stages of the
Universe, when the proto-Milky Way and M31 were pulled
apart by the general cosmological expansion [105].

In this debate it is interesting to note that the list of the
most luminous Milky Way satellites is essentially complete,
modulo the possibility of a bright satellite lurking behind
the Galactic disk. Accordingly, these “classical” satellites
will always show a disk-like arrangement independently
of how many low luminous systems will be added to the
population in the future. Hence there is a fair chance that
the MW dwarf satellites may themselves be divided into two
subclasses with different origins. While we look forward in
great anticipation to the Stromlo Missing Satellites Survey

and similar programs there is no doubt that MW dwarf
satellites will play a central role in near-field cosmology for
decades to come.
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In the cold dark matter scenario, dark matter halos are assembled hierarchically from smaller subunits. Some of these subunits are
disrupted during the merging process, whereas others survive temporarily in the form of subhalos. A long-standing problem with
this picture is that the number of subhalos predicted by simulations exceeds the number of luminous dwarf galaxies seen in the
vicinity of large galaxies like the Milky Way. Many of the subhalos must therefore have remained dark or very faint. If cold dark
matter subhalos are as common as predicted, gravitational lensing may in principle offer a promising route to detection. In this
paper, we describe the many ways through which lensing by subhalos can manifest itself, and summarize the results from current
efforts to constrain the properties of cold dark matter subhalos using such effects.

1. Introduction: Subhalos and
Satellite Galaxies

The cold dark matter (CDM) model is based on the
hypothesis that a significant fraction (around 23% [1]) of the
energy content of the Universe is made up of nonbaryonic
particles, which interact predominantly through gravity and
have moved with nonrelativistic velocities since the earliest
epochs of structure formation. While this scenario has been
very successful in explaining the formation of large-scale
structures in the Universe (galaxies, galaxy groups, and
galaxy clusters), its predictions on subgalactic scales have not
yet been observationally confirmed in any convincing way.
On the contrary, there are at least two features of current
CDM simulations that appear to be in conflict with empirical
data: the existence of high-density cusps in the centres of
dark matter halos, and a rich spectrum of substructures
within each halo. There is, however, no consensus on how
serious these problems really are for the CDM paradigm.

Massive CDM halos are assembled hierarchically from
smaller halos. As these subunits fall into the potential well
of larger halos, they suffer tidal stripping of material which
ends up in the smooth dark matter component of the halo
that swallowed them. Since this is a process that may take
several billion years to complete, many of these smaller halos

temporarily survive in the form of subhalos (also known
as halo substructures or subclumps) within the larger halo.
According to current simulations, around 10% of the virial
mass of a Milky Way-sized CDM halo should be in the
form of subhalos at the current epoch [2, 3]. Naively, one
might expect dwarf galaxies to form in these low-mass halos
prior to merging, which would result in large numbers of
satellite galaxies within the CDM halo of each large galaxy. A
long-standing problem with this picture is that the number
of subhalos predicted by simulations greatly exceeds the
number of dwarf galaxies seen in the the vicinity of large
galaxies like the Milky Way and Andromeda [4, 5]. This
has become known as the “missing satellite problem.” A
similar lack of dwarf galaxies compared to the number
of dark halos predicted is also evident within group-sized
dark matter halos [6]. While most studies have focused
on the discrepancy between the number of subhalos and
observed satellite galaxies, the discrepancy persists in the
field population as well. In a sense, the missing satellites are
just one aspect of a more general problem—the mismatch
between the low-mass end of the dark matter mass function
and the luminosity function of dwarf galaxies [7].

A number of potential solutions to the missing satellites
problem have been suggested in the literature. These can be
sorted into three different categories, depending on how they
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propose to answer the question “Do subhalos exist in the
numbers predicted by CDM simulations?”

(i) No. In the first category, we find modifications of
the properties of dark matter that act to reduce the
numbers of low-mass halos and subhalos, including
warm dark matter [8], self-interacting dark matter
[9], fuzzy dark matter [10], and dark matter in
the form of superWIMPs [11], but also models of
inflation that produce the required cutoff in the
primordial density fluctuation spectrum [12].

(ii) Yes. Here, we find processes for inhibiting star for-
mation in low-mass halos [13–17] and observational
biases that would put the resulting “dark galaxies”
[7, 18] outside the reach of current surveys [19–23].
While these mechanisms may be able to solve the
missing satellites problem as it was originally defined,
solutions of this type imply that a vast population of
low-mass CDM subhalos (hosting very faint stellar
populations or none at all) should still be awaiting
discovery.

(iii) Yes, but not in our neighbourhood. The final possibility
is that the large halo-to-halo scatter in subhalo mass
fraction may have left the Milky Way and Andromeda
sitting inside CDM halos with unusually few subhalos
compared to the cosmic average [24, 25]. This would
imply that large numbers of CDM subhalos (either
bright or dark) should be awaiting discovery in the
vicinity of more distant galaxies.

Gravitational lensing may play an important role in the
quest to determine which of these different solutions is the
correct one. If subhalos do exist, lensing can in principle be
used to detect even those that are too faint to be observed
through other means. If subhalos do not exist, the absence of
subhalo-induced lensing effects should be able to tell us so.
The goal of this paper is to explain how this can be achieved
and to point out some potential pitfalls along the way. The
material will be described at a level comprehensible even for
beginning PhD students, with focus on the big picture rather
than the computational details of lensing.

In Section 2, we review the properties of the CDM sub-
halo population, as inferred by current N-body simulations.
Section 3 outlines the four expected effects of lensing by
CDM subhalos—flux ratio anomalies, astrometric effects,
small-scale image distortions, and time delay effects—which
are then covered in more detail in Sections 4–7. A number
of open questions and future prospects are discussed in
Section 8.

2. The Properties of Cold Dark Matter Subhalos

N-body simulations indicate that the subhalos within a
galaxy-sized CDM halo follow a mass function of the type:

dN
dMsub

∝M−α
sub, (1)

with α ≈ 1.9 [2, 26], albeit with nonnegligible halo-to-halo
scatter at the high-mass end (Msub � 5 × 108 M�) [2, 25].

Current simulations of entire galaxy-sized dark matter halos
can resolve subhalos with masses down to Msub ∼ 105 M�,
but the mass function may extend all the way down to the
cutoff in the density fluctuation power spectrum, which is
set by the detailed properties of the CDM particles. For
many types of WIMPs (e.g., neutralinos) this cut-off lies at
∼10−6 M� [27–32], but other CDM candidates may alter this
truncation mass considerably. As an example, axions may
allow the existence of halos with masses as low as 10−12 M�
[33]), whereas very few halos with masses below 104−107 M�
are expected in the case of MeV mass dark matter [34]. The
overall mass contained in resolved subhalos (i.e., Msub �
105 M�) within a galaxy-sized CDM halo amounts to a
subhalo mass fraction around fsub ≈ 0.1, and extrapolating
the mass function given by (1) towards lower masses does not
boost this by much [2].

Since subhalos are more easily disrupted in the central
regions of their parent halo, the subhalo population tends
to be less centrally concentrated than the smooth CDM
component. The spatial distribution of subhalos within r200,
the radius at which the density of the halo drops below 200
times the critical density of the Universe, can be described by
[35]

N(< x) = N(< r200)
12x3

1 + 11x2
, (2)

where x = r/r200 and N denotes the number of subhalos
within a specific radius. It should be noted that this result
is based on CDM-only simulations, and that the presence
of baryons within the subhalos may make them more
resistant to tidal disruption, thereby boosting their number
densities in the inner regions of their parent halos [36]. Some
simulations of cluster-mass halos have indicated that the
spatial distribution of subhalos may be a function of subhalo
mass, in the sense that high-mass subhalos would tend to
avoid the central regions more than low-mass ones [37, 38],
but this has not been confirmed by the latest simulations of
galaxy-sized halos [2, 39].

While the term subhalo is typically used to denote clumps
located within the virial radius (or, alternatively, r200) of a
large CDM halo, there is also a large number of low-mass
clumps located just outside this limit [39, 40]. Some of these
have previously been bona fide subhalos, and others are
bound to venture inside the virial radius in the near future.
Such objects can through projection appear close to lines of
sight passing through the centres of large galaxies and may
therefore be important in certain lensing situations.

The internal structure of subhalos is still a matter of
much debate. As low-mass halos are accreted by more
massive ones and become subhalos, substantial mass loss
occurs, preferentially from their outer regions. The shape of
the outer part of the subhalo density profile may therefore
be seriously affected by stripping whereas the inner profile
is left more or less intact. In many lensing studies, CDM
subhalos are considered to be singular isothermal spheres
(SIS) or even point masses. This is mainly for simplicity—
the lensing properties of such objects are well-known, but
neither observations, theory, nor simulations favour models
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of this types for the subhalos predicted by CDM (see [41] for
references).

An SIS has a density profile given by,

ρSIS = σ2
v

2πGr2
, (3)

where σv is the line-of-sight velocity dispersion. This model
has proved to be successful for the massive galaxies responsi-
ble for strong lensing (see Section 3.1) on arcsecond scales
[42, 43]. The SIS density profile has a steep inner slope
(ρ ∝ rβ with β = −2), which in the case of massive galaxies
is believed to be due to the luminous baryons residing in
their inner regions. This baryonic component contributes
substantially to the overall mass density in the centre, and
its formation over cosmological time scales may also have
caused the CDM halo itself to contract, thereby steepening
the inner slope of its density profile [44–47].

Low-mass CDM halos which never formed many stars
are unlikely to have density profiles this steep. Instead,
they should resemble the halo density profiles derived from
CDM-only simulations. The NFW density profile [48], with
an inner slope of β = −1, has for a number of years served as
the standard density profile for CDM halos, and is given by

ρNFW(r) = ρi

(r/rS)(1 + r/rS)2 , (4)

where rS is the characteristic-scale radius of the halo and
ρi is related to the density of the Universe at the time of
collapse. Modifications of this formula are required once
halos become subhalos and are tidally stripped. Attempts to
quantify the effects of this mass loss on their density profile
have been made by Hayashi et al. [49] and Kazantzidis et al.
[50].

Controversy remains, however, over whether the NFW
profile gives the best representation of CDM halos (and,
consequently, of subhalos prior to stripping). Based on recent
high-resolution simulations, some have argued for a slightly
steeper inner slope (β ≈ −1.2; see [51]) with significant
halo-to-halo variations, whereas other have favoured a far
shallower inner slope [2, 52–54]. Inner density profiles as
steep as that of the SIS model (3) are, however, unanimously
ruled out. While the internal structure of subhalos may be
relatively unimportant in certain lensing situations, it can be
crucial in others [55]. For lensing tests that are sensitive to
the exact slope of the inner density profile of subhalos [41],
the subhalo-to-subhalo scatter in this quantity may also be a
very important.

3. Gravitational Lensing by
Cold Dark Matter Subhalos

The majority of methods aiming to probe CDM subhalos
through gravitational lensing focus on detecting subhalos
outside the Local Group (typically at redshifts z ≈ 0.5–
1.0). Whereas the subhalos sitting within the dark matter
halo of the Milky Way will also give rise to lensing, these
effects would be very difficult to detect and separate from
other phenomena. It has been suggested that CDM subhalos

around the Milky Way may be detectable through the
gravitational time delay they impose on millisecond pulsars
[56, 57], but the time scales and probabilities for such events
indicate that this is only viable for the very low-mass end of
the subhalo mass function (M < 1 M�). In what follows,
we will therefore focus on the lensing situations relevant for
subhalos at cosmological distances.

3.1. Strong and Weak Lensing. Gravitational lensing effects
can be divided into two regimes, strong and weak lensing,
depending on the level of image distortions produced. Strong
lensing can occur when the surface mass density along a
given sightline exceeds a certain (redshift-dependent) critical
value and is associated with high magnifications, multiple
images, arcs and rings in the lens plane. In practice, strong
lensing tends to take place when the line of sight from the
observer to source lies very close to the centre of a galaxy or
a galaxy cluster, since it is only there that sufficiently high
surface mass densities are attained. Weak lensing occurs in
regions of subcritical surface mass density—in practice when
the lens is located further away from the line of sight—and
gives rise to small magnifications and mild image distortions.
The two situations are schematically illustrated in Figure 1.

Generally speaking, weak lensing is extremely common
in the cosmos (at some level, every single light source
is affected) but inconspicuous and can only be detected
statistically by studying a large number of lensed light
sources. Strong lensing effects, on the other hand, are rare but
dramatic, and can readily be spotted in individual sources.
All published strategies for detecting CDM subhalos (in
the mass range relevant for the missing satellite problem)
through lensing belong to the strong lensing category.

3.2. Macrolensing and Millilensing. Strong lensing can be
further divided into subcategories, depending on the typ-
ical angular separation of the multiple images produced:
macrolensing (� 0.1 arcseconds), millilensing (∼ 10−3

arcseconds), microlensing (∼10−6 arcseconds), nanolensing
(∼ 10−9 arcseconds), and so on. When large galaxies
(M ∼ 1012 M�) are responsible for the lensing, the image
separation typically falls in the macrolensing range, whereas
individual solar-mass stars give image separations in the
microlensing regime. Since all objects with resolved multiple
images due to gravitational lensing have image separations
of � 0.1 arcseconds, the term strong lensing is often used
synonymously with macrolensing. Lensing by objects of
dwarf-galaxy masses (∼ 106 − 1010 M�), like the CDM
subhalos relevant for the missing satellite problem, has been
estimated to give rise to millilensing, although the exact
image separation depends on the internal structure of such
objects. In this paper, we will for simplicity use the term
millilensing for all lensing effects associated with dwarf-
galaxy mass subhalos, regardless of whether multiple images
are produced or not. The term mesolensing is sometimes
also used to denote this type of lensing (with angular
scales intermediate between microlensing and macrolens-
ing), but since this word also has an alternative meaning
in the gravitational lensing literature [58], we will avoid it
here.
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(a) (b)

Figure 1: Weak and strong lensing. (a) Weak lensing occurs when the lens (here illustrated by a gray elliptical galaxy, surrounded by a
dark matter halo which extends to the outer circle) lies relatively far from the line of sight between the observer (eye) and the background
light source (star). In this case, where the sightline misses the central galaxy, only a single image is produced, subject to mild magnification
and distortion. The signatures of this are only detectable in a statistical sense, by studying the weak lensing effects on large numbers of
background light sources. (b) Strong lensing can occur when the dense central region of the lens galaxy is well-aligned with the line of sight.
The light from the background light source may then reach the observer along different paths, corresponding to separate images in the sky.
This case is also associated with high magnifications and strong image distortions. The angular deflection in this figure, as in all subsequent
ones, has been greatly exaggerated for clarity.

(a) (b)

Figure 2: Macrolensed and singly imaged sources. (a) The sightline towards a distant light source passes through many dark matter halos
with subhalos, but too far from the dense galaxies in the centres of halos for macrolensing to occur. A subhalo in one of these halos happens
to intersect the line of sight, thereby potentially producing millilensing effects in a singly imaged light source. (b) One of the halos happens
to lie almost exactly on the line of sight, thereby splitting the background light source into separate macroimages. Furthermore, one of the
subhalos in the main lens lies on the sightline towards one of the macroimages, thereby producing millilensing effects in this macroimage.

3.3. Suitable Light Sources. In principle, any distant light
source may be affected by subhalos along the line of sight.
The situation is schematically illustrated in Figure 2(a). A
random line of sight towards a light source outside the local
volume passes within the virial radius of numerous galaxy-
sized CDM halos [59] and may hence intersect subhalos
anywhere along the line of sight. The probability of hitting
a subhalo is, however, rather small in this situation, and
sightlines of this type may also pass through low-mass
field halos (i.e., the progenitors of subhalos) [60–63]. It
will therefore be difficult to distinguish between the lensing
effects produced by these two types of lenses. While the low-
mass end of the field halo population may be very interesting
in its own right, lensing by such objects is more often
considered an unwanted “background” when attempting
to address the missing satellite problem as it is currently
defined. It may also be hard to distinguish complicated
intrinsic source structure from extrinsic distortions due to
lensing (by either subhalos or low-mass field halos) in this
case.

Instead, the main targets for attempts to constrain
the CDM subhalo population using lensing have so far
been sources that are already known to be macrolensed
(see Figure 2(b)), which in practice means observing either
multiply imaged quasars or galaxies lensed into arcs or

Einstein rings. By doing so, one preselects a sightline where
one knows that there is a massive dark matter halo (and
supposedly subhalos) located along the line of sight. Whether
one sees several distinct, point-like images, or elongated arcs
that approach the form of an Einstein ring, mainly depends
on the source size: point-like sources (quasars in the optical,
but potentially also supernovae, gamma-ray bursts, and their
afterglows) give distinct images whereas extended sources
(galaxies) give rise to arcs and rings (see Figure 3). The strong
magnification produced by the macrolens (large foreground
galaxy plus dark halo) acts to boost the probability for
lensing by the subhalo and typically augments the observable
consequences of such secondary lensing. In the case of
multiple images, millilensing by subhalos can moreover
be distinguished from intrinsic source features, since any
structure intrinsic to the source should be imprinted in all
macroimages, whereas millilensing effects will be unique
to each image. Transient light sources like supernovae or
gamma-ray bursts can in principle also be used for this
endeavour, but no macrolensed sources of this type have so
far been detected.

Lensing by subhalos can give rise to a number of observ-
able effects, which we describe in the following sections: flux
ratio anomalies, astrometric effects, small-scale structure in
macroimages, and time-delay effects. In what follows, we will
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(a) (b)

Figure 3: Small and large sources. (a) A galaxy surrounded by a dark matter halo produces multiple images of a small background light
source (e.g., an optical quasar). (b) For a larger background source (e.g., a galaxy or a radio-loud quasar), the macroimages may be stretched
into arcs or even a complete Einstein ring.

focus on subhalos in the mass range from globular clusters to
dwarf galaxies (∼ 105 − 1010 M�), since current predictions
indicate that subhalos at lower masses may be very difficult
to detect through lensing effects.

4. Flux Ratio Anomalies

It was noticed quite early that simple smooth models of
galaxy lenses usually fit the image positions of macrolensed
systems well, whereas the magnifications of the macroimages
are more difficult to explain [64]. To see how this works, a bit
of simple lens theory is required.

Specific relations are expected to apply for the magni-
fications of macroimages close to each other and a critical
line. Formally, critical lines are the curves in the lens plane
where the magnification tends to infinity. If critical curves
are mapped into the source plane, a set of caustic curves
is obtained. These separate regions in the source plane that
give rise to different numbers of images (see Figure 4). The
smooth portions of a caustic curve are called folds, while
the points where two folds meet are referred to as cusps.
For a background source which is close to either a fold
(Figure 4(a)) or a cusp (Figure 4(b)) in the caustic of a
smooth lens, two, respectively, three close images will be
produced near the critical line in the lens plane. If the source
is placed in the center of the caustic, the macroimages will
form a cross configuration (Figure 4(c)).

All macroimages can furthermore be described as having
either positive parity (meaning that the image has the same
orientation as the source) or negative parity (the image is
mirror flipped in one dimension relative to the source).
When taking the image parity into account and assigning
negative magnifications to negative parity images, the sum
of the magnifications of the close images should approach
zero [65–67]. The following relations should then apply for
the flux ratio R of a fold configuration:

Rfold =
∣∣μA

∣∣− ∣∣μB
∣∣∣∣μA

∣∣ +
∣∣μB

∣∣ −→ 0, (5)

when the separation between the close images (A and
B in Figure 4(a)) is asymptotically small [68]. Here, μ
represents the magnification of a specific image. For the cusp
configuration (Figure 4(b)), the corresponding relation is

Rcusp =
∣∣μA

∣∣− ∣∣μB
∣∣ +

∣∣μC
∣∣∣∣μA

∣∣ +
∣∣μB

∣∣ +
∣∣μC

∣∣ −→ 0. (6)

However, most observed lensing systems violate these
relations. This has been interpreted as evidence of small-
scale structure in the lens on approximately the scale of the
image separations between the close images. Magnifications
of individual macroimages due to millilensing by subhalos
would indeed cause the values for Rfold and Rcusp to differ
from zero fairly independently of the form of the rest of the
lens [69–76].

A notable problem with this picture is that both semi-
analytical structure formation models and high-resolution
ΛCDM simulations seem to be unable to reproduce the
observed flux ratio anomalies, since the surface mass density
in substructure is lower than that required [45, 77–80].

4.1. Complications: Propagation Effects and Microlensing.
Several alternative reasons for the observed flux anomalies
have been discussed, such as propagation effects like absorp-
tion, scattering, or scintillation in the interstellar medium
of the lens [81] and microlensing by stars in the lensing
galaxy [82]. Since some sources, like quasars, can exhibit
intrinsic flux variations on different timescales, flux ratios
may also be difficult to interpret if the time delay between
the macroimages (see Section 7) is not well known.

The relevance of propagation effects can be tested
by supplementary observations of flux ratios at different
wavelengths, since flux losses due to such mechanisms should
vary as a function of wavelength. Microlensing by stars can
be checked for using long-term monitoring, as this type
of lensing is transient and expected to introduce extrinsic
variability on the order of months. Millilensing by halo
substructure can on the other hand be treated as stationary
[70]. Extended sources (e.g., quasars at mid-infrared and
radio wavelengths) should also be far less affected by
microlensing than small point-like sources (quasars in the
optical and at X-ray wavelengths). Even though it is often
assumed that radio observations of quasars are essentially
microlensing-free, some caution should be applied, since
substantial short-term microlensing variability is possible in
the special case of a relativistic radio jet oriented close to the
line of sight. This phenomenon has been detected in at least
one multiply imaged system [83].

Mid-infrared imaging of lenses is attractive since the
flux at such wavelengths should be free from differences in
extinction among the macroimages, in addition to being free
from microlensing by stars due to the extended source size.
Such observations can therefore be used to test some of the
alternative causes for flux ratio anomalies. Recent studies
have used this technique to examine several macrolensed
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Figure 4: Different configurations of a four-image lens: (a) Fold, (b) Cusp, and (c) Cross. The upper row shows the caustics and position
of the source (star) in the source plane. The solid line indicates the inner caustic and the dashed line the outer caustic. A source positioned
inside the inner caustic produces five images; A source positioned between the inner and outer caustic produces three images, whereas a
source positioned outside the outer caustic will not be multiply imaged. In the case of multiple images, one of the images is usually highly
demagnified, so that only four- and two-image lens systems are observed, respectively. The lower row shows the corresponding critical lines
and resulting observable images in the lens plane. The inner caustic maps on the outer critical line and vice versa. A close pair (A, B) and a
close triplet (A, B, C) are produced in the fold (a) and cusp (b) configurations, respectively.

quasars with known flux ratio anomalies in the optical [84–
87]. The mid-infrared flux ratios of about half of these
systems can be fitted with smooth lensing models, which
means that only the remaining half of these anomalies are
due to millilensing by substructures.

There are also other observational features that argue
for substructures as the cause of (at least some) flux ratio
anomalies. Negative parity images (so-called saddle images,
e.g., the middle image (B) of the close triplet in Figure 4(b))
are often fainter than predicted by smooth lens models.
This is expected from millilensing, as the magnification
perturbations induced by substructure lensing have been
shown to depend on image parity [75, 76, 82, 88]. In contrast,
such anomalies cannot be attributed to propagation effects
since those should statistically affect all types of images
similarly, regardless of their parity. Whether the lensing is
due to luminous or dark substructures is, however, a different
matter.

4.2. Luminous Substructures. Luminous substructures have
been identified in many of the lens systems with known
flux ratio anomalies. Including such substructures in the lens
model tends to greatly improve the fit to observations. One
example of such a lens system is the radio-loud quadruple
quasar B2045+265 [89] which exhibits one of the most

extreme anomalous flux ratios known. Recent deep imaging
of this system has revealed the presence of a small satellite
galaxy which is believed to cause the flux ratio anomaly [90].
Nearly half of the lenses detected in the Cosmic Lens All-
Sky Survey (CLASS) also display luminous satellite galaxies
within a few kpc of the primary lensing galaxy [80].

Recently, there have been studies combining the results
from simulations and semianalytical models of galaxy for-
mation to investigate if luminous dwarf galaxies might
be able to explain the frequency of flux ratio anomalies
observed [91, 92]. They find that the fraction of luminous
satellites in group-sized halos is roughly consistent with the
observational data within a factor of two, while the results for
galaxy-sized halos seem too low to explain the frequency of
luminous satellites within the observed systems. The lensing
effect of these luminous dwarf galaxies is also somewhat
unclear since most satellites found in the inner regions of
larger galaxies are expected to be “orphan” galaxies stripped
of their dark matter halos. To investigate this further, higher-
resolution simulations involving a realistic treatment of the
gas processes are required. Possible explanations for the
discrepancy between the expected and observed fraction of
luminous satellites include dwarf galaxies elsewhere along the
line of sight mistakenly identified as the lens perturber [62].
Luminous substructures may moreover be more efficient in
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producing flux ratio anomalies, since they are likely to be
denser than dark substructures due to baryon cooling and
condensation [92].

Projection effects are potentially also important for flux
ratio anomalies caused by completely dark substructures
as one expects a large amount of line-of-sight structure.
Although those structures are less effective than substruc-
tures within the lens galaxy in inducing magnification
perturbations, the overall effect of line-of-sight clumps may
be significant [60, 62, 63, 93].

5. Astrometric Effects

In macrolensed systems, the presence of halo substructure
may perturb the angular deflection caused by the lens galaxy
and thereby the position of macroimages at observable levels,
so-called astrometric perturbations (see Figure 5).

This method for detecting subhalos has the advantage of
being relatively unaffected by propagation effects (absorp-
tion, scattering, or scintillation by the interstellar medium)
that may contaminate flux ratio measurements. Since the
astrometric perturbation is a steeper function of subhalo
mass than flux ratio perturbations, it is mostly sensitive
to intermediate and high-mass substructures and therefore
probes a distinct part of the subhalo mass function [55, 94].
Stellar microlensing may complicate the interpretation by
producing additional shifts of the positions of macroimages
[95], but such shifts would be transient and predominantly
affect point-like sources.

However, the overall size and probability of subhalo-
induced astrometric perturbations are expected to be rather
small. Metcalf and Madau [70] used lensing simulations of
random realizations of substructure in regions near images
and found that it would take substructures with masses
� 108M� that are very closely aligned with the images to
change the image positions by a few tens of milliarcseconds.
Such an alignment would be rare in the CDM model.
Therefore, they suggest to employ lensed jets of quasars
observed at radio wavelengths, as such sources would cover
more area on the lens plane. This would increase the
probability of having a large subhalo nearby but still allow
for pronounced distortions due to the thinness of the jet.
Metcalf [96] investigated this technique further and used it
to show that the lens system B1152+199 is likely to contain a
substructure of mass ∼105 − 107 M�.

Further observational evidence for astrometric perturba-
tions from small-scale structure was found in the detailed
image structures of B2016+112 [97, 98] and B0123+437 [99].
In the latter system, a substructure of at least ∼ 106 M�
would be needed in order to reproduce the observed image
positions.

The CDM scenario predicts that there are far more
low-mass subhalos than high-mass ones (see (1)) and their
summed effect could in principle add up to a substantial
perturbation. Conversely, since perturbers positioned on
opposite sides around the macrolens generate equal but
opposite perturbations, the net effect of a large number of
substructures may cancel out, ensuring that rare massive

substructures dominate the position perturbation of the
images. Chen et al. [94] have investigated this by modelling
the effects of a wide range of subhalo masses and found that
all residual distributions have very large peak perturbations
(� 10 milliarcseconds). Since the simulation models predict
extremely few or no substructures in the inner region
of the lens, the perturbers must be located further away.
Therefore, it was also inferred that position perturbations of
different images in any lens configuration may be strongly
correlated. Although these results suggested that rare massive
clumps may cause larger perturbations than the more
abundant smaller clumps, the astrometric perturbations of
the images were considerable even in models where no such
massive substructures were present. On the other hand,
these perturbations are at least partly degenerate with model
parameters of the host halo.

Since astrometric perturbations are expected to manifest
themselves at (sub-)milliarcsecond levels, high spatial res-
olution observations are required which so far are mainly
achieved by Very Long Baseline Interferometry (VLBI)
observations of radio-loud quasars.

However, recent studies have shown that perturbation
effects of substructure should also be detectable on larger
scales (∼ 0.1 arcseconds) and at shorter wavelengths in
extended Einstein rings and arcs produced by galaxy-galaxy
lensing. Peirani et al. [100] used the perturbative method and
lens distributions from toy models as well as cosmological
simulations to predict the possible signatures of substruc-
tures. They show that when a substructure is positioned near
the critical line, not only astrometric but also morphological
effects, that is, breaking of the image, will occur which are
approximately 10 times larger and should be easier to detect.

Other studies have suggested to use nonparametric
source and lens potential reconstructions to probe small
perturbations in the lens potential of highly magnified Ein-
stein rings and arcs (e.g., [101, 102]). Vegetti and Koopmans
[103] have used an adaptive-grid method and shown that
for substructures located on or close to the Einstein ring,
perturbations with masses � 107 M�, respectively, 109 M�
can be reconstructed. This technique may then be used to
constrain the substructure mass fraction and their mass-
function slope, once a larger sample of high-resolution lenses
becomes available [104].

With the upcoming generation of telescopes—for exam-
ple, the Large Synoptic Survey Telescope (LSST), the Joint
Dark Energy Mission (JDEM), the James Webb Space
Telescope (JWST), and the Atacama Large Millimeter
Array (ALMA)— a significant increase in the number of
macrolensed sources is expected which will allow the use
of astrometric perturbations as a probe of the subhalo
population.

6. Small-Scale Structure in Macroimages

When dark objects in the dwarf-galaxy mass range intersect
the line of sight towards distant quasars, image-splitting,
or distortion on characteristic scales of milliarcseconds
may occur [105, 106]. As already mentioned, quasars can
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(a) (b)

Figure 5: Astrometric perturbations. (a) One of the multiple sightlines towards a distant light source passes through a dark subhalo. (b)
The images of the macrolensed source are observed at the positions of the gray source symbols. Modelling of the lens system with a smooth
lens potential predicts the position of the upper image at the white source symbol. The subhalo close to the sightline of the image causes a
deflection on the order of a few tens of milliarcseconds.

(a) (b)

Figure 6: A foreground galaxy with a dark matter halo produces multiple macroimages of a background light source. A subhalo located in the
dark halo intercepts one of these macroimages, which may give rise to (a) additional image small-scale splitting of the affected macroimage
if the source is sufficiently small, or (b) a mild distortion in the affected macroimage, if the source is large.

currently only be probed on such small scales using VLBI
techniques at radio wavelengths, but future telescopes and
instruments may allow similar angular resolution at both
optical and X-ray wavelengths [41].

Using VLBI, Wilkinson et al. [107] reported no detec-
tions of millilensing among 300 compact-radio sources
and was able to impose an upper limit of Ω < 0.01 on
the cosmological density of point-mass objects (i.e., very
compact objects, like black holes) in the 106 − 108 M�
range. However, this does not convert into any strong limits
on the subhalo population, since CDM halos and subhalos
are not nearly as dense as black holes. Correcting for this
would decrease the expected image separations for a millilens
of a given mass and yield a probability for lensing that is
much lower than assumed in their analysis. The sources used
were moreover not macrolensed—this would have made it
difficult to make the distinction between subhalos and low-
mass field halos as the main culprits even if any signs of
millilensing had been detected (see Figure 2(a)).

The effects that a subhalo can have on the internal
structure of one of the macroimages in a multiply-imaged

quasar (Figure 2(b)) are schematically illustrated in Figure 6.
For a small point-like source (e.g., a quasar observed at
optical wavelengths), the macroimage may split into several
distinct images with small angular separations (Figure 6(a)).
A larger source (e.g., a quasar at radio wavelengths) may
instead exhibit small-scale image distortions (Figure 6(b)).
Even though quasars may display complicated intrinsic
structure when imaged with high spatial resolution, such
effects can at least in principle be separated from the
features imprinted by millilensing, since intrinsic structure
will be reproduced in all macroimages, whereas millilensing
effects are unique to each macroimage. The distinction
between these small-scale changes in the morphologies
of macroimages, and the astrometric effects discussed in
Section 5, becomes somewhat arbitrary in some cases since
image distortion may both shift the centroid of an image and
alter its overall appearance (e.g. through the introduction of
new small-scale images). The distortion of macrolensed jets
is for instance usually referred to as an astrometric effect.

Yonehara et al. [108] have argued that a significant
fraction of all macrolensed optical quasars may exhibit
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secondary image splitting on milliarcsecond scales due to
CDM subhalos. Inoue and Chiba [109, 110] have explored a
similar scenario in the case of the extended images expected
for macrolensed quasars at longer wavelengths and con-
cluded that the small-scale macroimage distortions produced
by CDM subhalos may be detectable with upcoming radio
facilities such as ALMA or the VLBI Space Observatory
Programme 2 (VSOP-2).

The merit of probing CDM subhalos through the small-
scale structure of macroimages is that, contrary to the case
for flux ratio anomalies, there is little risk of confusion due to
microlensing by stars or propagation effects in the interstellar
medium. Globular clusters may be able to produce similar
effects [111], and so may luminous dwarf galaxies (i.e., the
subset of CDM subhalos that happen to have experienced
substantial star formation), but subhalos are expected to
outnumber both of these populations, at least in most mass
intervals. Instead, the main problem with this approach
seems to be that CDM subhalos may not be sufficiently
dense to produce multiple images on scales that can be
resolved by current technology. Most studies of these effects
have assumed that CDM subhalos can be treated as SIS
lenses, resulting in a gross overprediction of the image
separations compared to more realistic subhalo models [41].
The angular resolution by which macrolensed quasars can be
probed is on the other hand likely to increase substantially
in the coming years, in principle reaching ≈ 0.04 milliarc-
seconds with the VSOP-2 mission (scheduled to launch
in 2013).

7. Time Delay Effects

The images of a macrolensed light source (see Figure 3(a))
are subject to different time delays, which become detectable
when the source exhibits intrinsic temporal variability over
observable time scales. These time delays stem from a
combination of differences in the relativistic time delays
(clocks running slower in deep gravitational fields, also
known as Shapiro time delays) and the differences in
photon path lengths (due to geometric deflection) among
the macroimages. Since quasars are both nontransient and
known to vary significantly in brightness on time scales of
hours and upwards, they are very convenient targets for
observing campaigns aiming to measure such time delays.
At the current time, around 20 macrolensed quasars have
measured time delays (with typical delays of Δt ∼ 0.1 −
400 days; see Oguri [112] for a recent compilation). Time
delays of this type have often been used to constrain the
Hubble constant and the density profile of the macrolens
(i.e., the overall gravitational potential of the lens galaxy and
its associated dark halo) but can also potentially be used to
probe the CDM subhalos of the lens galaxy.

As shown by Keeton and Moustakas [113], the presence
of subhalos within the macrolens will perturb the time
delays predicted by smooth lens models and may also violate
the predicted arrival-time ordering of the images. Such
violations would signal the presence of subhalos in a way
that, unlike the case for optical flux ratio anomalies, cannot
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Figure 7: A galaxy with a dark matter halo produces distinct
macroimages of a background light source. If this source displays
intrinsic variability, observable time delays between the different
macroimages may occur. If one of the macroimages experiences
further small-scale image splitting due to a subhalo along the line
of sight, a light echo may be observable in the affected macroimage.
This may serve as a signature of millilensing in cases where the
small-scale images blend into one due to insufficient angular
resolution of the observations.

be mimicked by dust extinction or microlensing by stars. The
time delay perturbations due to subhalos are typically on the
order of a fraction of a day. By pushing the uncertainties
in the observed time delays to this level, strong constraints
on CDM subhalo populations may potentially be derived.
One case of a time ordering reversal which may possibly
be attributed to subhalos has already been identified in the
macrolensed quasar RX J1131-1231 [113, 114].

If the subhalos themselves give rise to small-scale image
splittings (as described in Section 6), short time lags between
the light pulses of the separate small-scale images would
be introduced. This imprints echo-like signatures in the
overall light curve of astronomical objects with short-term
variability (such as gamma-ray bursts and X-ray quasars),
even if the small-scale images cannot be spatially resolved.
These echos correspond to light signals transported through
small-scale images with longer time delays than the leading
image, and the flux ratios of the peaks are given by the
different magnifications of these images. The light curves of
gamma-ray bursts have been used to search for such light
echos in the interval ∼ 1 − 60 seconds, resulting in upper
limits (Ω < 0.1) on point-mass dark objects in the 105 −
109 M� range [115] and even a few candidate detections
of repeating flares due to millilensing [116]. However, just
like in the case of the search for spatial millilensing effects
by Wilkinson et al. [107], current investigations of this kind
have little bearing on CDM subhalos, since the probability
for subhalo millilensing is too low when the target objects
are not macrolensed. Yonehara et al. [108] instead suggested
monitoring of macrolensed quasars, predicting that CDM
subhalos may produce light echos separated by ∼ 1000
seconds, which could potentially be detected in X-rays,
where rapid intrinsic flares have been observed. This lensing
situation is schematically illustrated in Figure 7.
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8. Open Questions and Future Prospects

As we have argued, lensing can in principle be used to
probe the CDM subhalo population but has so far not
resulted in any strong constraints. Most studies have focused
on flux ratio anomalies, but a number of studies now
suggest that subhalos by themselves are unable to explain this
phenomenon [63, 78–80, 93]. If correct, this would limit the
usefulness of this diagnostic, since some other mechanism
must also be affecting the flux ratios. Luckily, constraints
from other techniques, such as astrometric perturbations,
small-scale image distortions, and time delay perturbations
may be just around the corner.

Observationally, the future for the study of strong
gravitational lensing is looking bright. As of 2009, around
200 macrolensed systems have been detected with galaxies
acting as the main lens. Planned observational facilities such
as the Square Kilometer Array (SKA) and the LOw Frequency
ARray for radio astronomy (LOFAR) at radio wavelengths
and JDEM and LSST in the optical have the power to
boost this number by orders of magnitude in the coming
decade [117]. The spatial resolution by which these systems
can be studied is also likely to become significantly better,
approaching ∼ 10 milliarcseconds in the optical and ∼ 0.1
milliarcseconds at radio wavelenghts [41].

On the modelling side, there are still a number of issues
that need to be properly addressed before strong constraints
on the existence and properties of CDM subhalos can be
extracted from such data.

8.1. Input Needed from Subhalo Simulations. The largest N-
body simulations of galaxy-sized halos are now able to resolve
CDM subhalos with masses down to ∼ 105 M�, but there
are still a number of aspects of the subhalo population that
remain poorly quantified and could have a significant impact
on its lensing signatures.

(i) What is the halo-to-halo scatter in the subhalo mass
function and how does this evolve with redshift?

(ii) What are the density profiles of subhalos? How do
they evolve with subhalo mass and subhalo position
within the parent halo? How large is the difference
from subhalo to subhalo?

(iii) What is the spatial distribution of subhalos as a
function of subhalo mass within the parent halo?
What is the corresponding distribution outside the
virial radius?

(iv) How do baryons affect the properties of subhalos?
Can baryons promote the survival of subhalos within
the inner regions of their host halos?

The lensing effects discussed in Sections 4–7 are sensitive
to the density profiles and mass function of subhalos, albeit
to a varying degree [55]. Attempts to quantify the effects of
different density profiles on the lensing signature have been
made [41, 79, 92, 94, 113], but the models used are still far
from realistic, and many of those active in this field still cling
to SIS profiles for simplicity.

8.2. The Role of Other Small-Scale Structure. CDM subhalos
are not the only objects along the line of sight to high-redshift
light sources that are capable of producing millilensing
effects. Many large galaxies are known to be surrounded
by 102 − 103 globular clusters with masses in the 105 −
106 M� range. While typically less numerous than CDM
subhalos in the same mass range, they are concentrated
within a smaller volume (the stellar halo) and have more
centrally concentrated density profiles, thereby potentially
making them more efficient lenses. We also expect a fair
share of luminous dwarf galaxies within the dark halos of
large galaxies. These dwarfs may well represent the subset of
CDM subhalos inside which baryons were able to collapse
and form stars, but if so, this means that they may have
density profiles significantly more centrally concentrated
than their dark siblings. While the role of globular clusters
and luminous satellite galaxies has been studied in the case
of flux ratio anomalies [71, 92], their effects on many of the
other lensing situations discussed in the previous sections
have not yet been addressed. Low-mass halos along the line of
sight may also affect these lensing signatures, and sometimes
appreciably so [62, 63].

Aside from dwarf galaxies and globulars, there may of
course be other surprises hiding in the dark halos of galaxies.
Intermediate mass (M ∼ 102 − 104 M�) black holes formed
either in the very early Universe or as the remnants of
population III stars may inhabit the halo region [118–120]
and could give rise to millilensing effects [121]. If accretion
onto such objects is efficient, the predicted X-ray properties
of such black holes already place very strong constraints on
their contribution to the dark matter (Ω � 0.005 [122]),
but the more generalized dynamical [123–125] and lensing
[115, 126] constraints on other types of dark objects in the
star cluster mass range (∼102−105 M�) are otherwise rather
weak (Ω � 0.1). Lensing observations originally aimed
to constrain the CDM subhalo population may therefore
also lead to the detections of completely new types of
halo substructure. As telescopes attain better sensitivity and
higher angular resolution in the next decade, we can surely
look forward to an exciting new era in the study of dark
matter halos.
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The lower bound for the mass of a galaxy is unknown, as are the typical luminosity of the smallest galaxies and their numbers.
The answers depend on the extent to which star formation in the first population of small mass halos may be suppressed by
radiative feedback loops. If early populations of dwarf galaxies did form in significant number before reionization, their “fossils”
should be found today in the Local Group. This paper reviews our ongoing efforts to simulate and identify fossil dwarfs in the
Local Group. It is widely believed that reionization stopped star formation in fossil dwarfs. However, here we dispute this idea and
discuss a physical mechanism whereby recent episodes of star formation would be produced in some fossil dwarfs that, hence, may
characterized by a bimodal star formation history. The same mechanism could turn dark halos that failed to form stars before
reionization into gas-rich “dark galaxies”. We believe that current observational data supports the thesis that a fraction of the new
ultra-faint dwarfs discovered in the Local Group are fossil dwarfs and we predict the existence of a population of ultra-faint dwarfs
with lower surface brightness than currently observed.

1. Introduction

There are many questions that remain open in cosmology
with regard to the mass, number, and properties of the
smallest galaxies in the universe. Have we already discovered
the smallest galaxies in the universe or are we still missing an
elusive but large population of ultrafaint dwarf galaxies?

In cold dark matter (CDM) cosmologies most of the
dark halos that formed before reionization had masses
smaller than 108-109 M� (e.g., [1]). The small mass halos
that survived tidal destruction to the modern epoch, were
they able to form stars, would constitute a subpopulation
of dwarf satellites orbiting larger halos. Small mass dark
halos significantly outnumber more massive galaxies like the
Milky Way and can be located in the voids between luminous
galaxies (e.g., [2, 3]).

However, until recently (i.e., before 2005) observations
did not show a large number of satellites around massive
galaxies like the Milky Way and Andromeda. This became
known as the “missing galactic satellite problem” [4, 5].
The voids between bright galaxies appear to be devoid of
dwarf galaxies [6–8]. While the abundance of dwarfs in

large voids may not pose a problem to CDM cosmology, as
shown by Tinker and Conroy [9], it is unclear whether the
predictions of the number of faint dwarfs in the Local Group
are consistent with both the number of observed Milky Way
dwarf satellites and the number of relatively isolated dwarfs
in the local voids.

Historically, the discrepancy between observation and
theory on the number of dwarf galaxies has been interpreted
in two ways: (1) as a problem with the CDM paradigm
that could be solved by a modification of the dark matter
properties—for instance, by introducing warm dark matter
(e.g., [10])—or (2) as an indicator of feedback processes that
are exceptionally efficient in preventing star formation in
small mass halos, which remain mostly dark (e.g., [11]).

The recently discovered population of ultrafaint dwarfs
[12–22] in combination with a proper treatment of obser-
vational incompleteness [23–26] has increased the estimated
number of Milky Way satellites to a level that can be
more easily reconciled with theoretical expectations. For
instance, the suppression of dwarf galaxy formation due to
intergalactic medium (IGM) reheating during reionization
[2, 3, 27–40], in conjunction with a strong suppression
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of star formation in small mass pre-reionization dwarfs,
may be sufficient to explain the observed number of Milky
Way satellites. In the near future we can hope to answer
perhaps a more interesting question: what is the minimum
mass that a galaxy can have? This is a nontrivial and
fundamental question in cosmology. Answering it requires
a better understanding of the feedback mechanisms that
regulate the formation of the first galaxies before reionization
and the details of the process of reionization feedback itself.

The formation of the first dwarf galaxies—before
reionization—is self-regulated on cosmological distance
scales. This means that the fate of small mass halos (i.e.,
whether they remain dark or form stars) depends on local
and global feedback effects. This type of galaxy feedback
differs from the more familiar model operating in normal
galaxies (e.g., SN explosions, AGN feedback, etc.), where the
feedback is responsible for regulating the star formation rate
within the galaxy itself but does not impact star formation
in other distant galaxies. Rather, before reionization, each
protodwarf galaxy reacts to the existence of all the others.
Different theoretical assumptions and models for the cosmo-
logical self-regulation mechanisms will, of course, produce
different predictions for the number and luminosity of the
first dwarf galaxies [11, 41–44].

We now introduce the basic concepts on how feedback-
regulated galaxy formation operates in the early universe
(i.e., before reionization).

A cooling mechanism for the gas is required in order
to initiate star formation in dark halos. In proto-galaxies
that form after reionization this is initially provided by
hydrogen Lyman-alpha emission. This cooling is efficient at
gas temperatures of 20,000 K but becomes negligible below
T ∼ 10, 000 K. Later, as the temperature drops below
10,000 K, the cooling is typically provided by metal line
cooling. In the first galaxies, however, both these cooling
mechanisms may be absent. This is because the first dwarf
galaxies differ when compared to present-day galaxies in
two respects: (1) they lack important coolants—such as
carbon and oxygen, because the gas is nearly primordial in
composition, and (2) due to the smaller typical masses of the
first dark halos, the gas initially has a temperature that is too
low to cool by Lyman-alpha emission.

The gas in small mass halos with circular velocity
vvir = (GMtot/rvir)

1/2 � 20 km s−1, where rvir is the virial
radius—roughly corresponding to a mass Mtot � 108 M�
at the typical redshift of virialization—has a temperature at
virialization T � 10, 000 K. Hence, if the gas has primordial
composition, it is unable to cool by Lyman-alpha emission
and initiate star formation unless it can form a sufficient
amount of primordial H2 (an abundance xH2 � 10−4 is
required). Because molecular hydrogen is easily destroyed
by far-ultraviolet (FUV) radiation in the Lyman-Werner
bands (11.3 < hν < 13.6 eV) emitted by the first stars, it
is widely believed that the majority of galaxies with vvir <
20 km s−1 remain dark (e.g., [11]). However, several studies
show that even if the FUV radiation background is strong,
a small amount of H2 can always form, particularly in
relatively massive halos with virial temperature of several
thousands of degrees [43, 45]. Thus, negative feedback from

FUV radiation may only delay star formation in the most
massive pre-reionization dwarfs rather than fully suppress it
[46, 47]. We will argue later that hydrogen ionizing radiation
(hν > 13.6 eV) in the extreme-ultraviolet (EUV) plays a
far more important role in regulating the formation of the
first galaxies than FUV radiation. Thus, in our opinion,
models that do not include 3D radiative transfer of H and
He ionizing radiation cannot capture the most relevant
feedback mechanism that regulates galaxy formation in the
early universe [41, 48].

After reionization, the formation of dwarf galaxies with
vvir < 20 km s−1 is strongly inhibited by the increase
in the Jeans mass in the IGM. Thus, according to this
model, reionization feedback and negative feedback due to
H2 photodissociation by the FUV background (important
before reionization) determine the mass of the smallest
galactic building blocks. The resultant circular velocity of
the smallest galactic building blocks is vvir ∼ 20 km s−1,
roughly corresponding to masses Mtot ∼ 108-109 M�. If this
is what really happens in the early universe, the “missing
Galactic satellite problem” can be considered qualitatively
solved because the predicted number of Milky Way satellites
with vvir > 20 km s−1 is already comparable to the estimated
number of observed satellites after applying completeness
corrections (although this model may still have problems
reproducing the observations in detail).

However, as briefly mentioned above, we have argued
for some time that most simulations of the first galaxies
cannot capture the main feedback mechanism operating in
the early universe because they do not include a key physical
ingredient: radiative transfer of H and He ionizing radiation.
Our simulations of the formation of the first galaxies are to
date the only simulations of a cosmologically representative
volume of the universe (at z ∼ 10) that include 3D radiative
transfer of H and He ionizing radiation [41, 44, 48]. Figure 1
shows the evolution of ionized bubbles around the first
galaxies in a cubic volume of 1.5 Mpc in size at redshifts z =
21.2, 17.2, 15.7, 13.3 from one of our simulations. The results
suggest that negative feedback from the FUV background is
not the dominant feedback mechanism that regulates galaxy
formation before reionization. Rather, “positive feedback” on
H2 formation from ionizing radiation [30, 49] dominates
over the negative feedback of H2 dissociating radiation.
Hence, a strong suppression of galaxy formation in halos
with vvir < 20 km s−1 does not take place. In this latter case,
some galactic satellites would be the fossil remnants of the
first galaxies. Comparisons of simulated pre-reionization fos-
sils to dwarf spheroidals in the Local Group show remarkable
agreement in properties (see [50], hereafter RG05). Based on
the results of the simulations, we also suggested the existence
of the ultrafaint population before it was discovered about a
year later (see RG05 [51]).

1.1. Definition of “Pre-Reionization Fossils”. Throughout this
paper we define “pre-reionization fossils” as the dwarfs
hosted in halos with a maximum circular velocity remaining
below 20 km s−1 at all times during their evolution: vmax(t) <
20 km s−1. It will become clear in this paper that this
definition is not directly related to the ability of fossils to
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z = 21.2 z = 17.2

z = 15.7 z = 13.3

Figure 1: 3D rendering of cosmological H II regions (fully ionized gas is red and partially ionized gas is blue) around the first galaxies in a
box of 1.5 Mpc. The four boxes show a time sequence at redshifts z = 21.2, 17.2, 15.7, 13.3 for the simulation S2 from Ricotti et al. [41]. The
rendering shows several tens of small size H II regions around the first galaxies (there are a few hundreds of galaxies in this volume). A movie
of the same simulation shows that the H II regions are short lived: they form and expand to a size comparable to the large-scale filamentary
structure of the IGM and recombine, promoting the formation of molecular hydrogen inside the relic H II regions.

retain gas and form stars after reionization: in Section 4
we describe a mechanism in which small mass halos with
vmax(t) < 20 km s−1 are able to have a late phase of gas
accretion and possibly star formation.

Our definition of fossil reflects the special cooling mecha-
nisms and feedback processes that regulate star formation and
the number of luminous halos with vmax(t) < 20 km s−1,
before and after reionization. In protofossil galaxies—even
adopting the most conservative assumption of maximum
efficiency of shock heating of the gas during virialization—
the gas is heated to a temperature below T ∼ 10, 000 K. Thus
the gas cannot cool by Lyman-alpha emission, a very efficient
coolant. The cooling of the gas is dominated either by H2

roto-vibrational line emission or by metal cooling, important
if the metallicity exceeds Z ∼ 10−3 Z� (e.g., [44, 52–54]).
These coolants are much less efficient than Lyman-alpha
emission. Moreover, H2 abundance and cooling is modulated
and often suppressed by the FUV and EUV radiation fields.
The FUV radiation in the H2 Lyman-Werner bands and hard
ultraviolet radiation have large mean free paths with respect
to the typical distances between galaxies; thus their feedback
is global in nature. Qualitatively, this explains why the first
galaxies have low luminosities and low surface-brightness,
similar to dwarf spheroidal (dSph) galaxies in the Local
Group (see RG05 [51, 55]).

Simulations also show that stars in the the first galaxies
do not form in a disk but in a spheroid (see RG05 [44]). A
thin galactic disk is not formed because of the high merger
rates and the low masses of dark halos in the early universe.
Roughly, pre-reionization fossils have a mass at virialization
Mtot < 108 M�, assuming that they form at zvir ∼ 10, but
their mass may increase by up to one order of magnitude by
z = 0 due to secondary infall (see RGS02a, b [44]). Secondary
infall does not affect vmax, which remains roughly constant
after virialization.

1.2. Pre-Reionization Fossils and Reionization. The critical
value of vmax,crit for which dwarf galaxy formation is
suppressed by reionization feedback is close to the 20 km s−1

value that defines a fossil, but it is not necessarily the same
value. Indeed, it can be significantly larger than 20 km s−1 if
the IGM is heated to T � 10, 000 K [56]. Thus, we expect
that the virialization of new “pre-reionization fossils” is
strongly suppressed after reionization due to IGM reheating
(i.e., they mostly form before reionization). However, pre-
reionization fossils and dark halos with vmax < 20 km s−1 that
virialized before reionization may accrete gas and, in certain
cases, form new stars after reionization at redshifts z < 1-2
[3].
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Unfortunately, the value of vmax,crit is uncertain due to
our poor understanding of the thermal history of the IGM
[56]. The uncertainty surrounding the IGM equation of state
may partially explain the differences found in literature on
the values for vmax,crit and the different levels of suppression
of star formation as a function of the halo mass after
reionization (e.g., [2, 33, 36, 40]). Regardless of assumptions
for the reionization feedback model, one should bear in
mind that no halo with vmax < 20 km s−1 can form stars
after reionization unless the gas in those halos has been
significantly pre-enriched with metals. For instance, the
model by Koposov et al. [57] assumes star formation after
reionization in halos as small as vmax ∼ 10 km s−1. With
this assumption they find that their model is consistent with
observations of ultrafaint dwarfs but claim that fossils are not
needed to explain the data. However, star formation in such
small halos can only take place in a gas that was pre-enriched
with metals, suggesting the existence of older populations of
stars in those halos. Indeed, according to our definition, the
smallest post-reionization dwarfs with 10 km s−1 < vmax <
20 km s−1 in the Koposov et al. [57] model are “fossils.” As
stated above, fossils may also be able to form stars after
reionization due to a late phase of cold gas accretion from
the IGM [3].

1.3. Identification of Pre-Reionization Fossils in Observations.
Pre-reionization fossils are not easily identifiable because
vmax cannot be measured directly from observations. Under-
standing the star formation history of dwarf galaxies may
help in this respect, as fossils likely show some degree of sup-
pression of their star formation rate occurring about 12.5 Gyr
ago due to reionization. However, their identification based
on their star formation history may be complicated because
some pre-reionization fossils in the last 10 Gyr may have
had a late phase of gas accretion and star formation. The
caveat is that star formation histories cannot be measured
with accuracy better than to within 1-2 Gyr and the accuracy
becomes increasingly poorer for old stellar populations.
Thus, it is impossible to prove whether an old population
of stars formed before reionization (which happened about
1 Gyr after the Big Bang) or at z ∼ 3, when the Milky
Way was assembled. Nevertheless, ultrafaint dwarfs that show
some degree of bimodality in their star formation history are
candidates for being pre-reionization fossils.

According to results by RG05 and Bovill and Ricotti [51],
Willman 1, Bootes II, Segue 1, and Segue 2 do not lie on the
luminosity-surface brightness relationship of simulated pre-
reionization fossils. This result is based on the assumption
that fossil properties are not modified by tides. Their surface
brightness is larger than the model predictions for objects
with such low-luminosity. Yet undiscovered population of
ultrafaints with lower surface brightness is instead predicted
by our simulations. It is likely that the properties of the lowest
luminosity ultrafaints may have been modified by tidal forces
due to their proximity to the Milky Way disk.

Although it is difficult to identify individual fossils,
statistical arguments suggest that at least some ultrafaint
dwarf galaxies are pre-reionization fossils. This is because
the number of satellites from N-body simulations with

vmax(t) > 20 km s−1 is substantially smaller than the esti-
mated number of observed satellites after completeness
corrections. Admittedly the current theoretical and observa-
tional uncertainties on the number of satellites are still large.
However, if the estimated number (after completeness cor-
rections) of ultrafaint dwarfs increases further, the existence
of pre-reionization fossils will be inescapably proven. This is
especially the case if a population of ultrafaint dwarfs with
luminosities similar to Willman 1, Bootes II, Segue 1, and
Segue 2 but surface brightness below the current sensitivity
limit of the SDSS—as predicted by our simulations—is
discovered.

The possibility of identifying the fossils of the first
galaxies in our own backyard is very exciting. It would
greatly improve our understanding of the physics involved
in self-regulating the formation of the first galaxies before
reionization. Clearly, even the launch of the James Webb
Space Telescope (JWST) would not yield the wealth of
observational data on the formation of the first galaxies that
could be obtained by studying ultrafaint galaxies in the Local
Group.

The rest of the paper is organized as follows. In Section 2
we briefly review and discuss observational data on Galactic
satellites; in Section 3 we summarize the results of simula-
tions of the formation of the first galaxies in a cosmological
volume and the effect of reionization feedback on galaxy
formation. In Section 4 we discuss a recently proposed model
for “late gas accretion” from the IGM onto small mass
halos. In Section 5 we compare the theoretical properties
of simulated pre-reionization fossils to observations. In
Section 6 we compare different ideas for the origin of classical
and ultrafaint dwarf spheroidals. We present our conclusions
in Section 7.

2. Observations

2.1. The Ultrafaint Satellites of the Milky Way and Andromeda.
Prior to 2005, the number of observed dwarf satellites of the
Milky Way and Andromeda was about 30 [58]. One of the
most evident properties of the dwarfs in the Local Group is
a type segregation, with “gas free” dwarf spheroidal (dSph)
galaxies distributed near the center of their host galaxy and
gas rich dwarf Irregulars (dIrr) at larger distances from
the galactic centers. Notable exceptions are the Magellanic
Clouds that are dIrr less than 100 kpc from the center of
the Milky Way and a few isolated dSphs like Tucana and
Antlia. One popular explanation for this segregation is the
transformation of dIrr into dSph due to tidal and ram
pressure stripping as dwarfs fall toward the Milky Way center
[59, 60]. In addition, simulations showed that the number of
dark matter satellites of the Milky Way with mass > 108 M�
(i.e., with mass sufficiently large to expect star formation in
them) was an order of magnitude larger than the number of
known dwarf satellites [4, 5]. This posed a problem for CDM
cosmologies.

Since 2005-2006 the number of known Local Group
satellites has begun to increase dramatically, with the discov-
ery of a new population of ultrafaint dwarfs. The new galaxies
have been discovered by data mining the SDSS and other
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surveys of the halo around M31, resulting in the discovery
of 14 new ultrafaint Milky Way satellites [12–19, 24, 61] and
11 new companions for M31 [20–22, 62]. Unofficial reports
from members of the SDSS collaboration state that there are
actually at least 17 new ultrafaint Milky Way dwarfs, but
several of them are as yet unpublished (anonymous referee’s
private communication).

The new Milky Way satellites have been slowly discovered
since SDSS Data Release 2, with the most recent Segue 2
discovered in Data release 7 [63, 64]. Koposov et al. [24] and
Walsh et al. [61] systematically searched Data Releases 5 and
6, respectively. Due to the partial sky coverage of the SDSS,
and assuming isotropic distribution of satellites (but see
[65, 66]), the total number of ultrafaint dwarfs in the Milky
Way should be at least 5.15 times larger than the observed
number [25]. With this simple but conservative correction,
the number of Milky Way satellites within 400 kpc is about
12 + 5.15 × (14 ± 3.7) ∼ 84 ± 19. The quoted uncertainty
is simply Poisson error due to the relatively small number of
known ultrafaint dwarfs.

In estimating the completeness correction for the num-
ber of Milky Way dwarfs, one should account for selection
effects inherent in the method used to find the ultrafaints
in the SDSS data. In addition to completeness corrections
for the survey’s coverage of the sky, the most important
selection effect is the total number of stars from the object
seen in the survey, that is, horizontal branch stars or main
sequence and/or red giant stars for the lowest luminosity
ultrafaints like Coma or Segue 1. This sets a limiting surface
brightness cutoff at roughly 30 mag arcsec−2 for the SDSS
[24] (but see Martin et al. [67] that find a limiting surface
brightness about 6.4 times larger). There is also a distance-
dependent absolute magnitude cutoff. The efficiency of
finding ultrafaint dwarfs by data mining the SDSS typically
drops rapidly at Galactocentric distances beyond 50–150 kpc
for the ultrafaints (depending on their luminosity) [23–
25, 61]. Of the new Milky Way dwarfs, only Leo T is well
beyond this distance threshold, and 11 of the 14 new Milky
Way satellites are within 200 kpc. (Leo T was found because
it contains a young stellar population and gas. Otherwise, it
would not have been identified as an ultrafaint dwarf due to
its large Galactocentric distance.)

The luminous satellites can be radially biased. So, the
abundance of the faintest satellites within 50 kpc, that is
the most complete sample, may not be used to correct
for incompleteness at larger distances from the Galactic
center without prior knowledge of this bias. And, of course,
satellites of different luminosity and surface brightness will
have different completeness limits. These selection biases
have been considered in a paper by Tollerud et al. [25]. Their
study finds that there may be between 300 to 600 luminous
satellites within 400 kpc. Their estimate for the number
of luminous satellites within a Galactocentric distance of
200 kpc is between 176 to 330.

Recent surveys of M31 [20, 22, 62] have covered
approximately a quarter of the space around the M31 spiral.
The surveys have found 11 new M31 satellites, bringing the
total number to 19. If we make a simple correction for
the covered area of the survey, the estimated number of

M31 satellites, including the new dwarfs, increases from 8 to
52± 13.

The sensitivity limits of the surveys for Andromeda do
not allow the detection of ultrafaint dwarfs that would
correspond with those with the lowest luminosity found in
the Milky Way. However, despite the fact that Andromeda
and the Milky Way are thought to have approximately
the same mass (within a factor of two), their satellite
systems show interesting differences for even the satellites at
the brighter end of the luminosity function. For instance,
there are small differences in the galactocentric distance
distribution of satellites and in the morphology of the
satellites (e.g., number of dIrr, dE, and dSphs).

2.2. Peculiar Ultrafaint Dwarfs. Many of the newly discov-
ered dwarfs are dSphs with a dominant old population of
stars and virtually no gas, which makes them candidates
for being pre-reionization fossils. However, there are notable
exceptions that we discuss below that may not perfectly fit
the properties of simulated “fossils.” For instance, the dwarf
galaxy Leo T resembles all the other ultrafaints but has gas
and recent star formation [14, 23]. We argue that Leo T could
be a true “fossil” with vmax(t) < 20 km s−1 but may have
experienced a late phase of gas accretion and star formation
due to the mechanism discussed in Section 4.

Leo T has a stellar velocity dispersion of σLeoT = 7.5 ±
1.6 km s−1 [23] or an estimated dynamical mass of 107 M�
within the stellar spheroid (although its total halo mass may
be much larger). Leo T shows no sign of recent tidal destruc-
tion by either the Milky Way or M31 [68] and is located in
the outskirts of the Milky Way at a Galactocentric distance
of 400 kpc. Leo T photometric properties are consistent with
those of pre-reionization fossils. On the other hand, the halo
of Leo T could be sufficiently massive (vmax(t) > 20 km s−1)
to retain or accrete mass after reionization and not be a pre-
reionization fossil. However, as discussed in Section 4 it is
also possible that Leo T is a pre-reionization fossil that has
been able to accrete gas from the IGM at late times due to an
increase in the concentration of its dark halo and a decrease
in the IGM temperature [3]. Under this scenario, Leo T
stopped forming stars after reionization but was able to start
accreting gas again from the IGM at z � 1− 2 and therefore
would have a bimodal stellar population. De Jong et al. [68]
have found evidence for bimodal star formation in Leo T.
Our model would explain why Leo T does not resemble
other dIrr and is similar to dSphs and pre-reionization fossils,
while not suffering significant tidal stripping.

Willman 1, Bootes II, Segue1, and Segue2 are among
the lowest luminosity ultrafaint dwarfs discovered so far;
however, they do not fit the typical properties of pre-
reionization fossils (see Section 5). For instance, Willman
1 has a dynamical mass within the largest stellar orbit
(r ∼ 100 pc) of 5 × 105 M� and a mass-to-light ratio ∼470,
similar to other ultrafaint dwarfs [17]. However, given its
low luminosity, Willman 1 has central surface brightness
that is too large when compared to simulated “fossils.”
Simulated fossils with luminosities LV < 103 L� should have a
typical surface brightness that falls below the detection limit
of ∼30 mag arcsec−2 estimated for the SDSS [24]. Hence,
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the lowest luminosity fossils may still be undiscovered.
Although the nature of the lowest luminosity ultrafaints is
unknown, due to selection effects they can only be found
within ∼50 kpc of the Galactic center. Thus it is possible,
and perhaps to be expected, that their properties have been
affected by tidal forces [60, 69].

3. Formation of First Galaxies in CDM

The first episodes of star formation in the universe are
thought to take place at redshift z ∼ 30–50, in the center
of dark matter halos with typical mass Mtot ∼ 105-106 M�.
The gas in these halos is metal free and simulations show
that a single or binary massive star per halo is formed [70–
77]. Such stars are called Pop III and their mass, although
not well constrained by the simulations, is quite large: in the
range between 20 M� and a few 100 M�. Whether or not we
can refer to minihalos containing a single massive star (or a
binary star) in their center as the “first galaxies” is debatable.
However, the crucial point to be made here is that there is a
gap of 2 to 3 orders of magnitude between the typical halo
mass in which Pop III stars are born (105-106 M�) and the
typical mass of the population of dwarf galaxies that are not
strongly influenced by radiative and reionization feedback
(108-109 M�). The primordial dwarfs that fill the gap are
those that we refer to as pre-reionization fossils.

If the formation of pre-reionization fossils is not dras-
tically suppressed by radiative feedback, their number may
be several orders of magnitude larger than the number of
more massive dwarfs. This is because in CDM cosmologies
the number of dark halos per unit comoving volume roughly
scales with the mass as N ∝M−2

dm.
It is widely believed that nearly all halos with mass Mtot >

108-109 M� host luminous galaxies, although there can be
substantial disagreement among theorists on their lumi-
nosity. However, most of the theoretical controversy rests
in understanding the fate of the halos with mass between
106–108 M� and the dominant feedback that determines
whether they become luminous or remain dark. We will
elaborate on this statement in the next sections.

3.1. Radiative Feedback. Simulating the formation of the first
stars is a relatively well-defined initial condition problem,
given the cosmological parameters. However, these simple
initial conditions must soon be modified to take into account
the effects of other newborn stars, whose properties are
still quite uncertain. The physics becomes more complex
as competing feedback effects determine the fate of the
first galaxies: radiative feedback regulates the formation and
destruction of H2 and metals are injected into the IGM and
into protogalaxies.

3.1.1. Negative Feedback from H2 Photodissociating Radiation.
The net effect of radiative feedback on the global star
formation history of the universe before the redshift of
reionization is uncertain. An FUV background (at energies
between 11.34 eV and 13.6 eV) destroys H2, the primary
coolant at the start of galaxy formation. The FUV radiation

emitted by the first few Pop III stars is sufficient to suppress or
delay galaxy formation in halos with circular velocities vvir <
20 km s−1 that are too small to cool by Lyman-alpha emission
[11, 43, 78, 79]. Hence, according to this scenario, most halos
with masses < 108-109 M� remain dark. More work is needed
to quantify the level of suppression of galaxy formation and
examine how these models compare to observations of Milky
Way satellites.

Figure 2 illustrates the effect of H2 dissociating radiation
on the IGM. The two panels show slices through a simulation
in Ricotti et al. [41] at z = 19.44 and z = 18.5. The top-
right tiles in the two panels show H2 abundance. At z = 19.4,
the H2 has its relic abundance everywhere in the IGM except
inside the dissociation spheres around the first galaxies,
where it is destroyed. At z = 18.5, the dissociation spheres
are still visible, but the UV background starts to dissociate
H2 everywhere in the IGM except the denser filaments.

3.1.2. Positive Feedback Regions. Our main criticism for the
“negative feedback” model is that it does not take into
account the effect of hydrogen ionizing radiation [49, 80]
that, according to simulations, may indeed play a dominant
role in regulating galaxy formation before reionization [41,
48]. Simulations including 3D radiation transfer show that
star formation in the first small mass halos is inefficient,
partially due to winds produced by internal UV sources. This
produces galaxies that are extremely faint and have very low
surface brightnesses. However, our simulations show that a
large number of ultrafaint dwarfs (a few hundred galaxies
per comoving Mpc3) form before reionization at z ∼ 7− 10.
Hence, according to this model, the Local Group may contain
thousands of ultrafaint dwarf galaxies.

Ionizing radiation from the first stars enhances the
production of H2 (we refer to this as “positive feedback”)
by creating free electrons and promoting the formation of
H−, the main catalyst for the formation of H2 in a low
metallicity gas [30, 49, 81–83]. Ricotti et al. [49] found that
shells of H2 can be continuously created in precursors around
the Strömgren spheres produced by ionizing sources and,
for a bursting mode of star formation, inside recombining
H II regions. We refer to these shells as “positive feedback
regions.” This is because the catalyst H−, and hence H2,
is formed most efficiently in regions where the gas ioniza-
tion fraction is about 50%. This local “positive feedback”
is difficult to incorporate into cosmological simulations
because the implementation of spatially inhomogeneous,
time-dependent radiative transfer is computationally expen-
sive.

Figure 3 shows “positive feedback regions” in one of our
simulations. The figure shows a slice through a simulation
at 4 different times (at z = 17.3, 12.2, 11.3, and 10.2).
We recognize the two main processes that create H2 in
the filaments. In the top-left frame at z = 17.3 we can
see a “positive feedback region” as an irregular shell of H2

surrounding the H II region that is barely intersected by the
slice. In the bottom-left frame (z = 11.3) two H II regions are
clearly visible. Inside the H II regions, the H2 is destroyed.
In the bottom-right frame (z = 10.2) the H II regions
are recombining (demonstrating that the star formation is
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Figure 2: The two (2×2) panels show slices through the most massive object in the simulation 64L05p2 in RGS02b at z = 19.4 and 18.5. The
box size is Lbox = 0.7 comoving Mpc. Each one of the 2× 2 panels shows in log-scale the neutral hydrogen fraction (top left), the molecular
fraction (top right), the gas overdensity (bottom left), and the gas temperature (bottom right). The sequence illustrates the evolution of a
H2 dissociation sphere around a single source (panel at z = 19.4) and the dominance of the H2 dissociating background at z = 18.5.
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Figure 3: Same as in Figure 2 except for a zoomed region of 0.1252 h−2 Mpc2 around the most massive object in the 64L05p3 simulation in
RGS02b. In this time sequence of images (top: z = 17.3, 12.2 from left to right; bottom: z = 11.3, 10.2 from left to right) we recognize the
two main processes that create H2 in the filaments: “positive feedback regions” in front of H II regions and the reformation of H2 inside relic
H II regions. The bursting mode of the star formation is evident from the continuous formation and recombination of the H II regions in
the time sequence of the slices.
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bursting) and new H2 is being reformed inside the relic H
II regions. A finer inspection of the time evolution of this
slice shows that at least five H II regions form and recombine
between z = 20 and z = 10 in this small region of the
simulation (Movies of 2D slices and 3D rendering of the
simulations are publicly available on the web at the URL:
http://www.astro.umd.edu/∼ricotti/movies.html).

There are two reasons why our results are still con-
troversial. First, our simulations do not yet have sufficient
resolution to ensure their convergence. Second, there are
no other published simulations to compare our results
with. Only recently have some groups started to include
the effect of 3D radiative transfer on hydrodynamics (e.g.,
[42, 45]). However, currently there are no other simulations
of the formation of the first galaxies in a cosmological
volume suited for comparison with observations of dwarfs
in the Local Group other than our own [41, 44, 48, 50,
51]. Hence, our results may differ from other numerical
studies because of the inclusion in the code of the effects of
“positive feedback regions” and galactic winds from ionizing
radiation.

Simulations by Wise and Abel [42] include a self-
consistent treatment of hydro and 3D radiative transfer
that is more accurate than our approximate, but faster
method. However, because the authors use ray-tracing for
the radiative transfer, only a few sources of radiation can
be simulated at the same time. This limits the volume and
number of galaxies that can be simulated. Due to these
limitations the simulations are not suited for comparison
between the primordial dwarf populations and the ultrafaint
dwarfs. In addition, at the moment, the aforementioned
simulations do not include metal cooling and the formation
of normal stars (other than Pop III).

3.1.3. The Simulations. The simulation used for comparison
to observations of ultrafaint dwarfs has been thoroughly
described in Ricotti et al. [41, 48] as run “256L1p3.” Here
we remind the reader that the simulation includes 2563 dark
matter particles, an equal number of baryonic cells, and
more than 700,000 stellar particles in a box of size ∼ 1.5
comoving Mpc. The mass of the dark matter particles in our
simulation is 4930 M�, and real comoving spatial resolution
(twice the Plummer softening length) is 150 h−1 pc (which
corresponds to a physical scale of 24 parsecs at z = 8.3).
This resolution allows us to resolve cores of all simulated
galaxies that would correspond to the observed Local Group
dwarfs. The stellar masses are always smaller than the initial
baryon mass in each cell but can vary from ∼0.6 h−1 M� to
600 h−1 M� with a mean of 6 h−1 M�. Stellar particles do not
represent individual stars but, in general, a collection of stars
(e.g., OB associations).

The simulation includes most of the relevant physics,
including time-dependent spatially-variable radiative trans-
fer using the OTVET approximation [84], detailed radiative
transfer in Lyman-Werner bands, and nonequilibrium ion-
ization balance. In addition to primordial chemistry and 3D
radiative transfer, the simulations include a subgrid recipe
for star formation, metal production by SNe, and metal
cooling. The code also includes mechanical feedback by SN

explosions. However, we found that for a Salpeter IMF, the
effect of SNe is not dominant when compared to feedback
produced by ionizing radiation from massive stars (see [44],
hereafter RGS08). The effect of SN explosions is somewhat
model dependent and uncertain because it is treated using a
subgrid recipe. Hence, the simulation analyzed in this work
includes metal pollution but not mechanical feedback by
SNe.

In RG05, we included the effect of reionization in the
simulation 256L1p3. Because the size of the simulation
box has been fixed at ∼1.5 comoving Mpc, the simulation
volume is too small to model the process of cosmological
reionization with sufficient accuracy. We therefore assume
that the simulation volume is located inside an H II region of
a bright galaxy at a higher redshift. Specifically, we introduce
a source of ionizing radiation within the computational box,
properly biased, which corresponds to a star-forming galaxy
with the constant star formation rate of 1 solar mass per
year (similar to star formation rates of observed Lyman Break
Galaxies at z ∼ 4, Steidel et al. [85]). The source is switched
on at z = 9.0, and by z = 8.3 the whole simulation box is
completely ionized.

3.1.4. Summary of Main Results. The main results of the
simulations are the following (see [44], for details).

(1) Negative Feedback. H2 photodissociation from FUV
radiation, the main negative feedback thought to suppress
the formation of the first galaxies, is not the dominant
feedback. If we modify the spectrum of the sources of
radiation to artificially increase or decrease the FUV flux
emitted by up to one order of magnitude, we do not find any
appreciable effect on the global star formation history.

(2) Self-Regulation. Feedback by hydrogen ionizing radia-
tion (EUV) plays the key role. Galactic outflows, produced
by UV photoheating from massive stars, and H2 forma-
tion/photodissociation induces a bursting star formation
mode in the first galaxies that acts as the catalyst for H2

reformation inside relic (recombining) H II regions and in
the “precursors” of cosmological Strömgren spheres (i.e.,
positive feedback regions). As a result, the formation of
the first galaxies is self-regulated on a cosmological distance
scale. It is significantly reduced by radiative feedback but
it is not completely suppressed, even in halos with vmax ∼
5–10 km s−1. Note that our subgrid recipe for star formation
assumes a Schmidt law with a tunable efficiency parameter
ε∗ (the fraction of gas converted into stars per crossing
time). We find that the global star formation history and
the fraction of baryons converted into stars in each galaxy,
f∗ = M∗/Mbar, are nearly independent on the assumed
value of ε∗. This is typical for feedback regulated star
formation. Hence, the star formation efficiency, f∗, is not an
assumed parameter but it is extracted from the simulations.
Thus, the derived star formation efficiency f∗ is a very
generic prediction of our feedback model because it is nearly
independent of the assumed value of ε∗, that is instead quite
uncertain.
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Figure 4: (a) Fraction of baryons retained by each galaxy (normalized to the cosmic mean value, Mbar = f max
bar Mdm, where f max

bar = Ωb/Ωm =
0.136) as function of the halo mass Mdm for run S1 in RGS08 at z = 10. The size of the dots is proportional to the fraction of stars
f∗ = M∗/Mbar in each halo: from the largest to the smallest dots we have f∗ > 10%, 1 < f∗ < 10%, 0.1 < f∗ < 1% and f∗ < 0.1%,
respectively. The plot illustrates the role of internal and external sources of ionizing radiation in reducing the gas retained by small mass
halos. Luminous sources (with larger f∗) retain less gas than dark halos due to winds driven by internal sources of radiation. (b) Average star
formation efficiency 〈 f∗〉 as a function of halo mass at z = 10.2 (left panel) and 12.5 (right panel) for run S1. We divide all halos into three
groups: those at distance d < 8 kpc from the nearest luminous halo (solid histograms), those with 8 kpc < d < 50 kpc (dashed histogram),
and those with d > 50 kpc (long-dashed histograms). The dot-dashed curve shows the fraction of luminous halos Flum(Mdm) as a function
of the halo mass.

(3) Contribution to Reionization. Due to the feedback-
induced bursting mode of star formation in pre-reionization
dwarfs, the cosmological H II regions that they produce
remain confined in size and never reach the overlap phase
(e.g., Figure 1). Reionization is completed by more massive
galaxies.

(4) Gas Photoevaporation and Metallicity. Star-forming
dwarf galaxies show large variations in their gas content
because of the combined effects of stellar feedback from
internal sources and IGM reheating. Ratios of gas to dark
matter lie below the cosmic mean in halos with masses
Mdm < 108 M�. Figure 4(a) shows the fraction of baryons
retained by dark and luminous halos. It is clear that
small mass luminous halos lose most of their gas before
reionization due to internal radiation sources. Dark halos
instead are able to retain gas for a longer time (see also [2]).
Gas depletion increases with decreasing redshift: the lower-
mass halos lose all their gas first but, as the universe evolves,
larger halos with Mdm ∼ 108 M� also lose a large fraction
of their gas. Gas photoevaporation reduces the metallicity of
pre-reionization dwarfs to levels consistent with observations
of dSph galaxies.

(5) Number of Luminous Galaxies. Only about 1% of dwarf
dark matter halos with mass Mdm ∼ 5 × 106 M�, assembled
prior to reionization, are able to form stars. The fraction of
luminous halos scales with the halo mass as Flum ∝ M2

dm.
Thus, most halos with mass � 5 × 107 M� are luminous.

Figure 4(b) shows Flum as a function of the halo mass at
redshifts z = 12.5 and z = 10.2. The figure also illustrated
that f∗ depends on the environment. Namely, it depends
on the proximity of the pre-reionization dwarfs to other
luminous galaxies. We find ∼450 dwarf galaxies per Mpc3

with bolometric luminosity between 104 and 108 L�. The
luminosity function is rather flat at low luminosities, with
about 10 galaxies per Mpc3 in the range 107 < L < 108 L�,
and about 220 Mpc−3 in the ranges 104 < L < 105 L� and
105 < L < 106 L�.

(6) Star Formation Efficiency and Mass-to-Light. The mean
star formation efficiency 〈 f∗〉 = 〈M∗/Mmax

bar 〉, where Mmax
bar 	

Mdm/7, is found to be nearly independent of redshift and
to depend on total mass as 〈 f∗〉 ∝ Mα

dm with α = 2 if
the radiative feedback is strong (i.e., top heavy IMF and/or
large 〈 fesc〉) and α = 1.5 if the feedback is weak. This is
shown in Figure 5(a), where we plot the mean star formation
efficiency, 〈 f∗〉 and the mean gas fraction 〈 fg〉 in halos of
mass Mdm.

(7) Scatter of the Mass-to-Light Ratio. A tight relationship
between the star formation efficiency f∗ and the total mass
of halos holds only for galaxies with Mdm > 5 × 107 M�.
In lower-mass halos, the scatter around the mean 〈 f∗〉 is
increasingly large (see Figure 5(b)). For a given halo mass,
the galaxy can be without stars (dark galaxy) or have star
formation efficiency f∗ ∼ 0.1. However, only a few dark
galaxies with mass at formation Mdm ∼ 1−5×107 M� should
exist in the Local Group.
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Figure 5: (a) Average star formation efficiency (i.e., fraction of the collapsed baryon mass converted into stars), 〈 f∗〉 = 〈M∗/Mbar〉 (thick
curves), and gas fraction (i.e., fraction of the collapsed baryon mass retained in the gas phase) 〈 fg〉 = 〈Mg/Mbar〉 (thin curves), of the first
galaxies as a function of their halo mass for run S2 in RGS08 at z = 14.5, 12.5, 10.2, and 8.3. For comparison, the symbol with error bar
shows the expected star formation efficiency (roughly M∗ ∼ 30–300 M� divided by the baryonic mass of the halo) in the first mini halo of
mass 106 M� simulated by Abel et al. [71]. The dot-dashed line shows a power-law fit for the mean SFE, 〈 f∗〉(Mdm, z) ∝ M2

dm. The SFE is
nearly independent of redshift apart from an increase in halos with Mdm < 107 M� at z ∼ 8. (b) Same as (a) but showing the star formation
efficiency, f∗, for individual galaxies in the simulation at z = 10.2. Circles, from smaller to the larger, refer to galaxies with gas fractions
fg < 0.1% (blue), 0.1% < fg < 1% (cyan), 1% < fg < 10% (red), and fg > 10% (green), respectively.

(8) Size and Morphology of Stellar Component. Galaxies with
masses Mdm < 108 M� have a low surface brightness and
extended stellar spheroid. At z ∼ 10, the outer edges of
the stellar spheroid nearly reach the virial radius. In more
massive galaxies that cool more efficiently by Lyman-alpha
radiation, the stars and light are more centrally concentrated.
Figure 6 shows the structural properties of the dark matter
and stellar halo in three of the most massive galaxies in our
simulation. These dwarf galaxies have properties similar to
Draco and Umi dSphs. The figure also shows that the velocity
dispersion of the stars in these dwarfs is about a factor of two
smaller than vmax.

3.1.5. Photoevaporation and Reionization Feedback. The
small total mass of the first galaxies has two other impli-
cations. First, the ionizing radiation emitted by massive
stars can blow out most of the gas before SN-driven winds
become important, further reducing star formation rates (see
RGS08). Second, the increase in temperature of the IGM to
10, 000–20, 000 K due to H I reionization prevents the gas
from condensing into newly virialized halos with circular
velocities smaller than 10–20 km s−1 (e.g., [2, 27, 28, 35, 40,
86]). It follows that dwarf galaxies with vmax < 10–20 km s−1

lose most of their gas before reionization and stop accreting
new gas and forming stars after reionization.

The value vmax ∼ 20 km s−1 that we use to define a
fossil is motivated by the fundamental differences in cooling

and feedback processes discussed above that regulate star
formation in the early universe. It is not the critical value
for suppression of gas accretion due to reionization. Indeed,
we discuss in Section 4 that pre-reionization fossils may
have a late phase of gas accretion and star formation well
after reionization, at redshift z < 1-2. Thus, a complete
suppression of star formation after reionization (about
12 Gyr ago) is not the defining property of a fossil dwarf.

4. Late Time Cold Accretion from the IGM

The ability of the IGM gas to condense at the center of dark
halos depends on the ratio, Γ = vvir/cs,igm, of the circular
velocity to the IGM sound speed and also on the dark halo
concentration, c [3]. Typically, the concentration of a halo is
cvir ∼ 4 at the redshift of virialization [87, 88] but, as the halo
evolves in the expanding universe, its concentration increases
∝ (1 + zvir)/(1 + z). The evolution of the halo concentration
with redshift can be understood in the context of the theory
of cosmological secondary infall of dark matter [89] and has
been quantified using N-body simulations [87, 88]. Thus,
primordial halos with vvir < 10–20 km s−1 stop accreting
gas immediately after reionization, but, in virtue of their
increasing concentration and the decreasing temperature of
the IGM at z < 3 (after He II reionization), they may start
accreting gas from the IGM at later times (see [3]). As a
result, we expect that if the fossils of the first galaxies exist in
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Figure 6: The top panels show the surface brightness (black point)
and luminosity density (gray points) radial profiles for 3 galaxies
from among the most massive dwarf galaxies extracted from the
RG05 simulation at z = 8.3. We have evolved the stellar population
passively to z = 0. The simulated galaxies shown in this figure
have a stellar spheroid similar to Draco and Umi already in place
at the time of formation (i.e., the spheroid is not produced by tidal
effects). The bottom panels show the velocity dispersion profiles of
the dark matter (gray points) and of the stars (black points) for
the same 3 galaxies. The velocity dispersion of the stars is split in
the radial and tangential components. All quantities are spherically
averaged because the dark matter and stars have nearly spherical
symmetry.

the Local Group (RG05), they may have a more complex star
formation history than previously envisioned. A signature
of this model is a bimodal star formation history with an
old (∼13 Gyr) and a younger (� 5–10 Gyr, depending on
the halo mass) population of stars. Leo T properties can be
reproduced by this simple model for late gas accretion [3].
In addition, Leo T seems to show a bimodal star formation
history [68] as expected in our model. Still, other models
may also explain the observed star formation history of Leo
T [90].

Perhaps more important is the possible existence of dark
galaxies: small mass halos containing only gas but no stars.
Dark galaxies are most likely to exist if pre-reionization
fossils do not form efficiently due to dominant negative
feedback in the early universe (e.g., H2 photodissociation by
the FUV background).

The late gas accretion from the IGM is shown in Figure 7
for dark halos with circular velocity at virialization vvir =
18, 15, 12, 9 and 6 km s−1 (lines from the top to the bottom).
The lines show the evolution of the gas density in the core
of the halo as a function of redshift. The core radius is
typically 100 pc and the labels show the circular velocity at
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Figure 7: The evolution of the gas density in the core of dark halos
due to cold accretion from the IGM for halos with vvir = 18, 15, 12, 9
and 6 km s−1 (from the top to the bottom), and corresponding to
the circular velocities at the core radius vcir(rcore) = 0.66vvir (shown
by the labels). The curves are assuming isothermal equation of state
of the gas but the dashed portions show the parameter space in
which such assumption fails because the gas cannot cool sufficiently
fast as it is compressed toward the center of the halo.

the core radius (vcir(rcore) ≈ 0.66vvir ≈ 0.624vmax, where
vvir is circular velocities at the virial radius and vmax is the
maximum circular velocity). We show the evolution of the
gas density only for halos that are affected by reionization
feedback. More massive halos will also accrete gas from the
IGM as they evolve in isolation after virialization, but the gas
accretion is continuous and not affected by reionization.

Under the scenario in which halos with masses smaller
than the critical value of 108-109 M� remain dark due to
feedback effects, the increase in their dark matter concentra-
tion and the temperature evolution of the IGM will produce
a late phase of gas accretion at redshift z < 1 − 2. If the gas
has very low metallicity or is metal free, it is unlikely that the
accreted gas will be able to form stars in the smallest mass
halos. This is why we envisioned the possible existence of
dark galaxies. However, their mass would be smaller than the
mass of any luminous galaxy and their discovery would be
challenging.

The level of metal pre-enrichment necessary to initiate
star formation in minihalos that experience a late phase of
gas accretion can be roughly estimated from the cooling
function from hyperfine transitions of oxygen and carbon:
Λ23 ∼ 10−3 (Z/Z�), where Λ23 = 10−23 erg s−1 cm3 and Z is
the gas metallicity. A necessary condition for star formation
is tcool ≈ (0.7 yr) T/(ng,coreΛ−23) < tH, that can be written
as ng,core > 0.03 cm−3(Z/10−2Z�)−1. Figure 8(a) shows ng,core

and NH in minihalos that evolve isothermally at T ∼ 104 K
but that do not form stars (i.e., candidates for extragalactic
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Figure 8: (a) The gas density, ng,core (solid curves), and hydrogen column density, NH = 2rcng,core (dashed curves), within the core, rc, of a
minihalo at redshift z = 0 as a function its circular velocity at rc. The minimum vcir in each curve is determined by the condition trec/tH < 1,
necessary for cooling to Tgas ∼ 104 K. The horizontal lines with arrows show the requirement for cooling to temperatures below 104 K,
necessary for initiate star formation, for gas metallicity Z = 0.1 (lower line) and 0.01 Z� (higher line). (b) Same as (a) but for minihalos
whose gas is able to cool to Tg,core = 5000 K due to metal pre-enrichment (Z = 0.1 Z�). These halos are likely able to sustain a multi-phase
ISM and form stars.

CHVCs and dark galaxies). The horizontal lines show the
requirement for metal cooling and star formation assuming
gas metallicity Z = 0.1 and 0.01 Z�. Figure 8(b) shows ng,core,
NH and Mdyn/Mgas (the dynamical mass to gas mass ratio) in
the core of minihalos that are able to cool to Tg,core = 5000 K
(roughly the temperature of the ISM in Leo T), and thus
form stars. The symbols show the observed value for Leo T.

5. Comparison of Theory and Observations

5.1. Number of Fossils and Nonfossil Satellites in the Milky
Way. N-body simulations can be used to estimate the
number of dark halos in the Milky Way with maximum
circular velocity vmax > 20 km s−1. However, there is a
complication to this naive calculation. A significant fraction
of dark halos that today have vmax < 20 km s−1 were once
more massive, due to tidal stripping [91]. According to our
definition, dwarf galaxies formed in these dark halos would
not be pre-reionization fossils if they had at any time during
their evolution vmax(t) > 20 km s−1 (see Section 3.1.5). If
the number of observed Milky Way satellites exceeds the
estimated number of these massive halos we must conclude
that at least a fraction of the observed Milky Way satellites are
pre-reionization fossils.

However, there is an assumption in this scenario. One
must assume that the stars in these halos survive tidal
stripping for as long as the dark matter. In this case tidally
stripped halos may indeed account for a fraction or all of
the newly discovered ultrafaint dwarfs. However, Peñarrubia

et al. [60] find that tidally stripped dark halos lose their
stars more rapidly than they lose their dark matter. Thus,
they may become dark halos even though they were initially
luminous satellites. These dark halos should not be counted
as ultrafaint dwarfs.

Using results of published N-body simulations of the
Milky Way, Bovill and Ricotti [51] have estimated the
number of dark halos that have or had in the past vmax(t) >
20 km s−1 (i.e., non pre-reionization fossils). In Table 1 we
summarize the results of the counts for dark matter and
luminous satellites for two large N-body simulations of a
Milky Way type halo: the “Aquarius” simulation [92] and the
Via Lactea I simulation [93].

The number of luminous satellites that exist within
the Milky Way is highly uncertain beyond a distance from
the Galactic center of 200 kpc. Tollerud et al. [25], after
applying incompleteness corrections, estimated 304–576
satellites within 417 kpc and about 176–330 within 200 kpc
(the numbers are from their Table 3). As shown in Table 1,
the existence of some pre-reionization fossils among the
ultrafaint dwarfs appears to be favored by the data. However,
the current uncertainties on the completeness corrections of
observations and on the simulations are too large to deem
the existence of fossils as necessary.

The error bars on the theoretical estimate of the number
of fossils in the Milky Way shown in Table 1 come from
uncertainties in the fraction of halos that were more massive
in the past. This fraction was derived from simulations
by [91]. Another uncertainty in the simulation results can
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Table 1: Number of observed satellites versus number of dark halos with vmax(t) > 20 km s−1 (i.e., non pre-reionization fossils) for the Milky
Way.

Distance from center Luminous dwarfs
Dark halos with vmax(t) > 20 km s−1 via

Lactea I sim. Aquarius sim.

Today Any time Today Any time

<200 kpc 176 to 330 14 36± 8 34 91± 20

<417 kpc 304 to 576 28 73± 16 69 182± 40

be attributed to the different predictions for the number
of Milky Way satellites in the Via Lactea I and II and
Aquarius simulations. The discrepancy can be partially
attributed to different cosmology in the simulations but
mostly because the Via Lactea I simulation likely used
erroneous initial conditions. Finally, Tollerud et al. [25]
corrections on the number of observed satellites also rely
on the radial distribution of dark matter sub halos extracted
from Via Lactea I simulations that may be erroneous. Once
the discrepancies among different simulations are better
understood the number of simulated satellites of the Milky
Way may be known with greater certainty.

Using comparisons between the predicted and observed
Galactocentric distributions of dwarf satellites around the
Milky Way, Gnedin and Kravtsov [94], hereafter GK06, have
estimated that pre-reionization fossils may constitute about
1/3 of Milky Way dwarfs. GK06 estimated the number of
fossils in the Milky Way using data from the simulations
of the first galaxies in RG05. GK06 defined a fossil as a
simulated halo which survives at z = 0 and remains below
the critical circular velocity of 20 km s−1 with no appreciable
tidal stripping (the usual definition of fossil adopted in this
paper as well). They calculate the probability, PS(vmax, r), of
a luminous halo with a given maximum circular velocity
vmax to survive from z = 8 (the final redshift of the RG05
simulation) to z = 0. The surviving halos are assigned a
luminosity based on the LV versus vmax relationship from
RG05. At z = 0, GK06 has a population of dwarf galaxies with
a resolution limit of vmax = 13 km s−1. This limit corresponds
to a lower luminosity limit of LV ∼ 105 L�, which includes
Leo T and Canes Venatici I, but excludes all the other new
ultrafaint Milky Way satellites.

In Figure 9, we show the cumulative luminosity function
from GK06 for the Milky Way and M31 satellites. Figure 9(c)
shows satellites with distance from their host d < 100 kpc,
Figure 9(b) d < 300 kpc, and Figure 9(a) d < 1 Mpc.
The gray lines show the GK06 predictions, and the shaded
region encompasses the error bars. The resolution limits in
GK06 cause halos with vmax < 17 km s−1 to be preferentially
destroyed by tidal effects. The dashed line show the predicted
luminosity function corrected for the resolution effects. Both
the uncorrected (solid lines) and corrected (dashed lines)
luminosity functions are plotted in Figure 9(c). The points
with error bars show the observed luminosity function of
dSph galaxies around the Milky Way and M31 corrected only
for limits in sky coverage of the SDSS survey. The plot is from
GK06 but has been updated to include the new ultrafaint
dwarfs with LV � 105 L�.

The results of this model are consistent with the observa-
tions. The model reproduces the Galactocentric distribution
of the most luminous dSphs, even though in this model
dSphs are not tidally stripped dIrrs. It also shows a good
agreement with observations for luminosities that can be
considered nearly complete within a given Galactocentric
distance.

5.2. Statistical Properties of Pre-Reionization Fossils. In this
section, we compare the properties of the new dwarf galaxies
discovered in the Local Group to the theoretical predictions
of simulations of primordial galaxies formed before reion-
ization. The argument that justifies this comparison is that
star formation stops or is greatly reduced after reionization
(but see Section 4). We do not expect two perfectly distinct
populations of fossil galaxies with vmax < 20 km s−1 and
nonfossils with vmax ≥ 20 km s−1, but a gradual transition
of properties from one population to the other. Some fossils
may become more massive than vmax ∼ 20 km s−1 after
reionization, accrete some gas from the IGM, and form
a younger stellar population. These dwarfs are no longer
defined as “fossils”. However, if the dark halo circular velocity
remains close to 20 km s−1 the young stellar population is
likely to be small with respect to the old one. In RG05
we call these galaxies “polluted fossils” because they have
the same basic properties of “fossils” with a sub-dominant
young stellar population. A similar argument can be made
regarding the late phase of gas accretion that may produce
objects similar to Leo T.

In Figures 10 and 11, we compare the RG05 predic-
tions for the fossils of primordial galaxies to the observed
properties of the new Milky Way and M31 dwarfs. The
symbols and lines in Figures 10 and 11 have the following
meanings. All known Milky Way dSphs are shown by
circles; Andromeda’s dSphs satellites are shown by triangles;
simulated fossils are shown by the small solid squares.
The solid and open symbols refer to previously known
and new dSphs, respectively. The transition between fossils
and nonfossil galaxies is gradual. In order to illustrate the
different statistical trends of “nonfossil” galaxies we show
dwarf irregulars (dIrr) as asterisks and the dwarf ellipticals
(dEs) as crosses, and we show the statistical trends for more
luminous galaxies as thick dashed lines on the right side of
each panel.

Figure 10(a) shows how the surface brightness (top
panel) and half light radius (bottom panel) of all known
Milky Way and Andromeda satellites as a function of V-band
luminosity compares to the simulated fossils. The surface
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Figure 9: Luminosity function of pre-reionization fossil dwarfs predicted in GK06 (red bands) plotted with the luminosity function for
Local Group dSphs (points with error bars). The data from observations are corrected only for limits in sky coverage of the SDSS survey.

brightness limit of the SDSS is shown by the thin solid lines
in both panels of the figure. The new dwarfs agree with
the predictions up to this threshold, suggesting the possible
existence of an undetected population of dwarfs with ΣV

below the SDSS sensitivity limit. The new M31 satellites
have properties similar to their previously known Milky Way
counterparts (e.g., Ursa Minor and Draco). Given the similar
host masses and environments, further assuming similar
formation histories for the halos of M31 and the Milky
Way, we may be tempted to speculate on the existence of an
undiscovered population of dwarfs orbiting M31 equivalent
to the new SDSS dwarfs.

The large mass outflows due to photo-heating by massive
stars and the subsequent suppression of star formation
after an initial burst make reionization fossils among the
most dark matter dominated objects in the universe, with
predicted mass-to-light ratios as high as 104 and LV ∼
103–104 L�. Figure 10(b) shows the velocity dispersion (bot-
tom panel) and mass-to-light ratios, Mσ/LV (top panel), as
a function of V-band luminosity of the new and old dwarfs
from observations in comparison to simulated fossils. The
symbols are the same as in the previous figures. Theoretical
and observed dynamical masses are calculated from the

velocity dispersions of stars (i.e., Mσ = 2r1/2σ2/G), and do
not necessarily reflect the total mass of the dark halo at
virialization.

Observations show that the value of the dynamical mass
within the stellar spheroid, M ∼ (1 ± 5) × 107 M�, remains
relatively constant as a function of LV [58]. Recent work by
Strigari et al. [97] shows analogous results to the one found
by Mateo [58]. The dynamical mass of dwarf spheroidals
within a radius of 300 pc is relatively constant: M ∼ 107 M�.
The radii of the stellar spheroids in these dwarf galaxies may
be either larger or smaller than 300 pc. In the later case, the
determination of the mass of the dwarfs is uncertain.

Our simulation provides some insight into the reason
why the dynamical mass remains roughly constant in dSphs.
The simulations show that in pre-reionization dwarfs, the
ratio of the radius of the stellar spheroid to the virial
radius of the dark halo decreases with increasing dark halo
mass (i.e., the stellar profile becomes more concentrated for
more luminous dwarfs). Thus, as the halo mass and virial
radius increases, the stellar spheroid becomes increasingly
concentrated in the deepest part of the potential well. If
follows that the ratio, fσ ≡ Mσ/Mdm, of the dynamical mass
within the largest stellar orbits to total dark matter mass is
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Figure 10: (a) Surface brightness and core radius versus. V-band luminosities. Small filled squares are simulated pre-reionization fossils from
RG05, asterisks are dIrrs, crosses are dEs, closed circles are the previously known dSph around the Milky Way, closed triangles are previously
known dSph around M31, and open circles and triangles are new dSph around the Milky Way and M31 respectively. The solid lines roughly
show the detection limits inherent to the methods used to find the ultrafaints in the SDSS data [24] and the dashed lines show the scaling
relationships for more luminous Sc-Im galaxies (108L� � LB � 1011L�) derived by Kormendy and Freeman [95]. (b) Mass-to-light ratio
and velocity dispersion of a subset of the new dwarfs [23, 96] versus V-band luminosity. The symbols and lines are as in (a).

also reduced. Thus, the decrease of fσ for increasing dark
matter mass of halos maintains the value of the dynamical
mass Mσ = fσMdm (measured by the velocity dispersion of
the stars) almost constant, even though the total mass of
the halo increases. The extent of the stellar spheroids in the
lowest mass dwarfs is comparable in size to their virial radii
at formation (see Section 3.1).

The metallicity-luminosity relation of the observed and
simulated dwarfs is shown in Figure 11(a). [Fe/H] is plotted
against V-band luminosity in solar units. Symbols for the
previously known dwarfs, the new, ultrafaint dwarfs, and
simulated fossils are the same as in Figure 10. In this plot we
color code simulated fossils according to their star formation
efficiency, f∗. Red symbols show simulated dwarfs with f∗ <
0.003, blue 0.003 ≤ f∗ ≤ 0.03 and green f∗ > 0.03.

Using the data for the metallicity collected in Bovill and
Ricotti [51], the new ultrafaint dwarfs do not appear to
follow the tight luminosity-metallicity relationship observed
in more luminous galaxies (although error bars are large).
Note that here, as well as in Bovill and Ricotti [51] (although
Table 3 in that paper was erroneously not updated), we
have plotted data from Kirby et al. [98] for the 6 ultrafaint
Milky Way satellites provided in that paper. There are several

physical mechanisms that may produce the observed scatter
in metallicities of dwarfs at a given constant luminosity.
The large spread of star formation efficiencies producing a
dwarf of a given luminosity in our simulations is responsible
for at least part of the large spread of the luminosity-
metallicity relation. At this point it is unclear whether our
simulations can reproduce the scatter of metallicities of
simulated fossils, or if perhaps the luminosity of the lowest
luminosity ultrafaint dwarfs has been reduced due to tidal
interactions. As mentioned before we have suggested that
the lowest luminosity ultrafaint dwarfs have not yet been
discovered because their surface brightness lies below the
SDSS detection limits.

Figure 11(b) shows the scatter of the metallicity of the
stars, σ[Fe/H], plotted against V-band luminosity and [Fe/H]
respectively. The various point types and colors are the same
used in Figure 11(a). The large spread in the metallicity
of the stars is a natural consequence of the hierarchical
assembly of dwarf galaxies in cosmological simulations. It
is not necessarily an indication that star formation in dwarf
satellites was protracted for longer than 1 Gyr, as argued in
Grebel and Gallagher III [99] to prove that star formation in
dwarf spheroidals is not stopped by reionization feedback.
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Figure 11: (a) Mean metallicity of the stars versus. V-band luminosity for Local Group dSphs plotted against RG05 predictions. They
symbols have the same meaning as in Figure 8. In this plot simulated fossils (shown as small squares) are color coded according to their star
formation efficiency, f∗: red symbols show simulated dwarfs with f∗ < 0.003, blue 0.003 ≤ f∗ ≤ 0.03 and green f∗ > 0.03. (b) Same as (a)
but showing the spread of the stellar metallicities in each dwarf (i.e., variance of the metallicity distribution) versus. their V-band luminosity.

6. Discussion: The Tidal Scenario versus
Fossil Hypothesis

According to the results summarized above in Table 1, the
number of dark matter satellites of the Milky Way that have
or had in the past vmax > 20 km s−1 is smaller than the
number of observed luminous satellites (after applying com-
pleteness corrections). This implies that nonfossil galaxies
cannot account for all the observed satellites. Thus, pre-
reionization fossils should exist.

However, we have already discussed the several uncer-
tainties in estimating the numbers summarized in Table 1.
Additional uncertainties that render the identification of
fossils uncertain are the following. The mass and circular
velocity of the dark matter halo of the Milky Way are not
known precisely. Simulations should take into account the
effect of baryons in modifying the density profile and the
radial distribution of satellites. The effect of tidal stripping
on the properties of the stars in the satellites is not well
understood, thus we do not know if the tidal scenario
is consistent with observations of ultrafaint dwarfs. The
luminosity and stellar properties of nonfossil dwarf satellites
are not known.

Nonfossil galaxies with vmax > 20 km s−1 may lose a
substantial fraction of their mass due to tidal interactions. If
they survive the interaction, their properties, such as surface
brightness and half light radius, may be modified. Kravtsov
et al. [91] estimate that about 10% of Milky Way dark
matter satellites were at least ten times more massive at their
formation than they are today. Although their simulation

does not include stars, they favor the idea that the stellar
properties of these halos would remain unchanged (i.e.,
dSphs are not tidally stripped dIrr). In their model the
majority of brighter dwarf satellites have been considerably
more massive in the past and could have formed their stars
undisturbed after reionization. More precisely, the redshift
of reionization does not affect the results of their model for
classic dwarfs because the probability of these to be fossils is
low.

This version of the tidal model may be hard to distinguish
observationally from the model we propose for the fossils
because in both models the properties of the dwarfs are not
modified by tidal forces (i.e., their properties are those at
formation). In addition, fossil dwarfs may stop forming stars
for only about 2 to 4 Gyr after reionization, before starting
to accrete gas again from the IGM. Thus, reionization may
imprint a bimodal star formation history in some fossils,
but this signature is not a robust discriminant because the
star formation history of dwarfs cannot be determined with
sufficient accuracy.

Observations seem to suggest that star formation in
dwarf galaxies slightly more massive than 108-109 M� may be
similar to star formation in fossils and thus fit the observed
properties of classical dSphs without requiring significant
tidal stripping of stars. If star formation was included in
Kravtsov et al. [91], their model may have reproduced the
properties of observed dwarf satellites that our simulations of
pre-reionization dwarf galaxies already does. The differences
between the two models will depend on whether fossil
galaxies are allowed to form and on their properties.



Advances in Astronomy 17

In other words, the two models may differ on the assumed
mass of the smallest dark halo that can host luminous
satellites. This critical mass cannot be directly observed
in dwarf galaxies but, in principle, can be constrained by
comparing the observed number of luminous satellites to
the model predictions. Determining the minimum mass for
a dark halo to become luminous is of great importance in
understanding galaxy formation in the early universe.

To summarize, there are a few observational tests that can
be used to distinguish true fossils from dSphs or dEs that
form in more massive halos and form stars unaffected by
IGM reionization. True fossils should have either a single old
stellar population or have a bimodal star formation history
produced by a temporary suppression of star formation after
reionization and late gas accretion. In addition, if the number
of observed Milky Way satellites (or the number of isolated
dwarfs) exceeds some critical value determined using N-body
simulations (e.g., see Table 1), we may conclude that some
pre-reionization fossils do exist in the Local Group.

It is likely that these tests will prove inconclusive for
some time to come, unless the number (after corrections
for completeness) of new ultrafaint galaxies surges in the
coming years. The weakness of the star formation history test
is that it requires measurements with precision of 1-2 Gyr of
the stellar populations in order to be really discriminating
between models that are quite similar to each other. This
is hard to achieve especially for ultrafaint dwarfs with few
stars. If the number of ultrafaint dwarfs remains about
the same as today, the number argument may also remain
controversial until more detailed theoretical modeling can
reduce the current uncertainties surrounding the expected
number of dark halos in the Milky Way and the completeness
corrections of the observations. Ultimately, the case for the
origin of ultrafaint dwarfs must be made on the basis of
the model that does the best job of reproducing available
observations.

Finally, even if pre-reionization fossils do not exist (i.e.,
halos with vmax < 20 km s−1 are all dark), a fraction of
them should be able to accrete some gas at redshift z <
1 − 2 and might be discoverable in the outer parts of the
Local Group using Hα or 21 cm surveys (e.g., ALFALFA
survey [100, 101]). Of course, one should prove that the gas
clouds are embedded in dark halos. Measurements of the
gas cloud size, column density, and velocity broadening of
the emission/absorption lines can be used to discriminate
between “dark galaxies” and tidal debris. This is because
the gas in dark galaxies is confined by the gravitational
potential of the dark matter halo, while tidal debris or clouds
formed via thermal instability are confined by the external
gas pressure [3]. This is another promising direction for
determining the minimum mass of luminous galaxies in the
universe.

Another variant of the tidal hypothesis for the origin of
dSphs is a scenario in which dIrr galaxies transform into
dSphs as they fall into the Milky Way and Andromeda,
due to tidal and ram pressure stripping [59, 102]. A work
by Peñarrubia et al. [60] explores the idea that ultrafaint
dSphs are tidally stripped dIrrs. They achieve some success in
reproducing observed properties of ultrafaint dwarfs. While

this type of tidal stripping can reproduce properties of an
individual galaxy, it is unable to completely reproduce all the
trends in the ultrafaint population. This is primarily seen
in the kinematics of the ultrafaint dwarfs. Tidal stripping
predicts a steeper than observed drop in the velocity
dispersion of the stars with decreasing LV [60]. In addition
several dSph do not show signs of strong tidal stripping. And
XII and And XIV may be on their first approach to the Local
Group [22, 103]. Other examples of dSphs that are found
distant from the center of their host galaxies are And XVIII,
Cetus and Tucana [104].

Finally, another interesting case study is Leo T, that we
have discussed extensively above in Sections 2.2 and 4. Leo
T properties can be explained in some detail as being a fossil
that experienced a late phase of gas accretion [3]. However,
another possibility that should be explored quantitatively
with simulations is that Leo T is more massive than a fossil
but less massive than dIrr galaxies.

7. Conclusions and Future Work

We have summarized our work on the formation of the first
galaxies before reionization (i.e., pre-reionization dwarfs)
and the quest to identify the fossils of these first galaxies
in the Local Group. The definition of a pre-reionization
fossil is not directly related to the suppression of star
formation experienced by these galaxies due to reionization
feedback. Indeed, we discussed how pre-reionization fossils
may experience a late phase of gas accretion and possibly
star formation at redshift z < 1 − 2. Most importantly,
fossils are a population of dwarf galaxies whose formation
(i.e., the fraction of halos that are luminous) is self-regulated
on cosmological distance scales by radiative processes. Their
existence is not certain due to a possible strong negative
feedback that may prevent the majority of these halos
from ever forming stars. In addition, if negative feedback
heavily suppresses the number and luminosity of these first
galaxies, more massive halos with vmax > 20 km s−1 will
evolve differently because of the lower level of metal pre-
enrichment of the IGM. To summarize, the critical circular
velocity vmax ∼ 20 km s−1 that we adopt to define a fossil is
primarily motivated by fundamental differences in cooling
and feedback processes that regulate star formation in these
halos in the early universe. However, it is also close to
the critical value for continued gas accretion after IGM
reionization [2, 40, 86].

The number of Milky Way and M31 satellites provides
an indirect test of galaxy formation and the importance of
positive and negative feedback in the early universe. This
test, although the uncertainties are large, supports the idea
that a fraction of the new ultrafaint dwarfs are fossils. The
good agreement of the SDSS and new M31 ultrafaint dwarf
properties with predictions of our simulations (RG05, GK06,
[51]) does not prove the primordial origin of the new
ultrafaint dwarfs, but it supports this possibility.

More theoretical work and more observational data are
needed to prove that some dwarfs in the Local Group are
true fossils of the first galaxies. Future theoretical work
should focus on improving the accuracy of predictions on
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the properties of dwarf galaxies formed before reionization
and their evolution to the present day. Modeling the evolu-
tion of the baryonic component after reionization in dwarf
satellites and in the Milky Way—Andromeda system may be
necessary to make robust predictions. More observational
data will certainly be available in the near future. A large
number of surveys, both at optical and radio wavelengths
will be online in the near future (e.g., Pan-STARRS, LSST,
ALMA, EVLA, JWST, SKA to mention a few). Different
survey strategies may be used to find and characterize fossil
dwarf galaxies. A deep pencil beam survey would be useful
to find the faintest dwarf satellites of the Milky Way and
determine more precisely their Galactocentric distribution. A
willower all sky survey could be used to quantify the degree of
anisotropy in the distribution of satellites around the Milky
Way.

The star formation history of the dwarf galaxies is not
strongly discriminatory because fossil galaxies may have
a late phase of gas accretion and star formation during
the last 9-10 Gyrs [3]. The distinction between fossils and
nonfossil galaxies may be quite elusive but it is nevertheless
important to understand galaxy formation and feedback in
the early universe. Arguments based on counting the number
of dwarfs in the Local universe are among the more solid
arguments that could be used to prove the existence of fossil
galaxies (see Table 1).

Future tests may be provided by deep surveys looking for
ultrafaint galaxies in the local voids or looking for gas in dark
galaxies (i.e., dark halos that have been able to accrete gas
from the IGM at z < 1 − 2). Ultra-faint dwarfs should be
present in the voids if dwarf galaxies formed in large numbers
before reionization (Bovill & Ricotti, in preparation). If pre-
reionization dwarfs never formed due to dominant negative
feedback in the early universe, it is possible that a faint (in
Hα and 21 cm emission) population of dark galaxies exists
in the outer parts of the Local Group. Hence, another way
to detect fossil galaxies in the outer parts of the Milky Way
or outside the super-galactic plane would be to search for
neutral or ionized gas that they may have accreted from
the IGM. Future radio telescopes (e.g., ALMA, EVLA, SKA)
may be able to detect neutral hydrogen in dark galaxies or
in ultrafaint dwarfs. Ionized gas in the outer parts of dark
halos may be observed in absorption along the line of sight
of distant quasars (e.g., in O VI or O IV with COS on the
HST). However, the probability that a line of sight toward a
quasar intersects the ionized gas collected from the IGM by
dark or fossil galaxies might be small. Additional theoretical
work is required to address these issues.
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“The fourth data release of the sloan digital sky survey,” The
Astrophysical Journal, Supplement Series, vol. 162, no. 1, pp.
38–48, 2006.

[64] J. K. Adelman-McCarthy, M. A. Agüeros, S. S. Allam, et al.,
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Galaxy surveys have shown that luminous galaxies are mainly distributed in large filaments and galaxy clusters. The remaining large
volumes are virtually devoid of luminous galaxies. This is in concordance with the formation of the large-scale structure in the
universe as derived from cosmological simulations. However, the numerical results indicate that cosmological voids are abundantly
populated with dark matter haloes which may in principle host dwarf galaxies. Observational efforts have in contrast revealed
that voids are apparently devoid of dwarf galaxies. We investigate the formation of dwarf galaxies in voids by hydrodynamical
cosmological simulations. Due to the cosmic ultraviolet background radiation low-mass haloes show generally a reduced baryon
fraction. We determine the characteristic mass below which dwarf galaxies are baryon deficient. We show that the circular velocity
below which the accretion of baryons is suppressed is approximately 40 kms−1. The suppressed baryon accretion is caused by the
photo-heating due to the UV background. We set up a spherical halo model and show that the effective equation of the state of the
gas in the periphery of dwarf galaxies determines the characteristic mass. This implies that any process which heats the gas around
dwarf galaxies increases the characteristic mass and thus reduces the number of observable dwarf galaxies.

1. Introduction: Formation of
Structure in the Universe

During the last couple of decades new extensive observa-
tions of the universe were made using both ground-based
telescopes and space instruments. These measurements have
provided new insights into the structure of the universe on
various scales. A wide range of the electromagnetic spectrum
emitted by cosmic objects has been studied. The wavelengths
extend from very long radio wavelengths to energetic gamma
rays. This observational progress has been accompanied
by considerable effort in our theoretical understanding of
the formation of different components of the observed
structure of the Universe from small scales (galaxies and their
satellites) up to the largest scales (clusters of galaxies and
superclusters).

The standard picture of structure formation was sug-
gested by White and Rees [1] more than 30 years ago. It
suggests that gravitational instability drives the dark matter
(DM) to cluster hierarchically in a bottom-up fashion. The
gaseous baryons settle into the DM haloes (namely, bound

virial DM structures) and via gas-dynamical dissipative
processes cool, fragment, and form stars. This simple picture
prevails today although our knowledge of the details and
of the actual processes has evolved dramatically since then.
The nonlinear nature of the gravitational dynamics and the
gas-astrophysical processes makes the problem of structure
formation virtually intractable analytically, and therefore the
fiecp..ld relies on numerical simulations. A substantial part
of the progress in understanding structure formation of
the universe is due to the increasing possibilities to make
numerical experiments using the largest massive parallel
supercomputers. In the eighties the best simulations handled
323 particles, whereas at present 10243 particles became a
standard for numerical simulations, a increase of 215 roughly
in agreement with Moore’s law.

The effort of observers and theorists brought about the
so called standard cosmological model. This model is based
on the idea that some kind of dark energy contributes
about 70% of the total energy density of the spatially
flat universe in which the total energy density equals the
critical one. The dark energy is responsible for the observed
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accelerated expansion of the universe. The simplest form
of the dark energy is the cosmological constant, which
was introduced already in 1917 by Albert Einstein in his
paper about the cosmological solutions of the field equations
of general relativity. The remaining about 30% of energy
density consists of matter. About 85% of this matter is made
of unknown dark matter particles, the remaining 15% is the
contribution of “normal” baryonic particles well known to
particle physicists. This means that the nature of more than
95% of the matter in the universe is not yet understood.

According to this standard cosmological model, the
main process responsible for the formation of the observed
structures is gravitational instability. The initial seeds, which
eventually became galaxies and superclusters and all other
structures, came from the quantum fluctuations generated
during the early inflationary phase: ∼10−35 sec or so from
the beginning of the Big Bang. The power spectrum of these
primordial fluctuations has been confirmed by measuring
the temperature fluctuations of the cosmic microwave back-
ground radiation. These temperature fluctuations tell us the
magnitude of the small fluctuations in the universe about
300 000 years after the Big Bang.

One of the key features of the standard model is its
simplicity. The expansion rate and the clustering properties
are described by only few parameters which are measured
at present with quite high accuracy. These parameters
are the current rate of universal expansion, H0 = h ×
100 km s−1 Mpc−1, the mass density parameter, Ωmat, the
value of the cosmological constant, ΩΛ, the primordial
baryon abundance, Ωb, and the overall normalisation of
the power spectrum of initial density fluctuations, typically
characterised by σ8, the present-day r.m.s. mass fluctuations
on spheres of radius 8 h−1 Mpc.

The initial power spectrum (created during the inflation-
ary phase) does not contain preferred length scales. However,
the horizon size at matter-radiation equality is mapped
on this scale-free spectrum. Since this scale (today around
100 Mpc) is well above the typical scales of observed objects,
structure formation is predicted to be essentially scale invari-
ant: in a statistical sense the structures on scales of galaxy
clusters are repeated on scales of galaxies. Typically, small
objects merge together and form more and more massive
objects. However, the small objects do not disappear within
those larger objects but rather form a complex hierarchy of
substructures. This hierarchical scenario predicts that our
Milky Way galaxy is expected to have as many satellites (many
hundreds) as a cluster of galaxies has galaxies. However, only
a few dozen satellite of the Milky Way have been observed
yet: this is the well-known missing satellite problem [2, 3].
Other manifestations of the scale-free power spectrum are
the predicted large number of dwarfs in low density regions
of the universe [4, 5] or the predicted spectrum of mini-voids
in the Local Universe [6].

A better understanding of the physics of structure forma-
tion on small scales, in particular of the correct modelling of
baryonic physics, could solve these problems [7]. Based on
semianalytical models recently Macciò et al. [8] (see also [9])
claimed that the long standing problem of missing satellites
can be solved within the ΛCDM scenario. The basic idea

behind this solution of the problem is that the haloes which
host a galaxy of a given measured rotational velocity are more
massive than expected by the direct association of rotational
velocity and the haloes maximum circular velocity. Since
more massive haloes are less frequent, the problem of missing
satellites is solved. However, any nonbaryonic physics that
reduces power on small scales compared to the standard
model will also improve the situation. It is well known that
warm dark matter acts in this direction by erasing power at
short scales due to free streaming [10, 11].

Altogether, we arrive at a picture in which dark matter
particles form the backbone structure for all objects in the
universe from clusters of galaxies to dwarf galaxies. Normal
matter (baryons) falls into the potential wells formed by
the dark matter particles and forms the luminous objects.
The details of this formation process must be followed using
hydrodynamical simulations. Galaxy formation depends on
many physical processes, some of which are very poorly
understood, and some of which take place on subgrid scales
and therefore cannot be modelled fully and consistently
and need to be fudged numerically by ad hoc recipes.
For example, the formation of stars and the feedback of
stars on the intergalactic medium take place on scales
orders of magnitudes below the present day resolution. In
cosmological simulations of galaxy formation typical masses
of “stellar particles” are 104 h−1 M� or more. Thus such a
particle represents the formation and evolution of a large
number of real stars.

The paper is organised as follows. In Section 2 we
introduce briefly the method of cosmological simulations
and discuss observational facts about voids and how they are
defined in simulations. In Section 3 we present the baryon
fraction in low mass dark matter haloes and introduce the
characteristic mass. In Section 4 we introduce a spherical
model for the halo gas and discuss the relation between
photo-heating of the halo gas and gas accretion. Our findings
are summarised in Section 5.

2. Cosmological Simulations

The cosmic microwave background (CMB) originates from
the recombination of the hydrogen in the universe at
redshift about 1000. Primordial small density fluctuations
are imprinted on the spectrum of the CMB temperature
fluctuations which is closely related to the initial power
spectrum of density fluctuations. The observed unique
features of CMB temperature fluctuations constrain the
cosmological parameters as well as the normalisation of
the power spectrum of density fluctuations. The most
recent results of the WMAP experiment combined with the
measurements of the baryonic oscillations and supernova
data [12] yield a Hubble parameter h = 7.01, the den-
sity of dark matter ΩDM = 0.228, the baryonic density
Ωbar = 0.046, the cosmological constant ΩΛ = 0.726,
the normalisation of the power spectrum σ8 = 0.82, and
its slope n = 0.96. These parameters fix the cosmological
model and also the power spectrum of the initial pertur-
bations. Starting with the initial conditions the simulations
follow the growth of the perturbation in a universe that
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expands according to the chosen cosmological parameters.
In this expanding universe the gravitational interaction is
Newtonian.

2.1. Initial Conditions. The first step of running cosmological
simulations is to set up the initial conditions, namely,
amplitudes and phases of small perturbations at a very
high redshift. Having in mind that the largest structures in
the universe—superclusters and voids—have sizes of 10 to
50 Mpc, the simulated volume should be significantly larger.
However, we may be interested in the structure of a much
smaller object such as our Milky Way galaxy or its satellites.
In N-body simulations each mass element is represented by a
point-like particle. The mass resolution is limited by the total
number of particles computers can handle at a given time.
Thus, increasing the representative cosmological volume
decreases the mass resolution. To overcome this problem
mass refinement techniques have been developed. Here we
follow the algorithm proposed in [13]. To construct suitable
initial conditions, we first create a random realisation at the
highest possible resolution. This depends on the available
computers; at present we reach 40963 particles. The initial
displacements and velocities of N particles are calculated
using all waves ranging from the fundamental mode k =
2π/Lbox to the Nyquist frequency kNy = 2π/Lbox × N1/3/2.
Then the resolution can be decreased by replacing 8i (i =
1, 5) neighbouring particles by one particle with 8i higher
mass which results in a distribution of 20483, 10243, 5123,
2563, or 1283 particles. Using a smaller number of more
massive particles we first run low-resolution simulations
until the present epoch. In this simulation we select the
regions of interest. Then we repeat the simulation but this
time we preserve low mass particles inside the region of
interest. Outside of this region we progressively replace small
particles by massive ones creating shells of more and more
massive particles until we reach the low resolution region of
1283 particles. This procedure ensures that our object evolves
in the proper cosmological environment and with the right
gravitational tidal fields.

Based on the power spectrum of density fluctuations
we set up the initial conditions of our simulation at an
early redshift which depends on the size of the box and the
required resolution. To move the particles from the original
Lagrangian point on a regular grid to their Eulerian position
we use the Zeldovich approximation. The power spectrum of
the generated Gaussian stochastic density field corresponds
to the input power spectrum. The random nature of the
realisation manifests itself on scales comparable to the box
size where the spectrum is sampled only by a few modes.
By this procedure the cosmological parameters and the
normalisation of the density power spectrum fully determine
the initial conditions of the cosmological simulations, except
of a random number which characterises the starting point of
the random number generator. Thus, on scales comparable
to the box size cosmic variance enters through this number
which characterises a given simulation. On smaller scales—
typically a quarter of the box size—the realisation follows
very closely the input power spectrum. Starting from the
initial matter distribution we simulate the formation of

cosmological structures. More precisely, we integrate the
Poisson equation by the help of particle methods (Gadget
and ART).

2.2. The Simulation Method. Our hydrodynamical simu-
lations have been run with an updated version of the
parallel Tree-SPH code Gadget [14, 15]. The dark and
baryonic matter distributions are represented by particles.
The gravitational forces are computed by a new algo-
rithm based on the Tree-PM method which speeds up the
force computation significantly compared with a pure tree
algorithm. The hydrodynamical equations are solved by a
Smoothed-Particle Hydrodynamics (SPH) method. The code
uses an entropy-conserving formulation of SPH [14] which
alleviates problems due to numerical over-cooling.

The code also includes photo-ionisation and radiative
cooling processes for an optically thin primordial mix of
helium and hydrogen. For computing the thermal evolution
it uses ionisation, recombination and cooling rates as given in
[16]. Since we will set up later in this paper an analytic model
for the evolution of the intergalactic medium (IGM) we give
here in detail the processes which affect the temperature, T ,
of the IGM. It primarily changes due to photo-heating, H ,
and radiative cooling, Γ. Moreover, it decreases due to the
adiabatic Hubble expansion, dT ∝ Hdt, where H is the
time-dependent Hubble constant. Cosmological structure
formation changes the temperature adiabatically, dT ∝ dρ.
Finally, changes of the chemical composition also affect the
temperature, dT ∝ dΣiXi, where Xi denotes the abundance
of the atomic species i with respect to the cosmic baryon
density, Xi = ni/nb. In summary, the temperature evolution
is given by

dT = 2
3

(H − Γ) dt
kBnbΣiXi

− 2HTdt

+
2
3
TdΔ
Δ

− Td(ΣiXi)
ΣiXi

,

(1)

where Δ denotes the overdensity, Δ = ρ/〈ρ〉. We take the
atomic hydrogen and helium species, {HI, HII, HeI, HeII,
HeIII}, into account. We assume a constant, primordial
helium mass fraction of Yp = 0.24.

The physics of star formation is treated in the code
by means of a sub-resolution model in which the gas of
the interstellar medium (ISM) is described as a multiphase
medium of hot and cold gas [17, 18]. Cold gas clouds are
generated due to cooling and they are the material out of
which stars can be formed in regions that are sufficiently
dense. Supernova feedback heats the hot phase of the ISM
and evaporates cold clouds, thereby establishing a self-
regulation cycle for star formation. The heat input due
to the supernovae also leads to a net pressurisation of
the ISM, such that its effective equation of state becomes
stiffer than isothermal. This stabilises the dense star forming
gas in galaxies against further gravitational collapse, and
allows converged numerical results for star formation even at
moderate resolution. See [17] for a more detailed description
of the star formation model implemented in the Gadget code.
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2.3. Dark Matter Haloes. During the cosmological evolution
dark matter haloes are formed which accrete more and
more matter or merge with other ones. Within a simulation
with one billion particles it is a challenge to find structures
and substructures. To find structures at virial over-density
one can use a friends-of-friends algorithm with a certain
linking length (0.17 of the mean inter-particle distance for
the ΛCDM model at redshift zero). The resulting particle
clusters are in general tri-axial objects. Substructures can
be identified as particle clusters at smaller linking lengths
(higher over-densities). The more different linking lengths
are used the better substructures will be resolved. Thus a
whole hierarchy of friends-of-friends clusters have to be cal-
culated. To this end we have developed a hierarchical friends-
of-friends algorithm which is based on the calculation of the
minimum spanning tree of the given particle distribution.
We use also the bound-density-maxima (BDM) algorithm
[19] which determines spherical haloes and their subhaloes.
The code removes unbound particles which is particularly
important for subhaloes.

At all redshifts the sample of haloes is characterised by
the mass function of the isolated haloes. This number density
of haloes of a given mass depends on the power spectrum.
A first very successful analytical ansatz to predict the mass
function of haloes has been made by Press and Schechter
[20]. Later on this has been improved by Bond et al. [21]
and Sheth and Tormen [22]. The search for an accurate and
universal function which describes the number density of
haloes found in simulation at different redshifts led to a set
of fitting functions proposed by different authors [23–25].

2.4. Voids. With the first available large galaxy surveys it
became clear that there exist large regions in the Universe
which are not occupied by bright galaxies [26–28]. Regions of
all possible sizes devoid of galaxies can be seen in all redshift
surveys. The observational discovery was soon followed
by the theoretical understanding that voids constitute a
natural outcome of structure formation via gravitational
instability [29, 30]. Together with clusters, filaments, and
superclusters, giant voids constitute the large-scale structure
of the Universe.

More than 20 years ago, for the first time the sizes of voids
have been estimated in different samples of galaxies with
measured redshifts [31]. Later on voids in the CfA redshift
catalogues were studied by [32], in the Las Campanas redshift
survey by [33], in the Optical Redshift Survey and in the
IRAS 1.2-Jy survey by [34, 35] and in the PSCz catalogue by
Plionis and Basilakos [36] and Hoyle and Vogeley [37]. For
a review of early observational efforts see Peebles [5]. More
recently voids have been studied by many authors using the
Two-Degree Field Galaxy Redshift Survey [38–41] and the
Sloan Digital Sky Survey [42–45].

There were several attempts to find dwarf galaxies in
few individual voids [46–49]. The overall conclusion is that
faint galaxies do not show a strong tendency to fill up voids
defined by bright galaxies. The strongest arguments that
voids are not populated by dwarf galaxies were given by
Peebles [5] who points out that the dwarf galaxies in the ORS
catalogue follow remarkably close the distribution of bright

galaxies: there are no indications that they fill voids in the
distribution of bright galaxies. To summarise, observations
indicate that large voids found in the distribution of bright
(∼M∗) galaxies are empty of galaxies, which are two
magnitudes below M∗. Recently, Tikhonov and Klypin [6]
studied the properties of mini-voids in the nearby universe.

The void phenomenon was already the target of many
theoretical studies [50–59]. Using a set of DM only simu-
lations [4] have studied the inner structure of voids. The
haloes in voids are arranged in a pattern, which looks like
a miniature Universe with the same structural elements as
the large-scale structure of the galactic distribution of the
Universe. There are filaments and voids; larger haloes are at
the intersections of filaments. The mass function of haloes
in voids is much steeper for high masses resulting in very
few galaxies with circular velocities vcirc ≈ 100 km s−1. Note,
however, that in DM simulations it has been usually assumed
that each dark matter halo hosts at least one galaxy. This
may not be true. Physical processes of galaxy formation are
not well known and there could be processes that strongly
suppress the formation of stars inside small haloes, which
collapse relatively late in voids. This issue will be discussed
in detail in the following sections.

There is a lot of interest in the void phenomena. However,
there is no clear definition of a void. Almost every study uses
its own definition of a void and its own void finder. Recently,
the different approaches have been compared within the
Aspen-Amsterdam Void Finder Comparison Project [60].
Here we use a rather simple and direct definition. In order
to identify voids, we start with a selection of point like
objects in 3D. These objects can be haloes above a certain
mass or a certain circular velocity or galaxies above a
certain luminosity. Thus the voids are characterised by the
threshold mass or luminosity. The void finding algorithm
can be applied both to numerical and observational data.
In numerical simulations it takes into account periodic
boundary conditions. At first it searches the largest empty
sphere which is completely inside the given volume. The
radius of this empty region is Rvoid. Then we extend this
region to an empty region with irregular shape. We define
this empty region as union of all spheres with radius rext ≥
0.789 Rvoid (thus with a volume greater or equal half of the
volume of the original void sphere) which can be moved to
their place without crossing any object or the box boundary.
To find the other voids we repeat this procedure however
taking into account the previously found voids. We now
search the largest empty sphere which is completely inside
the volume and does not intersect with any already known
void. The voids are characterised by volume, shape and
orientation.

For the resimulation we selected a void region from
a larger periodic computational box. To construct suitable
initial conditions, at first we replaced in a box of side-length
50 h−1 Mpc with 20483 particles the low mass particles by
2563 massive ones. After running the simulation at this low
mass resolution we determined a void region of interest and,
finally, we were rerunning the simulation with the original set
of particles inside the void (20483) and replacing only outside
the void the low mass particles by more massive ones.
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Table 1: Main characteristics of the two simulations analysed for
determining the characteristic mass.

Refined region Simulation bos size Mass resolution
(dark matter)

void 50h−1 Mpc 1.03× 106 h−1 M�
filament 80h−1 Mpc 8.24× 106 h−1 M�

3. The Baryon Content of Dwarf Galaxy Haloes

The number density of dwarf galaxies observed in the
Universe is apparently smaller than the predicted number
density of low mass dark matter haloes [61]. The missing
galaxies are either not formed because the corresponding
dark matter haloes do not exist, or no stars are formed in
small haloes. As shown by Hoeft et al. [7] and Okamoto
et al. [62], the optically thin UV-background already causes
baryon deficiency in small haloes. In this section we
determine the mass scale below which photo-heating causes
baryon deficiency.

3.1. Mass Accretion History. The gravitationally bound struc-
tures, that is, galaxies and clusters of galaxies, grow in two
ways: they accrete surrounding matter and they merge with
other galaxies or clusters. Numerical simulations allow us
to follow the merging history of the haloes. Every massive
halo at the end of the simulation has a large number of
progenitors which subsequently merge to the final structure.

We compute the mass accretion history for all haloes in
our two simulations, see Table 1. To this end we determine
the haloes in each simulation snapshot. Then we go backward
from the final snapshot and search for the most massive
progenitor in the previous snapshot. Since we have stored
more than one hundred snapshots for each simulation we
can simply search for the most massive progenitor in the
vicinity of a given halo. However, during merger events the
halo finder sometimes fails to identify the halo at all, since
two approaching haloes appear spuriously gravitationally
unbound. Figure 1 shows the mass accretion histories of ten
sample haloes, where the jumps are caused by merger events.

3.2. Characteristic Mass. We determine for all distinct haloes
in our simulations the baryon fraction within the virial
radius, fb =Mbar/Mtot = (Mstar +Mgas)/(Mstar +Mgas +Mdm),
where Mbar denotes the baryonic mass, Mtot the total mass,
Mdm the dark matter mass, Mgas the gas mass and Mstar in
stellar mass. We take those haloes into account which consist
of more than 180 dark matter particles. The resulting lowest
halo mass is 1.9 × 108 h−1 M� and 1.5 × 109 h−1 M� for the
void and for the filament region, respectively. Moreover, we
exclude all haloes which have been within the virial radius
of a more massive halo in the past, because the dark matter
and baryonic masses may be affected by stripping. Figure 2
shows the resulting baryon fraction for both the low density
region simulation the filament region simulation. The low
mass haloes evidently have a baryon fraction much smaller
than the cosmic baryon fraction. Since the transition from
“cosmic mean baryon fraction” to “baryon deficient” occurs

within a rather small mass range this phenomenon can be
characterised by a single parameter, namely the mass at
which the baryon fraction amounts in average to half of the
cosmic mean, M1/2. We determine the characteristic mass
computing the average baryon fraction in mass bins and
approximating the resulting curve by the following analytic
expression

fb =
〈
fb
〉{ 1

2
+

1
π

arctan
(

log Mtot − log M1/2

wM

)}
. (2)

We use a different expression than in [7] to make the fitting
procedure more robust, in particular when a second free
parameter is included, here the width wM . Moreover, we
expect that the halo gas, which is present independently
from the halo size, leads to a floor in the baryon fraction.
As we have shown in [7] the characteristic mass depends
very little on the mass resolution used in our simulations.
This indicates that the physical processes causing the baryon
deficiency are reasonably resolved even if there are only a few
tens of gas particles in small mass haloes.

In [7] we focussed on the baryon content of dwarf
galaxies in cosmological voids. The result we obtained
might be affected by restricting to void dwarf galaxies. To
investigate also the effect of the cosmological environment
we include here dwarf galaxies in a cosmological filament.
These galaxies have a higher merger rate than void dwarf
galaxies with a similar mass but they do accrete less diffuse
gas, see [63] and references therein. We have excluded all
galaxies which have passed through the halo of a more
massive galaxy since their dark matter and baryonic mass
could be affected by stripping. Despite the cosmologically
quite different environments, the characteristic mass of both
regions coincide well, see Figure 2(top row). In conclusion,
the general mass accretion history of a dwarf galaxy has only
little effect on their baryon content, that is, there is universal
characteristic mass for all dwarf galaxies. Note, this result
is obtained with a homogeneous UV-background. We will
argue later that the UV-heating may have a crucial impact
on the baryon accretion in dwarf galaxies.

Observationally, the total mass of a galaxy is difficult
to determine. Galaxies are preferably characterised by the
maximum circular velocity, vmax. One should note that also
vmax is difficult to measure in dwarf galaxies since most
rotation curves do not approach a maximum, that is, the
maximum of the circular velocity lies outside the observable
gas distribution. However, we will characterise haloes mainly
by vmax. Figure 2(middle row) shows the baryon fractions
in distinct haloes as a function of the maximum circular
velocity.

Our aim is to determine what makes haloes below the
characteristic mass baryon deficient. The baryon content at
a given time is accumulated over the history of the halo. To
assess what prevents at a given time haloes from accreting
baryonic mass we determine the baryon fraction of newly
accreted matter

f accr
b = Mcond(ti+1)−Mcond(ti−1)

Mtot(ti+1)−Mtot(ti−1)
, (3)
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Figure 1: The mass accretion histories for several haloes. In each panel the total mass (solid line) and the condensed mass (dashed line) of
one halo is shown. We have divided the condensed mass by the mean cosmic baryon fraction, 〈 fb〉, to highlight when the condensed mass
does not follow the expectation according to the mean baryon density. In addition, the characteristic mass (dotted line) is shown as derived
from baryon fraction in newly accreted matter. One can clearly see that haloes cease to condense baryons when their total mass falls below
the characteristic mass.

where ti−1 and ti+1 denote the masses of a given halo at
an earlier and at a later time, respectively. Figure 2(bottom
row) shows that small haloes do not accrete baryonic mass.
Since we consider the differential evolution of the dark
matter and the baryonic masses we have a large scatter in
the characteristic mass of newly accreted matter. However,
similar to the baryon fraction in haloes there is a clear
separation between low mass haloes which accrete virtually
no baryonic matter and high mass haloes which accrete
matter with the mean cosmic baryon fraction.

3.3. Evolution of the Characteristic Mass. Figure 2 shows that
the characteristic mass decreases with redshift. For instance,
at redshift z = 4 the characteristic mass is about 3 ×
108 h−1 M�, while it amounts to 6 × 109 h−1 M� at z = 0.
Figure 3 shows the redshift evolution of the characteristic
mass as obtained from combined halo lists from our two
simulations. For comparison also a few mass accretion
histories from Figure 1 are shown.

Plotted as a function of circular velocity the evolution
of the characteristic mass of the newly accreted matter
has a rather simple behaviour: after a steep increase it is

almost constant at ∼40 km s−1 for z � 3. Note that in
[7] we found a lower value since we used the circular
velocity at the virial radius, v(rvir), instead of vmax. Moreover,
we considered only the baryon fraction in haloes. Since
semianalytic models of galaxy formation assume a low-mass
cut-off for gas accretion, see, for example, [64, 65], we
investigate here also the characteristic mass of newly accreted
matter.

Because the circular velocity of most of the dwarf galaxy
haloes is almost constant with time, except a major merger
occurs, one can separate two types of evolutionary scenarios
for dwarf galaxies: (i) small galaxies with vmax 
 40 km s−1

accrete baryons only for z � 4 and (ii) galaxies with vmax �
40 km s−1 are not affected at all. In Figure 1 we have also
depicted for each halo the evolution of Maccr

1/2 as shown
in Figure 3(a). One can see nicely that haloes get baryon
deficient when their halo mass is below Maccr

1/2 .

3.4. Can the Characteristic Mass Explain the Void Phe-
nomenon? The void phenomenon comprises two obser-
vational findings [5]: first, the distribution of massive
galaxies (≥ L∗) shows large empty regions, the “voids”, see
Section 2.4. Low-luminosity galaxies populate the voids but
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Figure 2: The baryonic mass fraction in units of the cosmic mean, Ωb/Ωm. Filled squares refer to the simulation of low density region while
stars refer to the filament region. Only haloes with more than 180 dark matter are taken into account. The top row shows the baryon fraction
at different redshifts as a function of total halo mass. The middle row gives the baryon fraction as a function of maximum circular velocity.
The bottom row shows the baryon fraction of newly accreted matter (see text for a more detailed description).

with a low volume density compared to the dense regions
[43]. Secondly, the galaxies found in voids are not special at
all. According to the concordance ΛCDM cosmology voids
are filled by dark matter haloes with the size of dwarf galaxies
[4]. To judge if this is at odds with the void phenomenon
in observations one has to assign a luminosity to the dark
matter haloes. Recently, Tinker and Conroy [66] applied
a Halo Occupations Distribution (HOD) to a large dark
matter simulation and analysed void regions. They found
that the haloes in void regions which host galaxies with
an absolute magnitude Mr > −10 are located close to the
walls of the voids. Only even fainter galaxies, that is, galaxies
which are significantly below the current detection limit of
surveys covering large void regions [43], populate the entire
void volume. According to Tinker and Conroy galaxies with

Mr = −10 reside in haloes with a mass ∼1010 h−1 M�.
Hence, the photo-heating discussed here would reduce the
luminosity of the haloes filling the entire void volume
rendering those galaxies even more difficult to detect.

The HOD used by Tinker and Conroy implies that the
mass-to-light ratio increases by a factor of ten from haloes
with a mass of 1013 h−1 M� to haloes with 1010 h−1 M�,
independent of the environment. This is consistent with the
compilation of the baryon content of galaxies by McGaugh
[67]. Haloes with the mass of 1010 h−1 M� seem to host
only 5% of the baryonic mass corresponding to the cosmic
mean. In our simulations we do not find any indication
that the UV-background reduces the baryon fraction in
galaxies significantly more massive than the characteristic
mass. Therefore, we speculate that stellar feedback plays a key
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Figure 3: (a) Evolution of the characteristic mass of the baryon fraction in distinct haloes (squares) and in newly accreted matter (circles).
For comparison the mass accretion histories of five haloes, as depicted in Figure 1, are shown. (b) Evolution of the characteristic circular
velocity in distinct haloes and in newly accreted matter. Additionally, the circular velocity histories of the haloes in the left panel is shown.

role in reducing the baryon fraction galaxies with Mtot >
M1/2. Note that the baryon fractions in [67] shows indeed
a break at vcirc ≈ 30 km s−1, consistent with our findings for
the characteristic mass.

In summary, the surprising low number of low-
luminosity galaxies in voids can be explained by a mass-
dependent mass-to-light ratio, as obtained from a global
Halo Occupation Distribution and from a proper mass
modelling of galaxies. Haloes above the characteristic mass
are expected to reside close to the walls of voids. The photo-
heating discussed here reduces the luminosity of the low-
mass and low-luminosity galaxies which can populate the
entire void volume. Current surveys are limited to detect
galaxies close to the walls due to the sensitivity limits of the
surveys.

4. Why Small Haloes Fail to Accrete Gas

In the previous section we have shown that dark matter
haloes with vmax 
 40 km s−1 do accrete dark matter for
z � 4 while they do not accrete baryons for smaller
redshifts. Halos with vmax < 35 km s−1 are generally
baryon deficient for z = 0. These results are obtained for
high-resolution hydrodynamical cosmological simulations
including a homogeneous photo-heating of an optically thin
medium and including radiative cooling for a primordial
chemical composition. In this section we investigate in detail
the origin of the baryon deficiency which is evidently related
to the photoheating by the UV background. To this end we

set up an analytic model and investigate how baryons cool in
dwarf galaxies.

4.1. Outline of the Analytic Model. Our simple model is
constructed as follows: In the beginning the gas in the
universe is homogeneously distributed. In the process of
structure formation gas is accreted by galaxies, that is, its
density increases.

Starting from a homogenous distribution the gas in the
periphery of haloes and in the IGM follows the evolution of
the dark matter. For our model here we assume that there
is universal evolution of the overdensity, Δ(t,Δ0), which
only depends on the time and on the final overdensity,
see Figure 4. By the help of (1) we can determine the
temperature as a function of the overdensity. For a given
temperature-density relation we can determine the gas
density profile of NFW-type haloes. Assuming that the gas
density in the periphery of the halo is given by the mean
cosmic baryon fraction we can determine the central gas
density and temperature. If the resulting cooling time is short
the halo would accrete baryonic matter, if the cooling time is
long the halo would fail to accrete baryonic matter.

4.2. Effective Equation of State of the IGM. For a known
overdensity evolution, Δ(t,Δ0), we can integrate the thermal
evolution of the IGM, (1). To determine the heating and
the cooling, H(t) and Γ(t), respectively, we have to know
the abundance of each species, that is, the ionisation state of
hydrogen and helium. As in the cosmological simulations we
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Figure 4: The overdensity evolution Δ(a,Δ0). We group in the
simulation snapshot for z = 0 all particles according to their
overdensity. Then trace back the density of the SPH-particles and
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(solid lines). Moreover, we show three approximated overdensity
evolutions (dashed lines) according to (4). See Section 4.2 for
details. The peak-like structures at z ≈ 6 are caused by photo-
evaporation and are neglected in our approximation.

adopt collisional equilibrium, hence, we can determine for a
given time and a given temperature the relative abundances.
We solve the rate equations for collisional ionisation, for
recombination, and for photo-ionisation. Now we can
compute the photo-heating and cooling of the gas. Time-
dependent specific energy injection rates, εi, are tabulated
according to the UV-background model. As a result, the total
photoheating can be written as H = nHIεHI + nHeIεHeI +
nHeIIεHeII. Cooling rates are used as given in [16]. Hence, for
a given overdensity evolution, Δ(t,Δ0) and UV-background
model we can compute the final gas temperature, T(t0,Δ0).

We use our numerical simulations to estimate the over-
density evolution, Δ(t,Δ0). In Gadget the hydrodynamical
equations are solved by the SPH method, hence, the fluid
is represented by mass elements. The SPH-particles can
be traced through the simulation. We group SPH-particles
according to their overdensity at the end of the simulation,
Δ0, regardless if they are located in a galaxy, in a cosmological
filament or in the field. Then, we trace back the density of
the particles and compute the average density of each group,
see Figure 4. For the integration of the thermal evolution of
the IGM we approximate the overdensity evolution by an
analytic expression, namely,

logΔ(t,Δ0) = logΔ0 ·
∣∣∣∣G(a,Δ0)
G(1,Δ0)

∣∣∣∣, (4)
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Figure 5: Temperature-density relation, T(Δ, t0) for the overdensity
histories as given in (4) (thick solid line). In addition two extreme
scenarios for the overdensity history are shown. First, all gas is
compressed or decompressed to its final overdensity, Δ0, at the very
beginning, that is, before reionisation takes place (dashed-dotted
line). Secondly, all gas evolves at cosmic mean density until z = 0
and is then instantaneously compressed or decompressed to its final
overdensity. The latter clearly results in an adiabatic relation (dash-
dotted line). Finally, the distribution of the SPH-particles in the
simulation is shown.

where we use the cosmic expansion factor, a = 1/(z + 1),
as time variable. We approximate the time evolution by
G(a,Δ0) = |(a + 1)m(logΔ0) − 1|, and determine for each
final overdensity the exponent m(logΔ0). We fit (4) to each
curve in Figure 4, where we take only the data for z ≤
3 into account. In the overdensity range −2 < logΔ0 <
6 the resulting exponents are reasonably reproduced by
m(logΔ0) = 1.3 logΔ0 − 0.26(logΔ0)2. This finally provides
an analytic model for the overdensity evolution, Δ(t,Δ0).

In Figure 5 the temperature-density relation, T(Δ, t0),
obtained by integrating (1) using the analytic formula
for the overdensity evolution described above, is shown.
For comparison the density-temperature phase-space, as
obtained from the numerical simulation, is also depicted. For
high densities, Δ � 103, the analytic result, T(Δ, t0), and the
distribution of the SPH-particle coincides very well, because
the thermal state is determined by thermal equilibrium.
For low densities, most of the SPH-particles also follow
T(Δ, t0). Finally, a significant fraction of the SPH-particles
has temperatures substantially above T(Δ, t0), since in the
numerical simulation particles are also heated by dissipation
at shock fronts.

Which impact has the overdensity evolution? To answer
this question we investigate two extreme scenarios. First,
gas stays at mean cosmic density until z = 0 and is then
instantaneously compressed or decompressed to the final
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overdensity. This clearly leads to an adiabatic temperature-
density relation, see Figure 5 (dash-dotted line). Secondly,
gas is brought to the final overdensity before reionisation
takes place and has then constant overdensity. The resulting
temperature-density (dashed line) relation is only slightly
different from the result for the average cosmic density
evolution (solid line); the transition to thermal balance
occurs at lower overdensities, since the compressed gas has
more time to cool.

For the overdensity history introduced in (4) we find for
low overdensities, Δ � 100, an effective equation-of-state,
that is, the temperature-density relation follows a power-law,

Teos(Δ, t = t0) = T0Δ
α, (5)

with T0 = 3.85× 103 K and α = 0.59.
By plotting the cooling times in the temperature-density

phase-space we can clearly see at which overdensities the gas
is in thermal balance, see Figure 6. For low overdensities,
Δ � 102, cooling has only a negligible effect, that is, the
thermal state of the gas is determined by the cumulative
photo-heating. In contrast, at high overdensities, Δ � 103,
the temperature lies exactly at the boundary between heating
and cooling, that is, it is in thermal balance. Therefore, in
the range 102 < Δ < 103 the transition from the pure photo-
heating to the equilibrium between heating and cooling takes
place.

4.3. The Halo Density Profile. We now set up the second part
of our toy model, namely, the spherical halo model, with the
aim to estimate the innermost gas density as a function of
halo mass.

For a spherically symmetric halo in hydrostatic equilib-
rium the pressure force and the gravitational force are in
balance:

1
ρ

dP
dr
= −GMtot(< r)

r2
, (6)

where G is the gravitational constant and Mtot(< r) is the
total mass enclosed by the radius r. Assuming an effective
equation-of-state, as given in (5), we can write the left-hand
side of (6) in terms of the gas overdensity. To this end
we expand the gas density, ρ = Δnbmp, where mp is the
proton mass. The pressure can be written as P = ΣinikBT =
(Δnb/μ) kBT0Δα, where we have used the molecular weight,
μ = nb/Σini, and (5). Now we rewrite the left-hand side of
(6):

kBT0

μmp
(α + 1)Δα−1 dΔ

dr
. (7)

We simplify the right-hand side of (6) by assuming that
the distribution of the total mass is determined by the dark
matter. For the density profile of the latter we follow [68]

ρdm = ρs
4

x(1 + x)2 , (8)

with x = r/rs. The scaling radius, rs, is related to the
virial radius, rvir, of a halo by rs = rvir/c, where c is the
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Figure 6: Theoretical result for T(Δ) with cooling (solid line) and
without (dash-dotted line). The result without cooling follows the
power-law T = 3.85 K (δ + 1)0.595. Cooling times are indicated
by colours and contour lines. Contours from left to right are at
10x Hubble time (dashed line), Hubble time (solid line), and 0.1x
Hubble time (dashed line). Cooling times are also indicated by
colours, the blank area indicate the regime of UV heating. The
hashed area highlights the transition region from cumulative photo-
heating to thermal balance.

concentration parameter. The mass enclosed by the scaled
radius x is

M(< x) = 16πr3
s ρs

{
ln(1 + x)− x

1 + x

}

= 16πr3
s ρsF(x).

(9)

Evidently, the virial radius encloses the virial mass, Mvir =
M(< c). Dividing (9) by the virial mass leads to

M(< x) =Mvir
F(x)
F(c)

. (10)

Using r = rvirx/c and the expression (7) we can rewrite (6)

kBT0

μmp
(α + 1)Δα−1dΔ = GMvir

rvir

F(x)
F(c)

c

x2
dx. (11)

We can further simplify the expression on the right-hand side
by introducing the maximum circular velocity. The circular
velocity is given by

vcirc(r) =
√

GM(< r)
r

=
√

GMvir

rvir

c

x

F(x)
F(c)

.

(12)
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The quotient F(x)/x is independent from the halo properties
and has a maximum value of ∼0.22. Therefore, we can write
for the maximum circular velocity

v2
max =

GMvir

rvir

0.22c
F(c)

. (13)

Equation (11) is now independent from the concentration
parameter of the halo, namely,

kBT0

μmp
(α + 1)Δα−1dΔ = v2

max

0.22
F(x)
x2

dx. (14)

To determine the innermost gas overdensity we integrate (14)
starting from the periphery of the halo, x = xout, to the
center, x = 0. Since the halo gas is highly ionised we adopt
μ = 0.59. The resulting central overdensity is

Δα
centre =

(
T0

104 K

)−1( vmax

5.6 km s−1

)2

× α
(α + 1)

(
1− ln(1 + xout)

xout

)
+ Δα

out,

(15)

where Δout is the gas overdensity at xout. We estimate the
outer overdensity by assuming that it is identical to the dark
matter overdensity.

From (8) we get

Δdm = ρdm〈
ρdm

〉 = ρs〈
ρdm

〉 4

x(1 + x)2 . (16)

The virial radius is determined by the cumulative overden-
sity, Δc(z), at which virialisation is expected. We use the
approximation of [69] for Δc(z). For the virial mass we write
now

Mvir = 4
3
πr3

virΔc
〈
ρdm

〉 = 16πr3
s ρsF(c), (17)

where we have used (9) for the last equality. Substituting
rs/〈ρdm〉 we can write for (16) that

Δdm(xout) = Δc(z)
3

c3

F(c)
1

xout(1 + xout)
2 , (18)

which allows us to estimate Δout in (15).
We wish to give the central gas overdensity as a function

of the maximum circular velocity. To utilise (18) we have
to find a relation between vmax and the concentration
parameter. Macciò et al. [70] give an relation between c and
the virial mass of a halo for z = 0:

c(Mvir) = 10.47×
(

Mvir

1012 h−1M�

)−0.109

. (19)

From our simulations we find that Mvir and the maximum
circular velocity are on average related by

Mvir

1012 h−1M�
=
(

vmax

210 km s−1

)2.9

. (20)

Moreover, the concentration parameter is expected to scale
with redshift according to c ∼ (1 + z)−1 [71, 72]. Thus,
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Figure 7: Central gas overdensity as a function of the halo circular
velocity. We compute the central overdensity according to (15)
(thick solid line). Moreover, we plot the overdensity at the scaling
radius, rs (thin solid line). The grey area indicates the transition
region from pure UV heating to thermal balance, see Section 4.2 or
Figure 6. The blue dashed line indicates the characteristic circular
velocity obtained from the numerical simulations. The thick and the
thin red dotted lines indicate a condensation criterion of Δ = 900
and 300, respectively.

we obtain an relation between concentration parameter and
vmax, namely,

c(vmax) = 10.47
(

vmax

210 km s−1

)−0.32 1
(z + 1)

, (21)

which allows us finally to evaluate (15).
Finally, we compute the central gas overdensity as

follows: For a given circular velocity we determine the
concentration parameter of the halo by (21). Then we
estimate the outer gas density, here we assume that Δ(xout) =
Δdm(xout), see (18), at three times the virial radius, xout = 3c.
Finally, we compute the central gas overdensity, (15), as a
function of the circular velocity, see Figure 7.

To estimate the characteristic circular velocity by our
analytic model we have to give a criterion at which central
overdensity gas condenses in a halo centre. The transition
from the effective equation-of-state to the thermal balance
takes place in the overdensity range of 102 < Δ < 103. For
an overdensity of 900 our analytic model would match the
characteristic circular velocity obtained from the numerical
simulations. However, the resolution in the numerical simu-
lation is not sufficient to reach the innermost gas density as
assumed in our model. To mimic the numerical resolution
we integrate (15) only up to the scaling radius, see thin line
in Figure 7. In this case an overdensity of 300 corresponds
to the characteristic circular velocity. This leads to two
conclusions: First, the analytic model matches the numerical
result very well. Secondly, better resolved simulations may



12 Advances in Astronomy

result in a lower characteristic velocity. However, gas mixing
in the halo centre may generally prohibit an ideal hydrostatic
equilibrium.

4.4. Evolution of the Characteristic Mass. In the previous
section we have shown that our model well reproduces the
characteristic circular velocity at z = 0. We can easily extend
the model to other redshifts by determining the effective e.o.s
and the criterion for condensation as a function of redshift.
We derive the time-dependent e.o.s. by integrating (1),
see Section 4.2. To obtain a time-dependent condensation
criterion we determine the position of the maximum in the
density-temperature relation, see the solid line in Figure 5. To
compensate for the discrepancy between Δmax and the actual
overdensity for condensation we introduce a correction
factor. To match the characteristic circular velocity obtained
from the simulations this factor also comprises the effect of
the limited numerical resolution. Equation (15) can be now
rewritten: (

v1/2

5.6 km s−1

)2

= Δα
max fcorr

T0

104 K
α + 1
α

, (22)

where we have neglected the contribution of the outer halo
boundary. To match the characteristic circular velocity at
z = 0 we choose fcorr = 2.5. Equation (22) indicates that the
characteristic circular velocity is essentially determined by
the density-temperature relation at any time. All parameters
on the r.h.s., namely slope and normalisation of the e.o.s. and
Δmax, are derived from T(Δ, t). Figure 8(upper row) shows
how the characteristic circular velocity is composed of three
parameters of the temperature-density relation. The upper
left panel shows T(Δ) for several redshifts. The next three
panels show the evolution of the parameters of T(Δ, t): The
temperature T0, the overdensity at the maximal temperature,
Δmax, and the slope dlogT(Δ, t)/dlogΔ at Δ = 1. The right
panel shows the resulting v1/2, which nicely matches the
characteristic circular velocity obtained from the numerical
simulations. In the range 3 � z ≥ 0 the circular velocity is
virtually constant. This is the result of the decreasing T0 and
the increasing Δmax.

The redshift evolution of the characteristic mass can
be derived from characteristic circular and (13) and (17).
Combining these equations and using 〈ρ〉 ∝ (z + 1)3 we find

M1/2 ∝ v3
1/2Δ

−1/2
c (z)(z + 1)−3/2. (23)

This is in agreement with the results found earlier [7]. More
precisely, the dominating terms in M1/2 are introduced by
the redshift dependence in the definition of the virial radius,
(17).

4.5. Variations in the UV Background. As shown above the
cumulative heating of the IGM by the UV background
prevents the gas cooling in the centre of small mass haloes.
It is therefore evident that the characteristic mass depends
on the UV background and its evolution over cosmic times.
We use our model worked out above to assess the impact
of modifications of the UV background model on the
characteristic circular velocity. We first consider changes of
the UV flux density and secondly of the UV spectrum.

4.5.1. UV Flux Density. The flux density of the UV back-
ground has only a small effect on the temperature of the
IGM. The reason is that a higher flux reduces the fraction
of neutral hydrogen in the tenuous IGM, hence, the higher
flux finds fewer neutral atoms to ionise. As a result the
heating rate is essentially independent from the flux density,
when photo-ionisation dominates over collisional ionisation
and as long as the spectrum remains unchanged. In this
case the fraction of neutral hydrogen, xHI = 1 − xHII, can
be derived from the balance between photo-ionisation and
recombination

ΓγHIxHInH = αHII(T)xHIInHne. (24)

The IGM is generally highly ionised, hence xHII ∼ 1. In
this case the electron density is proportional to the hydrogen
density, ne ∼ nH. As a result the heating due to hydrogen
ionisation becomes

HHI = nHIεHI ∼ αHII(T)
εHII

ΓγHI
n2

H. (25)

The heating therefore depends only on the ratio εHII/ΓγHI,
that is, only on the average energy input per ionisation event.
In the limits made above the heat input is independent
from the actual flux density. In accordance with this result
we have found in [7] that the characteristic mass depends
only little on the UV background flux density. Even very
strong variations of the flux causes only a small shift of the
characteristic mass, showing that the latter is sensitive only
to the thermal state of the IGM which is little affected by the
actual flux density.

4.5.2. UV Spectrum. Significantly more important for the
thermal evolution of the IGM is the spectrum of the UV
background. As a first guess one may expect that the final
temperature of the IGM is directly proportional to the energy
per ionising photon. However, since the recombination rate,
αHII(T), decreases with increasing temperature the effect is
not that strong. Figure 9 shows the results for increased
energies per ionising photon compared to the [73] model.
We have computed models with four times and with eight
times increased energy per ionisation event. The higher
average energy shifts the effective equation-of-state to higher
temperatures. Also the shape of the temperature-density
relation changes. The maximum in the relation shifts to
higher densities. In particular, the maximum changes sig-
nificantly between the four times and eight times increased
model. The effective equation-of-state runs in the cooling
regime virtually parallel to lines of constant cooling times.
When T0 � 1.5 × 104 K these cooling times are above
the Hubble time. In those cases the cases the transition to
thermal balance appears at very high overdensities.

We use the models introduced above to estimate the
impact of the UV spectrum on the characteristic circular
velocity. To this end we compute the evolution of the char-
acteristics of the temperature-density relation, see Figure 8.
For the four times increased energy per ionising photon
we find that the characteristic circular velocity amounts to
∼60 km s−1 for z � 2. For the eight times increased model
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Figure 8: Left panels: The density-temperature T(Δ, t) for several redshifts and three different UV-background models. The next three
columns show the redshift evolution of the parameters of T(Δ, t): The normalisation and the effective e.o.s., T0, the position of the maximum,
Δmax, and the slope of the e.o.s., α. Finally, for each UV-background model the resulting characteristic circular velocity is shown, see (22).
The upper right panel shows also the characteristic velocity obtained from the numerical simulations.
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Figure 9: Theoretical results for temperature distribution in the IGM as a result of different UVB heating models. (a) The thick solid line
indicate the result for our standard model according to [73]. Color coded is the cooling time. The blank area indicates the region where the
gas is heated. Three contour lines are shown, they indicate from the left to right a cooling time 10x, 1x, and 0.1x the Hubble time. The dashed
blue line indicates a four times increased energy per ionising photon only for z > 2. (b) Results for four times increased energy per ionising
photon for all redshifts. For comparison the dashed blue line indicates temperature distribution resulting from the standard model as shown
in (a). (c) Results for ten times increased energy per ionising photon for all redshifts. For comparison also the eight times increased energy
and the standard heating as shown in (a) are indicated.
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the characteristic velocity get very high, since Δmax shifts to
very high overdensities.

5. Summary

We discuss high-resolution simulations including radiative
cooling and photoheating. We focus on the baryon content of
dwarf galaxy-sized dark matter haloes. To this end, we have
simulated the structure formation in two distinct cosmolog-
ical environments and we found that the characteristic mass
below which haloes are baryon deficient does not depend
on the environment. Moreover, we found that in haloes
in the mass range of ∼109 to 1010 h−1 M� in general gas
condensation stops at some redshift between reionisation
and today. In our simulation those haloes are able to retain
the already condensed gas, allowing further star formation.
We have derived the characteristic mass in newly accreted
matter, which is somewhat higher than the characteristic
mass of the baryon fraction in the haloes. The former is more
appropriate for semianalytic modelling.

Tinker and Conroy [66] found by a Halo Occupation
Distribution analysis that the magnitude of galaxies which
reside in haloes with a mass about the characteristic mass is
Mr ∼ −10. Moreover, they found that more luminous void
galaxies, that is, Mr > −10, are preferably located close to
the walls of the voids. Therefore, photo-heating would reduce
the baryon content of the small-mass haloes populating the
entire void volume, rendering these galaxies even more dark.
Current surveys which cover large void volumes are not
sensitive enough to detect the galaxies affected by photo-
heating.

The failure of condensing gas can be traced back to
the cooling time in the halo centre, which may exceed the
Hubble time. We have set up a spherical model for the haloes
gas density profile. Crucial for this model is the effective
equation of state which we have derived by integrating the
thermal history of the IGM using an approximation for the
overdensity evolution as a function of the final overdensity
We have justified this model by considering the density
contrast evolution in the simulation. This spherical model
allows us to derive the characteristic mass for different
heating histories of the IGM.

We find that the mass at which galaxy formation seems to
fade can be explained by a heating model which incorporates
6–8 times more energy per ionising photon than given in the
Haardt and Madau model [73]. For redshift z � 3 it is known
from analyses of the Lymanα forest that the temperature of
the IGM is higher than obtained by a naive application of the
Haardt and Madau model. The derived temperature implies
a 3-4 times increased energy per ionising photon, or a more
efficient heating due to non-equilibrium effects or radiative
transfer effects. We found that if the average temperature
of the IGM is today as high as � 104 K dwarf galaxy
formation would be suppressed at a mass scale consistent
with that derived, for example, by the conditional luminosity
function. Therefore, the mass scale for suppression of dwarf
galaxy formation may be considered as a measure for the
temperature of gas in the surroundings of dwarf galaxies.

The heat source could be the UV background or alternatively
any feedback of the galaxy.
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We examine the past and current work on the star formation (SF) histories of dwarf galaxies in cosmological hydrodynamic
simulations. The results obtained from different numerical methods are still somewhat mixed, but the differences are
understandable if we consider the numerical and resolution effects. It remains a challenge to simulate the episodic nature of
SF history in dwarf galaxies at late times within the cosmological context of a cold dark matter model. More work is needed to
solve the mysteries of SF history of dwarf galaxies employing large-scale hydrodynamic simulations on the next generation of
supercomputers.

1. Introduction

Dwarf galaxies play unique roles in the cosmological studies
of galaxy formation. Low-mass galaxies contribute the most
to the cosmic star formation rate (SFR) density at low
redshift, and in contrast the star formation in high-mass
galaxies seems to cease at z � 1 [1, 2]: the so-called
“downsizing” effect in galaxy formation. This global trend of
star formation is presumably driven by the feedback effects
by supernovae (SNe) and supermassive black holes as well
as the cosmological effects such as the expansion and the
reionization of the Universe. All of these effects can suppress
the star formation, eventually giving rise to the characteristic
shape of galaxy luminosity function. The question that is
not fully answered yet is “which physical processes have the
strongest impact, and which galaxies are affected the most?”
Studying the star formation in dwarf galaxies gives us useful
clues not only on the physics of star formation but also on
the feedback processes that cause the downsizing in galaxy
formation and how the galaxy luminosity function has been
shaped over time.

Observations of stellar populations suggest that the star
formation in dwarf galaxies [3–7] is sporadic, separated by
millions to billions of years, even in isolated systems. What
causes the episodic SF history? Past interaction with other

galaxies or merger events are obvious possibilities to explain
the SF activity in these systems, but the lack of tidal debris
in the outer regions of dwarf galaxies argues against such
scenarios [8]. Then the remaining likely possibility is the
instability in the local interstellar medium (ISM); however,
many interesting questions remain. For example, why is it
now that they are undergoing active star formation? What
determines the epoch and the duration of star formation?
Is it the local physics or the cosmological processes that are
more important in determining the downsizing effect?

While the recent episodic SF activity is observed in dwarf
galaxies, most dwarf galaxies in the Local Group are also
dominated by the old stellar populations (ages of �10 Gyr)
with an occasional mixture of younger stars [9–12]. This
suggests that the main formation epoch of those dwarf
galaxies was before z ∼ 6.

It is important to address the above questions using the
ab initio cosmological hydrodynamic simulations, in which
the gas dynamics is simulated self-consistently from early
universe to the present time. Although there has been much
numerical work on the formation of dwarf galaxies [13–20],
usually the work is presented in the context of reionization or
the missing satellite problem, and most publications do not
present the SF histories of dwarf galaxies in their simulations.
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As we describe in the next section, explaining the episodic
nature of SF history in low-mass systems remains a challenge
for many reasons in the framework of cold dark matter
(CDM) model. The purpose of this short article is to record
what we know on the SF history of dwarf galaxies in the past
and current cosmological hydrodynamic simulations.

2. Cosmological Hydrodynamic Simulations

2.1. Star Formation Model. In order to simulate the forma-
tion and evolution of dwarf galaxies, one has to model the
collapse of gas clouds and subsequent star formation. In most
cosmological simulations, the star formation is modeled by
creating a star particle from a parcel of gas (either the gas
in an Eulerian cell or a gas particle in the case of smoothed
particle hydrodynamics [SPH]) when the following criteria
are satisfied [21, 22]: (i) the region is overdense (δ > δc),
(ii) converging gas flow (∇ · v < 0), (iii) cooling rapidly
(tcool < tdyn), and (iv) Jeans unstable (mgas > mJeans). One
would expect that if the condition (iii) or (iv) is satisfied, the
other conditions are also likely to be met, but more rigorous
analyses would be required to assess which criterion is the
most important one. There are other variants of SF models,
but the discussion will be deferred to another place [23].

Simulations of galaxy formation require vast dynamic
ranges in both mass and space: from molecular clouds
(∼parsecs) to groups/clusters of galaxies (∼mega-parsecs).
With the currently available computational resources, it is
still difficult to resolve the details of molecular clouds while
simultaneously simulating the formation of thousands of
galaxies on the scales of �10 Mpc. In other words, we can
reliably identify the sites of galaxy formation on large scales
and simulate the average SFR of each galaxy, but the small-
scale instabilities of multiphase ISM on subparsec scales
caused by, for example, turbulence, cannot be followed in
detail in cosmological simulations. As we will describe in the
next section in more detail, the earlier Eulerian cosmological
simulation [24] was not able to reproduce the episodic nature
of SF history, even though it properly simulated the gas
dynamics on large scales (�20 kpc). This suggests that the
sporadic star formation in dwarf galaxies is driven by the
instabilities on small scales, which is difficult to simulate
properly with the current resolution limits.

The above limitation is a typical criticism directed
towards cosmological simulations; however, the cosmolog-
ical simulations can calculate the amount of gas that fall
into the region correctly. Combined with a star formation
law, we can calculate the overall SFR of the system, which is
valid within the limitations of the model and still is relevant
to the subject of this article. We simulate the gas dynamics
at intermediate scales (∼kpc) as accurately as possible and
treat the small-scale physics with a subgrid/particle model for
star formation and SN feedback based on our astrophysical
knowledge. In this approach, the SFR is calculated as
ρ̇� = c�(ρgas/t�) , where c� is the SF efficiency and t�
is the SF time-scale. Both of these parameters are usually
adjusted so that the simulation result matches the observed
Kennicutt-Schmidt law [25, 26]. One can further adopt a

subgrid/particle model [27, 28] to calculate the cold gas
density ρcold and use this in place of ρgas in the above SF law.
The projected SFR generally follows the Kennicutt law well
[27, 29–31], but the consequences of the adopted SF model
(e.g., the SF threshold density or the equation of state) must
be studied further [23].

2.2. Past and Current Work. The work in [24] showed that,
using an Eulerian cosmological hydrodynamic simulation,
the star formation ceased at high redshift in the dwarf
galaxies that survived to z = 0. In their simulation, only 7%
of stars formed below z = 1 in galaxies with stellar masses
2×108 < M�(z = 0) < 2×109h−1M�, and no stars formed at
z < 1 in galaxies with M�(z = 0) < 2×108h−1M�. This result
is consistent with the general expectation in the CDM model,
in which the small systems form early on and the accretion of
material stops thereafter, as the residual gas is easily swept
out by the SN feedback or evaporated by photoionization
[13, 32–36]. The conclusion of [24] was that, in a CDM
universe, dwarf galaxies found today are dominated by old
stars; they consist predominantly of stars 10 Gyrs old and do
not show recent SF activity.

However, as we outlined in Section 1, the observed SF
histories of dwarf galaxies exhibit sporadic SF activity at late
times, and we wonder whether the result of [24] was affected
by the resolution limitation. Eulerian mesh simulations lose
the physical spatial resolution at late times owing to the
cosmic expansion. On the other hand, they generally have
a larger mesh number compared to the number of particles
employed in cosmological SPH simulations; hence they have
higher baryonic mass resolution at early times than SPH
simulations. (If the number of dark matter particles and the
box sizes are comparable, then the resolution in the initial
gravitational field would be similar in the two methods.) This
numerical trend could explain the efficient conversion of gas
into stars at early times and the lack of SF activity at late
times in the Eulerian mesh simulation of [24], because the
simulation may underestimate the cooling rate of gas when it
cannot resolve the density fluctuation of gas on scales below
the physical mesh size, as they approach to the present time.
A related notable advantage of the Eulerian mesh simulation
over the SPH method is that it is better at modeling the gas
in low-density regions; therefore it is more suitable for the
study of Ly-α forest [37].

In contrast to the Eulerian mesh simulation, the SPH
simulation is more suitable to simulate the late-time evolu-
tion of high-density regions owing to its Lagrangian nature.
Therefore one might expect that the SPH simulations per-
form better in modeling the sporadic SF history at late times
in dwarf galaxies. In the left panel of Figure 1, we compare
some examples of SF history in a cosmological SPH simula-
tion of a comoving box size Lbox = 100h−1 Mpc and 2×4003

(gas and dark matter) particles. The adopted cosmological
parameters are consistent with the latest WMAP5 results
[38]: (Ωm,ΩΛ,Ωb, σ8,h) = (0.26, 0.74, 0.044, 0.80, 0.72),
where h = H0/(100 km s−1 Mpc−1). The masses of dark
matter, gas, and star particles are (mdm,mgas,mstar) = (9.4 ×
108, 1.9×108, 8.5×107) h−1M�. In each panel, we indicate the
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Figure 1: (a) We compare some examples of star formation histories with 108 yr bins in a cosmological SPH simulation of a comoving box
size Lbox = 100h−1 Mpc and 2×4003 (gas and dark matter) particles. In each panel, five different galaxies in the indicated stellar mass ranges
(in units of h−1M�) at z = 0 are shown with different colors. Stars formed in all the progenitors are coadded for each galaxy. (b) Cumulative
stellar mass fraction as a function of cosmic time for all the galaxies with M�(z = 0) > 1012 h−1M� and M�(z = 0) < 1010 h−1M�.

range of stellar masses of the selected galaxies at z = 0. Each
SF history includes all the stars formed in the progenitors
of the current galaxy. The SF histories of the most massive
galaxies with M� > 1012 h−1M� peak at t = 2 − 3 Gyr
and gradually decline thereafter in a roughly exponential
manner, consistently with the results of [24]. In the bottom
panel, the SF histories of dwarf galaxies with 1 × 109 <
M� < 2×109 h−1M� are shown. In this simulation, the dwarf
galaxies continue to form stars sporadically at late times, even
at t > 10 Gyrs.

In the right panel of Figure 1, we compare the cumulative
stellar mass fraction that formed in galaxies with M�(z =
0) > 1012 h−1M� and M�(z = 0) < 1010 h−1M� as a function
of the age of the universe. This figure shows that, in a relative
sense, the more massive galaxies form their stars earlier than
the lower mass galaxies, in qualitative agreement with the
observational trend (e.g., [39]) of downsizing.

Even though our new SPH simulations [23] seem to be
more successful in modeling the qualitative trend of star
formation in different galaxies, we may still have difficulties
in reproducing the correct number density of “red and dead”
massive galaxies at z = 1 − 2 or the ultraluminous infrared
galaxies (ULIRGs), as examined in [40, 41]. Interestingly,
their work showed that the Eulerian simulation exhibited
more sporadic SF history for the massive galaxies than the
SPH simulation at intermediate redshifts of z = 1 − 3.
The difference in the nature of SF history was perhaps due
to a combination of differences in the SF models and the

effectiveness of feedback as well as the numerical resolution
reached in the different simulations.

3. Discussion and Conclusion

As described in the previous section, the results from
different numerical methods are still somewhat mixed,
but we understand their qualitative differences when we
consider the resolution and numerical effects. The main
factor seems to be the numerical resolution, and one way to
get around this problem might be to utilize the adaptive mesh
refinement (AMR) technique (e.g., [20]). However, as we
pointed out in [42], current AMR codes require substantially
larger computational resources to obtain an equivalent result
on the dark matter halo mass function as the SPH codes
do at early times. Therefore it is difficult to simulate a large
sample of dwarf galaxies in a large cosmological volume,
and the simulation is usually not run down to z = 0
[20, 43].

Perhaps the best way to view the current situation is that
each code captures the essence of dwarf galaxy formation at
different epochs. The Eulerian mesh codes can capture the
very early starbursts in low-mass halos better than the SPH
codes, whereas the SPH codes can capture the gas infall and
star formation in dwarf galaxies at late times owing to their
higher spatial resolution in high-density regions. Both of
these processes (i.e., early and late star formation) probably
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took place in the real Universe as [18] proposed: some dwarf
galaxies being the true fossils of the pre-reionization era,
some being dominated by the late star formation at low
redshift, and the rest being the mixture of the two.

Our hope is that, within the next decade, the results
from different numerical techniques (Eulerian mesh, SPH,
and AMR) will converge and provide a consistent picture of
dwarf galaxy formation. Then we will have a much better idea
on the physical processes that shaped the galaxy luminosity
function and how the downsizing effect of galaxy formation
is caused. To achieve this goal, we still have to overcome a
huge dynamic range from subparsec to Mpc scales, and it will
require a petascale supercomputer of next generation, such as
Blue Waters [44].
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In this tutorial paper we summarize how the star formation (SF) history of a galactic region can be derived from the colour-
magnitude diagram (CMD) of its resolved stars. The procedures to build synthetic CMDs and to exploit them to derive the SF
histories (SFHs) are described, as well as the corresponding uncertainties. The SFHs of resolved dwarf galaxies of all morphological
types, obtained from the application of the synthetic CMD method, are reviewed and discussed. To summarize: (1) only early-type
galaxies show evidence of long interruptions in the SF activity; late-type dwarfs present rather continuous, or gasping, SF regimes;
(2) a few early-type dwarfs have experienced only one episode of SF activity concentrated at the earliest epochs, whilst many others
show extended or recurrent SF activity; (3) no galaxy experiencing now its first SF episode has been found yet; (4) no frequent
evidence of strong SF bursts is found; (5) there is no significant difference in the SFH of dwarf irregulars and blue compact dwarfs,
except for the current SF rates. Implications of these results on the galaxy formation scenarios are briefly discussed.

1. Introduction

Dwarf galaxies are the most diffused type of galaxies in the
Universe and were probably even more numerous in the
past, when they might have contributed to the population
of blue systems overabundant in deep galaxy counts (e.g.,
[1, 2]) and more likely to the assembling of larger baryonic
systems. In spite of having received less attention than
spiral and elliptical galaxies, dwarf galaxies have probably
more cosmological relevance. For instance, late-type dwarfs
are the preferred targets for cosmologists interested in
Big Bang Nucleosynthesis, because their low metal and
helium contents allow the derivation of the primordial
helium abundance from HII regions spectra with minimum
extrapolation (e.g., [3–5]). Moreover, their low metallicity
and high gas content make them apparently less evolved than
spirals and ellipticals, thus more similar to what primeval
galaxies may have been.

One of the main cosmological interests is related to
the possibility that today’s dwarfs are the survivors of
the building blocks of massive galaxies. Cold Dark Matter
(CDM) cosmology predicts that dwarf systems are the first
ones to form after the Big Bang, since only dark matter
halos of mass smaller than 108M� are able to condense
from primordial density perturbations. In this framework,
more massive systems are assembled by subsequent merging
of these protogalactic fragments (the hierarchical formation
scenario; e.g., [6, 7]), and dwarfs have a pivotal role in the
evolution of massive galaxies.

Observations show that galaxies merge in the local
Universe and that big galaxies accrete their satellites. We
know the cases of the Magellanic Stream and of other
streams connected to the Sagittarius dwarf spheroidal (dSph)
and other satellites falling on the Milky Way (e.g., [8, 9]).
Andromeda is quite similar in this respect (e.g., [10–12]),
with streams and clumps just as, or even more than, our own
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Galaxy. The question is whether big galaxies form only by
successive mergers of smaller building blocks, as proposed by
the hierarchical formation scenario, or satellite accretion is a
frequent but not necessary and dominant event, consistent
with a downsizing formation scenario. Downsizing [13]
in principle does not concern the hierarchy or the epoch
of galaxy formation, it simply reflects the observational
evidence that the bulk of stars in more massive galaxies
formed earlier and at a higher rate than those in less massive
systems. If mechanisms are found allowing for these star
formation properties in the bottom-up scenario (e.g., [14–
16]), then downsizing is not incompatible either with CDM
or with the hierarchical scenario. However, downsizing is
often seen as the alternative to hierarchical formation, replac-
ing in this role the monolithical scenario, where each galaxy
forms from the collapse (dissipative or dissipationless) of its
protogalactic gas cloud. In the monolithical scenario more
massive galaxies form much earlier than less massive ones for
simple gravitational arguments [17], with timescales for the
collapse of the protogalactic cloud originally suggested to be
of the order of 100 Myr and now more often considered of
the order of 1 Gyr.

One of the effective ways to check whether or not big
galaxies are made only by successive accretions of satellites
like the current ones is to observe the resolved stellar
populations of massive and dwarf systems and compare
their properties with each other. If chemical abundances,
kinematics, and star formation histories of the resolved stars
of massive galaxies are all consistent with those of dwarf
galaxies, then the former can be the result of successive
merging of the latter; otherwise, either satellite accretion is
not the only means to build up spirals and ellipticals or the
actual building blocks are not alike today’s dwarfs.

An updated review of the chemical, kinematical, and star
formation properties of nearby dwarfs can be found in [18].
In this tutorial paper, we describe how the star formation
history of a galactic region can be derived from the colour-
magnitude diagram of its resolved stars, and we summarize
what people have learnt on the SFHs of dwarf galaxies from
the application of the most popular approach based on the
CMD. In Section 2 we introduce the method; in Section 3 we
describe in detail procedures and uncertainties; in Section 4
we report on the results of its application on the SFH of
dwarf galaxies. A discussion on how these results may affect
our understanding of galaxy evolution which is presented in
Section 5.

2. Star Formation Histories from
Colour-Magnitude Diagrams: The Method

The need for understanding the star formation histories of
dwarf galaxies was recognized long ago and over the years
many approaches have been followed to infer the SFH of
different galaxies. Among the many studies devoted to the
field, we recall the seminal paper [19] and the extensive
and detailed analyses performed by Gallagher, Hunter and
collaborators (see [20, 21], and references therein), who used
various indicators to estimate the star formation rates at

different epochs of large samples of dwarfs. The quantum
leap in the field occurred two decades ago, when the power
and resolution of new generation telescopes and detectors
allowed people to resolve and measure individual stars even
in the crowded fields of external galaxies and to draw
their CMDs. The CMD of a stellar system is in fact the
best information desk on the system evolution, because
it preserves the imprinting of all the relevant evolution
parameters (age, mass, chemical composition, initial mass
function).

Twenty years ago, stellar age dating was done with
isochrone fitting, a handy tool for simple stellar popu-
lations, such as those of stellar clusters, but inadequate
to interpret the composite populations of galaxies, where
many subsequent generations of stars, with possibly different
initial mass function, metallicity, reddening, and distance,
contribute to the morphology of the observational CMD.
With CCD detectors and new reduction packages for PSF
fitting photometry allowing for the first time to measure
accurately individual stars in Local Group (LG) galaxies, the
time had come to develop a reliable tool to quantitatively
derive their SFHs. The best tool is based on CMDs, and is
the extrapolation of the standard isochrone fitting method
to the complicated CMDs of composite stellar populations:
the synthetic CMD method.

2.1. Building a Synthetic Population. The synthetic CMD
method allows us to derive all the SFH parameters within
the lookback time reached by the available photometry. To
do this, a synthesizer works with classical ingredients:

(i) star formation law and rate, SFR(t), which regulate
the astrated mass at each time t;

(ii) initial mass function (IMF), which gives the number
N of stars in each generation per unit stellar mass
interval, a useful form is a power-law:

dN ∝M−αdM, (1)

the IMF is usually assumed to be independent of
time;

(iii) chemical enrichment due to the galaxy chemical
evolution, the metallicity of the gas from which stars
form changes with time, this is described by an age-
metalicity relation (AMR) Z(t);

(iv) stellar evolution tracks, giving the temperature and
luminosity of stars of given mass and metallicity at
any time after their birth;

(v) stellar atmosphere models, to transform the bolomet-
ric magnitudes and temperatures into the observa-
tional plane;

(vi) binary fraction and mass ratio.

The standard procedure is the following. Using a Monte
Carlo algorithm, masses and ages are extracted according
to the IMF and the SF law (e.g., constant or exponentially
decreasing with time, proportional to some power of the
gas density, etc.). The metallicity follows suitable AMRs.
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The extracted synthetic stars are placed in the CMD by
interpolation among the adopted stellar evolution tracks of
the assumed metallicity. In order to take into account the
presence of unresolved binary stars, a chosen fraction of stars
are assumed to be binaries and coupled with a companion
star. The fake population is put at the distance of the galaxy
we want to analyze, simultaneously correcting for reddening
and extinction. Finally, photometric errors, incompleteness,
and blending factors, as accurately estimated from artificial
star tests on the actual photometric images of the examined
field, are applied to the synthetic CMD.

Different combinations of the parameter choices provide
the whole variety of CMDs observed in real galaxies. As
an example, Figure 1 shows the CMDs resulting from 6
representative, although simplistic, cases.

Figures 1(a)–1(f) illustrate the effect of different SFHs
on the synthetic CMD of a hypothetical galactic region with
a number of resolved individual stars, photometric errors,
as well as blending and incompleteness factors typical of a
region in the SMC imaged with HST/WFPC2. Figures 1(a)–
1(c) show examples of CMDs typical of late-type galaxies,
with ongoing or recent star formation activity. If the SFR has
been constant for all the galaxy lifetime, the CMD of the
region is expected to have the morphology of Figure 1(b),
with a prominent blue plume mostly populated by main-
sequence (MS) stars and an equally prominent red plume
resulting from the overposition of increasingly bright and
massive stars in the red giant branch (RGB), asymptotic giant
branch (AGB), and red supergiant phases. At intermediate
colours, for decreasing brightness, stars in the blue loops, red
clump, and subgiant phases are visible, as well as the stars at
the oldest MS turnoff (MSTO) and on the faint MS of low
mass stars. Stars of all ages are present, from those as old as
the Hubble time to the brightest ones a few tens Myr old.

If we leave the SFH unchanged except for the addition of
a burst ten times stronger concentrated in the last 20 Myr, the
CMD (Figure 1(a)) has a much brighter and more populated
blue plume, now containing many stars a few Myr old. In
Figure 1(c) the same constant SFR as in the first case is
assumed, but with a quiescent interval between 3 and 2 Gyrs
ago: a gap is clearly visible in the CMD region corresponding
to isochrones with the age of the missing stars.

The three bottom panels of Figure 1 show CMDs typical
of early-type galaxies, whose SF activity is concentrated at
earlier epochs. If only one SF episode has occurred from
13 to 10 Gyr ago, with a constant metallicity Z = 0.004
as in Figures 1(a)–1(c) , the resulting CMD is shown in
Figure 1(e). If the SF has occurred at the same epoch,
but with a metallicity ten times lower, the evolutionary
phases in the resulting CMD (Figure 1(f)) have colours and
luminosities quite different from the previous case. Finally,
Figure 1(d) shows the case of two bursts, the first from 13
to 11 Gyr ago and the second from 5 to 4 Gyr ago. The gap
corresponding to the quiescent interval is visible in the CMD
although not as much as the more recent gap of Figure 1(c).

Once a synthetic CMD is built, the challenging part
of the method is the comparison with the observational
CMD. The best values of the parameters (IMF, AMR,
SFR, binary fraction, reddening, and distance modulus) are

found by selecting the cases providing synthetic CMDs with
morphology, colours, number of stars in the various evolu-
tionary phases, and luminosity functions consistent with the
observed ones. Independently of the specific method, any
approach is unavoidably statistical and does not provide a
unique solution for the SFH of the examined region. Never-
theless, the synthetic CMD method is quite powerful, thanks
to the wealth of independent constraints available in a good
CMD, and it strongly reduces the range of possible scenarios.

In what follows, we will describe what are the major
uncertainties in the method. Before diving into details,
however, it is crucial to understand which parts of a CMD
are the most reliable clocks.

2.2. Stellar Ages from a CMD. What can be learnt from a
CMD? All the evolutionary sequences are witness of the same
SFH, but some sequences are specifically sensitive to age
more than to any other ingredient (e.g., metallicity, convec-
tion, etc.). In order to track the history of a galaxy, it is neces-
sary to select the safest age indicators. Because different evo-
lutionary phases populate different CMD regions, one must
then know which parts of the CMD are more informative.

The best indicators share a useful feature: the age is
related to the luminosity, which depends on the burning rate
and on the available fuel. The MS is the archetype of this class
of phases, since in this stage the stars obey a mass-luminosity
relation L ∝ Mn (where n varies from 3 to 4). This
relationship has strong implications. Adopting a mean value
n = 3.5 and considering that the available fuel is proportional
to the stellar mass M, the time spent in MS is proportional
to M−2.5: massive stars live for short times (50 Myr for a
8 M�), mapping only the recent SFH, while objects smaller
than 1.5 M� can survive for many Gyr, mapping the recent
as well as the ancient star formation history. From the point
of view of the CMD, this one-to-one correspondence of
luminosity and mass/age allows, for a given metallicity, a
direct conversion of the MS information into the SFH.

Beyond the MS, a mass-luminosity relation does not
hold anymore, and the luminosity is rather sensitive to the
core mass growth. The phases between the MS and the
red giant are so fast (thermodynamical evolution) that the
probability of observing their stars is low (compared to that
for nuclear phases). This causes the so-called Hertzsprung
gap, that is, the observed lack (or paucity) of stars in the
evolutionary phase right after the MS. However, for stars
smaller than about 2–2.5M�, the evolutionary times are long
enough (because the degeneracy pressure prevents a rapid
core contraction) to define another useful age indicator: the
subgiant branch (SGB). Like the MS turn-off, the SGB fades
as the the age increases.

Later evolutionary phases, namely, the RGB, the horizon-
tal branch (HB), the red clump (RC), and the asymptotic
giant branch, with the exception of the blue loop (BL) stage,
are questionable age indicators. In fact, the CMD position of
such objects mostly reveals the age through the colour, which
can be influenced by several factors. As an example, aging
the stars makes the RGB redder, but theoretical uncertainties
like the colour transformations and the super-adiabatic
convection can lead to higher colour shifts. The RGB is
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Figure 1: The effect of the SFH on the theoretical CMD of a hypothetical galactic region with (m−M)0 = 19, E(B − V) = 0.08, and with
the photometric errors and incompleteness typical of HST/WFPC2 photometry. All the shown synthetic CMDs contain 50 000 stars and are
based on the Padova models [22, 23] with the labelled metallicities. (b) The case of an SFR constant from 13 Gyr ago to the present epoch.
(a) The effect of adding a burst 10 times stronger in the last 20 Myr to the constant SFR. The CMD has a much brighter and thicker blue
plume. (c) The same constant SFR as in the first case, but with a quiescence interval between 3 and 2 Gyrs ago; a gap appears in the CMD
region corresponding to stars 2-3 Gyr old, which are completely missing. (e) SF activity only between 13 and 10 Gyr ago with Z = 0.004. (f)
SF activity only between 13 and 10 Gyr ago with Z = 0.0004: notice how colour and luminosity of turnoff, subgiant, and red giant branches
differ from the previous case. (d) SF activity between 13 and 11 Gyr ago, followed by a second episode of activity between 5 and 4 Gyr ago: a
gap separates the two populations in the CMD, but less evident than in (c) case, when the quiescent interval was more recent.

undoubtedly more sensitive to the metallicity. On the other
hand, all these phases are indisputable signature of stars older
than a limiting age and extremely useful in the age dating
of galaxies too distant to have the MSTO reachable by any
photometry: HB stars are always older than 10 Gyr, RGBs at
least 1-2 Gyr old, and AGBs older than 100 Myr. Moreover, as
thoroughly discussed by Greggio [24], the relations existing
between the number counts of post-MS stars and their mass
helps in constraining the SFH.

Among core helium burning stars, the HB and the
RC phases are composed by stars of initial mass smaller
than about 2 solar masses, whose luminosity depends on
the helium core mass and is quite independent of the
stellar mass. In particular, the HB colour frequently shows
a correlation with metallicity (the “first parameter”), while
age is only one of the possible secondary parameters. Quite
different is the behavior of intermediate mass stars (over
2 M�): during the core helium burning these objects describe
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a large loop in colour (the so-called blue loops) and their
luminosities are critically sensitive to the mass; this is because
the core mass is connected to the extension of the convective
cores in the previous MS structures. Thanks to this feature,
for ages of 100–500 Myr, the luminosity of the loops fades
with age and the BL is an excellent age indicator.

After the core helium burning phase, low and interme-
diate mass stars experience the AGB phase. As for the RGB,
a relation between the luminosity and the core mass holds.
In addition, many phenomena occur (e.g., mixing and extra
mixing of convective layers, thermal pulses, etc.) which are
not yet understood in detail, and this leaves considerable
uncertainty.

The very first and the final stages of stellar evolution,
namely, the pre-main sequence (PMS) and the white dwarf
(WD) regimes, also deserve some comments. As for the
former, prior to reaching the MS, the star’s energy source is a
contraction on thermodynamical timescales (tenths of Myr).
While aging, PMS stars fade and become hotter. Figure 2
shows the HST/ACS images and the corresponding CMDs
of two star forming regions in the Small Magellanic Cloud,
NGC602 (left-hand panels, [25]) and NGC346 (right-hand
panels, [26]). The well-defined sequence well separated from
the canonical main sequence, which appears on the right-
hand side of these CMDs, is composed by PMS stars.
Were not this phase affected by several theoretical and
observational uncertainties, the PMS would be a powerful
clock for the most recent Myrs (see, e.g.,[27], and references
therein).

On the other hand, WDs represent the final fate of all
stars with masses below 8 M�. These stars share a useful fea-
ture: the peak of the WD luminosity function fades with age.
Unfortunately, the presence of theoretical uncertainties (e.g.,
crystallization processes, nuclear reaction rates, convection,
mass loss, and initial chemical composition) together with an
intrinsic low luminosity (10 < MV < 18) tend to invalidate
its reliability.

In conclusion, MS and SGB stars are certainly the most
reliable age indicators. If we add that in these phases faint
objects live longer, a deeper CMD gives a better chance to
robustly trace the past star formation history. It is important
to underline that quantitative and qualitative indicators can
be combined and typically complement each other. In other
words, when a deep CMD is not available, evolved stars can
be used very profitably to recover the SFH although with
higher uncertainty and within shorter lookback times.

2.3. Deep is Better. The presence of a completeness limit (due
to both the intrinsic crowding and distance of the examined
galaxy and to the instrumental capabilities) hinders the
possibility to exploit all the information contained in a CMD.
To visualize this effect, we built age-frequency plots for
various stellar mass ranges, assuming different completeness
limits (see Figure 3) and using an artificial population
generated from the Padova stellar models [22] with Z =
0.004, no binaries, and constant SFR. In order to be as
general as possible, all the results are shown using absolute
magnitudes. In all panels of Figure 3 we plot with different
colours the fraction of stars of various mass ranges visible in

the CMD above the assumed completeness limit as a function
of their age.

In Figure 3(a) the completeness limit is set to MV = 2.5:
we see that on the MS only stellar masses higher than 1.5 M�
are brighter than this limit and usable witnesses of the last
2 Gyr. On the other hand, the long-lived nature of lower
masses guarantees to trace long periods of star formation,
but not the recent SFR. The explanation comes from the
limit MV = 2.5 itself: it cuts off the MS, so for stars below
1.5 M�, we see only later (i.e., brighter) evolutionary phases,
represented by the RGB and the central helium burning (the
dotted lines for the mass ranges 0.6−1.0 M� and 1.0−1.5 M�
represent the contribution of PMS, MS, and SGB stars).

Moving the limit to V = 3.5 (Figure 3(b)), the mass
interval 1–1.5 M� is visible in the CMD and informative
of the star formation history between now and ∼8 Gyr ago.
However, only masses over 1.2-1.3 M� are on the MS. Lower
masses or, equivalently, older epochs, must refer to RGB
and He burning phases. The situation improves when the
completeness limit is set at MV = 4.5 (Figure 3(c)), and
the MS phase is visible for all stars down to ∼0.8 M�. This
limit represents a very good level for studying the history of a
resolved galaxy, since it guarantees age-sensitive tracers (MS
and SGB stars) covering the entire Hubble time (13 Gyr).

Finally, Figure 3(d) shows the age plots for a complete-
ness limit MV = 5.5: at this luminosity, the zero age main
sequence is reached for subsolar masses, whose lifetimes
are longer than the age of the Universe. With respect to
MV = 4.5 case, the advantages here are (1) a much more
reliable photometry of the turn-off and SGB stars; (2)
further information on the IMF, thanks to a better coverage
of the lowest/faintest mass intervals, where the IMF slope
may significantly change (see, e.g., [28, 29], and references
therein); (3) a better constraint on Z(t), given the mild
influence of the SF law on the CMD position of low mass
stars.

These results depend on the assumed chemical com-
position. This is important when one considers that in
galaxies some chemical enrichment must always be at work.
Following this paradigm, the oldest stars in a galaxy are
expected to be metal poor. Changing the metallicity has
two main effects on the model; namely, changes in the
evolutionary lifetimes and changes in the stellar luminosity,
which in turn can sensibly modify the relation between CMD
and SFH. To investigate this phenomenon, in Figure 4, the
frequency-age plot for the completeness limit MV = 4.5 is
shown for two different metallicities, Z = 0.004 (thick lines
in the figure) and Z = 0.0004 (thin lines). Lowering the
metallicity accelerates the evolution, and the age distribution
for all the mass intervals (except 0.6–1 M�) is shifted by, at
least, 1 Gyr with respect to the Z = 0.004 cases. The age
plot for masses 0.6–1 M� has a different genesis: part of these
stars live more than 13 Gyr, so the evolutionary effect is not
visible. In contrast, the mass range 0.6–1 M� emphasizes the
luminosity effect: a lower metallicity pushes MS stars over the
completeness limit MV = 4.5, injecting younger stars in the
age distribution that now involves ages between 0 and 13 Gyr.
In practice, a lower metallicity mimics what happens with a
more favorable completeness limit.
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Figure 2: (a, b) HST/ACS true colour images of NGC602 (a), a very young cluster in the wing of the SMC and NGC346 (b), a populous
young cluster in the main body of the SMC. Images credit NASA, ESA, and A. Nota (STScI, ESA). (c, d) CMD of NGC602 (c) and of NGC346
(d). PMS stars are clearly visible at the right of the Main Sequence.

This implies the following rule: in order to safely use the
CMD for an estimate of the oldest star formation history
we need to resolve all the stars down to MV = 4.5.
Since this magnitude can be reached only in the closest
galaxies, this implies that in most cases the information on
the earliest SF activity is either completely lacking or very
uncertain.

3. Deducing the SFH: Guidelines

3.1. A Changing Landscape. The first procedures to derive the
SFH of nearby galaxies from synthetic CMDs were developed
by the Bologna and the Padova groups about 20 years ago
[30–34], with the latter then combining with the Canary
group [35–37]. These works used luminosity functions,
colour distributions and the general CMD morphology to

constrain the underlying SFH. In particular, the ratio of star
counts in several regions of the CMD was used to determine
both the SFR and the IMF [32]. The drawback of these pro-
cedures is the lack of a robust statistical criterion to evaluate
the best solution and the corresponding uncertainties. On
the other hand, these authors made an optimal use of all the
CMD phases and took into careful account all the properties
and uncertainties of stellar evolution models, thus avoiding
blind statistical approaches, which can lead to misleading
results.

Later on, several methods have been proposed to sta-
tistically compare simulated and observed CMDs. In this
framework, some groups have derived the SFHs of galaxies
in the LG (see, e.g., [37–44]). Others (see, e.g., [45–48]) have
tackled the question of the SFH in the solar neighborhood.
To the same class of investigators we can assign also
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Figure 3: Fractional age distributions of stars generated with a constant SFR (0–13 Gyr) for four different completeness limits. In different
colours (solid lines) are plotted the contributions from different mass ranges. In (a), only stars with absolute magnitude brighter than
2.5 are plotted, while in (b), (c), and (d), this limit is, respectively, MV = 3.5, MV = 4.5, and MV = 5.5. The dotted lines represent the
contribution of PMS, MS, SGB. In each panel, the left and right subfigures show, respectively, the adopted simulated population (with the
limiting magnitude marked by a red line) and a blow-up with the contribution of intermediate and massive stars in the last 300 Myr.

the study by [49] focussing on star clusters. In all these
works, the emphasis is transferred from the stellar evolution
properties to the problem of selecting the most appropriate
model through decision making criteria: here, the likelihood
between observed and model CMD is evaluated on statistical
bases. There are subtle differences among different groups,
reflecting how these authors define the likelihood and how
they solve it. The advantages are mainly three: the possibility
to exploit each star of the CMD, and not only few strategic
ratios; the evaluation of the uncertainty on the retrieved

SFH, which is robust; the explorability of a wide parameter
space. However, a blind statistical approach is not risk-free.
Although significant advances have been made in stellar
evolution and atmosphere theories, several processes (only
to cite the most infamous ones, the HB morphology, RGB
and AGB features, convection in general) remain poorly
understood and affect the statistical tests. If some parts of
the CMDs have a low reliability and others are statistically
weak, but very informative (like the helium burning loops),
any blind algorithm may miss something crucial. In this case,
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Figure 4: Fractional age distributions for stars brighter than MV =
4.5 at two different metallicities. The thick line represents Z =
0.004, while the thin line represents Z = 0.0004.

a careful inspection of the CMD morphology, in particular
the ratios of stellar number counts in different evolutionary
phases is the irrenounceable and necessary complement
to the statistical approach. Finally, whatever the adopted
procedure, the absolute rate of star formation must be
obtained normalizing the best model to the observed number
of stars.

The major differences among the various procedures
concern the approach to select the best solutions and the
treatment of metallicity variations. In 2001, the predictions
of the synthetic CMD method from about ten different
groups were compared with each other, showing that within
the uncertainties, most procedures provided consistent
results (the Coimbra Experiment, see [50], and references
therein).

In the following section we describe the main steps to
rank the likelihood among CMDs.

3.2. To Grid or Not to Grid. In order to decide if a synthetic
CMD is a good representation of the data, the observed and
the model star-counts can be compared in a number of CMD
regions. In [40], these regions are large and strategically
chosen to sample stars of different ages or specific stellar
evolutionary phases and to take into account uncertainties
in the stellar models: this solution guarantees an optimal
statistics, but has the drawback of underexploiting the fine
structure of the CMD. Another possibility is to choose
a fine grid of regions (see, e.g., [51, 52]), counting how
many predicted and observed stars fall in each region: the
temporal resolution is higher, but the Poisson noise is the
new drawback. An intermediate solution is to build a variable
grid, coarser where the density of stars is lower and finer
when the density is higher (see, e.g., [45, 53]). At this level,
ad-hoc weighting of some regions can be introduced both

to emphasize CMD regions of particular significance for the
determination of age, and to mask those regions where stellar
evolutionary theory is not robust.

Other authors avoid to grid the CMD: for instance, in
[38] each model point (apparent magnitude and colour) is
replaced with a box with a Gaussian distributed probability
density (the photometric error). The total likelihood of a
model is the product of the probabilities of observing the
data in each box. The idea of this method is equivalent to use
blurred isochrones (each point is weighted by the Gaussian
spread), so that the photometric uncertainty is embodied in
the theoretical model.

3.3. Maximum Likelihood. The next step is to choose a crite-
rion for the comparison between synthetic and observational
CMDs. For any grid scheme, once binned, data and synthetic
CMDs are converted in colour-magnitude histograms. So,
the new problem is to quantify the similarity among 2D
histograms. One possibility is to minimize a χ2 likelihood
function: when the residuals (differences among theoretical
and observed star-counts in the CMD regions) are normally
distributed, all models that have a χ2 greater than the best
fit plus one are rejected. However, when the distribution is
not normal, a χ2 minimization leads to a wrong solution.
This motivates the use of the Poisson likelihood function
instead of the least-squares fit-to-data function. In order to
determine the uncertainties around the best model, a valid
alternative is to use a bootstrap test: the original data are
randomly resampled with replacements to produce pseu-
doreplicated datasets. This mimics the observational process:
if the observational data are representative of the underlying
distribution, the data produced with replacements are copies
of the original one with local crowding or sparseness. The
star formation recovery algorithm is performed on each of
these replicated datasets. The result will be a set of “best”
parameters. The confidence interval is then the interval that
contains a defined percentage of this parameter distribution.

One aspect deserves closer inspection: the minimization
of a merit function of residuals (χ2 or Poisson likelihood) is a
global measure of the fit quality. The first side effect is purely
statistical: low-density regions of the CMD may be ignored
in the extremization process, whereas well-populated phases
(as the MS) are usually well reproduced. This is a problem of
contrast: low-density regions are Poisson dominated, thus,
they are much easier to match with respect to the well
populated regions.

A Monte Carlo method can be used with great success to
evaluate this bias: building synthetic CMDs from the best set
of parameters and re-recovering the SFH can allow to remark
any statistical discrepancy. Then, a straightforward solution
is to enhance the significance of the discrepant regions of the
CMD (with appropriate weights).

Another problem is connected with the theoretical ingre-
dients we have used in the models: first of all, stellar evolution
models are not perfect and computations by different groups
show systematic differences (see, e.g., for a review [54]).
Model atmospheres are often unreliable for cool and metal
rich stars. Moreover, our models are only covering a part of
the possible parameter space and some degree of freedom
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(additional metallicities, mass loss, overshooting, etc.) may
have been neglected. In this case, our best model is only the
best (in a relative sense) of the explored parameter space, not
necessarily a good one.

In order to deal with these undesirable effects, the resid-
uals can be placed in the CMD, identifying all the regions
where the discrepancy between observed and predicted star-
counts is larger. If the residuals are larger and concentrated in
some part of the CMD, we may understand what is the reason
for the discrepancy and take it into account. For instance, a
poor fit in the red giant branch, less populated than the main
sequence but morphologically well defined in colour (and for
this reason often neglected in χ2 minimization), may suggest
a wrong metallicity, a different mixing length parameter, or a
wrong colour transformations.

3.4. Wondering in the Parameter Space. The main drawback
of Maximum Likelihood (ML) approaches is the compu-
tational burden. Algorithms that find the ML score must
search through a multidimensional space of parameters,
using, for instance, derivative methods, like Powell’s routine,
or nonderivative ones, like the downhill simplex routine, or
genetic approaches (see, e.g., [53]).

These techniques are not guaranteed to find the peak,
but work relatively well for a limited number of parameters.
Traditionally, this question has been tackled by constructing
synthetic CMDs from an SFH built as a series of contiguous
bursts and finding the amplitudes of each burst that give
the maximum probability to have produced the data: the
synthetic CMD is now a linear sum of the partial CMDs
produced from a single realization for each burst. In this
way, a huge parameter space can be explored: rather than
calculating a complete CMD for each SFR(t), the partial
CMDs can be linearly combined to build a CMD for any
SFR(t). In order to reduce the Poisson noise, the partial
CMDs are simulated with many more stars than observed
(typically, 100 times more).

The computer time spent for building the final CMD
is only that needed to go through a finite number of
models, simply equal to the number of combinations of Z(t)
relations, IMF slopes, reddenings, and distance moduli times
the number of age bins in the solution.

Age Bins: disentangling a stellar population showing
both very recent (Myr) and very old (Gyr) episodes of
star formation is not straightforward. Only low-mass stars
survive from ancient episodes because their evolutionary
timescales are very long: small CMD displacements, for
example, due to photometric errors, can bias their age
estimates up to some Gyr. In this case, increasing the time
resolution, besides being time-consuming, may produce
unrealistic star formation rates due to misinterpretations.
Hence, the choice of temporal resolution must follow both
the time scale of the underlying stellar populations and the
data scatter (photometric errors, incompleteness, etc.). A
practical way out is to use a coarser temporal resolution for
the older epochs, which (1) allows us to avoid SFH artifacts at
early epochs, (2) reduces the Poisson noise, and (3) reduces
the parameter space. Figure 5 shows a possible time stepping
(see, [27]). Finally, it is worth noting that the choice of each

set of age bins will prevent to identify any SF episode shorter
than the bin duration: for instance, the 1 Gyr lull (between 2
and 3 Gyr ago) in the star formation history, as simulated in
the Figure 1(c), will result in a lower (half) activity in the 7th
age bin (1–3 Gyr).

In the following sections we describe some numerical
experiments illustrating the reliability of a typical ML
algorithm. In particular, the sensitivity of such algorithm
to several physical uncertainties is outlined. These examples
expand the discussions and results by [46]. The experiments
described here are based on different set of tracks, mass
spectrum, and photometric errors/completeness, but the
results are the same as in [46], thus showing that they
are independent of these assumptions. Other instructive
examples can be found in [40, 54, 55].

3.5. A Practical Example. To describe how an ML procedure
works, let us build a fake galaxy assuming for the sake
of simplicity a constant star formation rate between now
and 13 Gyr ago and a metallicity fixed at Z = 0.004.
We put it at the distance of the closest dwarf irregular
galaxy, the Small Magellanic Cloud (SMC), (m − M)0 =
18.9, and adopt the SMC mean foreground reddening
E(B − V) = 0.08. To minimize statistical fluctuations, the
Monte Carlo extractions are iterated until we have 30 000
stars brighter than V = 23, which roughly corresponds
to about 100 000 stars in the entire CMD. Photometric
errors and incompleteness as obtained in actual HST/ACS
SMC campaigns [27] are convolved with the synthetic data,
producing a realistic artificial population. This fake galaxy
will be used as a reference set in all the following exercises.

To recover its SFH, we have gridded the CMD in small
bins of colour and magnitude (0.1 mags large) and we have
minimized a Poisson likelihood. The time stepping for the
partial CMDs is as follows (going backward in time from
the present epoch to 13 Gyr ago): 100 Myr, 400 Myr, 500 Myr,
1 Gyr, 2 Gyr, 3 Gyr, 3 Gyr, 3 Gyr. A bootstrap technique is
implemented to determine the final uncertainties.

Figure 6(a) shows the CMD of our reference fake galaxy,
and Figure 6(b) the SFH recovered from it, using only stars
brighter than V = 23 (i.e., MV = 3.85), for a self-
consistency check. As expected, the retrieved SFR is fitted by a
constant value. We will use this basic experiment as a starting
point for a series of exercises aimed at describing the major
uncertainties affecting the synthetic CMD method.

3.6. Uncertainties Affecting the Synthetic CMD Procedures.
Contrary to real cases, in the reference case of Figure 6 we
have all the information: all parameters are known and the
data are complete down to 23 (MV = 3.85). Real galaxies
are far from this ideal condition. Inadequate information
or uncertainty about the assumed parameters can influence
the identification of the best SFH. The major sources of
uncertainty are primarily the IMF, the binary fraction, and
the chemical composition. From the observational point of
view, the completeness level is another important factor.
Moreover, population synthesis methods make a number
of simplifications to reduce significantly the computational
load; for example, reddening constant across the data, same
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Figure 5: Partial theoretical CMDs. Each one is generated with a constant star formation rate, for the age interval pointed out in the label.
The bright part of the main sequence is dominated by high-mass stars so the CMD time step has to be shorter.

distance for all stars, linear age-metallicity relation, and so
forth. Dropping these simplifying assumptions considerably
complicates all analyses of the CMD properties.

There are two main strategies to face the complexity
of the problem. One is to increase the number of free
parameters in the model. For example, the work in [56]
recovers simultaneously distance, enrichment history, and
SFR of the local dwarf LGS 3. The other is to reduce the
data complexity by means of additional information; for
instance, the metallicity may be estimated from appropriate
spectroscopy and multiband observations may help to
disentangle the reddening.

In the following subsections we test the reliability of
the star formation recovery when the uncertainties related
to each parameter are taken into account individually. A
word of caution is necessary for the interpretation of these
exercises: in each case, we show how the recovery of the
SFH of the reference fake galaxy is affected by forcing the

procedure to adopt a specific (and in most cases wrong) value
for the tested parameter. This is aimed at emphasizing the
effect of that parameter. In the derivations of the SFH of
real galaxies, the parameter values are all unknown (which
complicates the derivation), but the selection procedure is
allowed to cover all the meaningful ranges of values and can
therefore distinguish which combinations allow to maximize
the agreement with the data.

3.7. Completeness. The numerical experiment seen in
Section 3.5 represents an ideal situation: (1) the SMC is
one of the closest galaxies, (2) HST/ACS currently provides
the top level photometry in terms of spatial resolution
and depth. At the distance of the SMC (60 kpc), ACS
photometry can be 100% complete to V ≈ 24 − 25. Farther
galaxies and/or images from ground-based telescopes have
larger photometric errors and more severe incompleteness.
For comparison, the optical survey conducted at the Las
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Figure 6: Starting case for the experiments on the uncertainties
on the retrieved SFH due to different factors. In (a) we show an
artificial population of stars generated with constant SFR, Salpeter
IMF, constant metallicity Z = 0.004 [23], (m − M)0 = 18.9,
E(B −V) = 0.08, and the HST/ACS errors and completeness of the
photometry in the SMC field NGC602 [27]. In (b) the input (solid
line) and the recovered (dotted) SFH are compared.

Campanas Observatory 1 mt Swope Telescope, to trace the
bright stellar population in the Magellanic Clouds, is 50%
complete to V ∼ 21− 22 (see [57]).

To demonstrate the importance of the completeness
limit, we perform the star formation recovery using only stars
brighter than V = 21 and V = 22. The results are displayed
in Figure 7. It is evident that the deeper the CMD, the higher
the chance to properly derive the old star formation activity.
Compared toV = 23 case, where the SFR recovery is accurate
and precise at any age, the quality already drops when the
completeness limit is at V = 22: the larger error bars at old
epochs reflect the fact that the only signature of the oldest
activity comes from evolved stars, less frequent, and much
more packed in the CMD than the corresponding MS stars.
Rising the limiting magnitude at V = 21 further worsens the
result, and the recovered SFH is a factor of 2 uncertain for
ages older than 1-2 Gyr.

These results are actually optimistic: we have analyzed
different levels of completeness with the same photometric
errors (HST/ACS), but this is an utopic situation. More
distant galaxies have a less favorable completeness limit,
and also the photometric error is larger. In these cases, an
additional blurring occurs.

3.8. IMF. A large body of evidence seems to indicate that (1)
the stellar IMF has a rather universal slope, (2) above 1 M�
the IMF is well approximated by a power law with Salpeter-
like exponent [58], (3) below 1 M� the IMF flattens.

According to [28], the average IMF (as derived from local
Milky Way star-counts and OB associations) is a three-part
power law, with exponent α = 2.7 ± 0.7 for m > 1 M�,
α = 2.3 ± 0.3 for 0.5 M� < m < 1 M�, α = 1.3 ± 0.5 for
0.08 M� < m < 0.5 M�. Other authors, in the past, have
proposed different (although somewhat similar) slopes for
the IMF of various stellar mass ranges (e.g., [29, 59, 60]).
Given these uncertainties, it is necessary to evaluate how
this impacts the possibility to infer the SFH. In fact, we have
the degeneracy condition that false combinations of IMF
and SFH can match as well the present day mass function
(the current distribution of stellar masses) of MS stars.
To quantify it, three fake populations were generated with
different IMF exponents (α =2, 2.35 and 2.7), but the SFH
searched using always 2.35. The results are shown in Figure 8.

To interpret these results, one must recall that recent
steps of star formation are still populated by the entire mass
spectrum, while old steps see only low-mass stars because the
more massive stars born at those epochs have already died.
For old stars, a steeper IMF is almost indiscernible from a
more intense star formation. In fact, even if evolved stars are
included in the SFH derivation, the mass difference between
a star at the RGB tip and those at the MS turn-off is only
few hundredths of solar masses: too small for allowing the
identification of any IMF effect.

For young stars the situation in different. Any attempt
to reproduce with an IMF steeper than that of the reference
population the number of stars on the lower MS requires
a stronger SF activity, but this (wrong) solution leads to
overestimating the number of massive stars. Hence, for
young stars, IMF and SFH are not degenerate. However,
an automatic optimization algorithm, if not allowed to
search better solutions including also the IMF among
the free parameters, inevitably faces the impossibility to
accommodate the number of both massive and low-mass
stars, by choosing a compromising recent SFH giving higher
weight to the more populated (although less reliable) CMD
region.

As shown in Figure 8 the automatic fit tends to over-
estimate the age of any population whose IMF is actually
steeper than the adopted one, and vice versa, for a flatter
IMF. Again, we remark that the automatic solution is only
the best solution in a parameter space where the IMF is fixed,
not necessarily a good one: if the CMD of the recovered
SFH is compared with the reference CMD, we immediately
recognize that the ratio between low and massive stars is
wrong. In other words, to figure out whether our “best”
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Figure 7: Effect of different completeness limits: in Figure 7(a) the SFH is recovered using only stars brighter than V = 22. In this case, most
of the information is still retrieved. In (b) this limit is lowered at V = 21 as expected, most of the old star formation (older than 1 Gyr) is
much more uncertain.
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Figure 8: Effect of different IMFs. SFH recovered assuming Salpeter’s IMF exponent (2.35) for synthetic stellar populations actually
generated adopting different IMF (labeled in each panel) and a constant SFR.

solution is actually acceptable, it is always crucial to compare
all its CMD results with the observed one.

3.9. Binaries. Another source of uncertainty is the percentage
of stars in unresolved binary systems and the relative mass
ratio. The presence of a given percentage of not resolved
binary systems affects the CMD morphology. The aim, here,
is to see if these effects can destroy or alter the recovered
information on the SFH. In order to perform this analysis,
we build fake populations using different prescriptions for
the binary population (10%, 20%, and 30% of binaries with
random mass ratio), but the SFH is searched ignoring any
binary population (i.e., assuming only single stars). Our
models do not include binary evolution with mass exchange,
thus we assume that each star in a double system evolves as a
single star.

Figure 9 shows the results, as for the IMF, also in this
case a modest systematic effect is visible. This is because
the stars in binary systems are brighter and redder than the
average single star population (for an in depth analysis see,
e.g., [61]). For the recent SFH, this corresponds to moving
lower MS stars from a star formation step to the contiguous
older step: in this way, the most recent star formation step
is emptied of stars, mimicking a lower activity. Intermediate
SF epochs are progressively less affected, because some stars
get in and some stars get out of the step bin. For the oldest

epochs, the situation is opposite: the binary effect is to move
stars toward younger bins. Here, the SGB, that is, the main
signature of any old population, is brighter because of the
binaries, mimicking a younger system.

3.10. Metallicity and Metallicity Spread. The precise position
of a star on the CMD depends on the chemical composition,
namely, the mass fraction of hydrogen, helium, and metals
(X , Y , Z , respectively). The Z content mainly changes the
radiative opacity and the CNO burning efficiency: the result
of a decreasing Z is to increase the surface temperature and
the luminosity of the stars. This has two consequences of
relevance for us: (a) metal poor stars have a shorter lifetime
compared to the metal-rich ones (because overluminous and
hotter), (b) a metal-poorer stellar population is bluer but can
be mistaken for a younger but metal-richer population.

To test these effects, the first stars (ages older than 5 Gyr)
in our reference fake population are built with a slightly
different metallicity (Z = 0.002) than the younger objects,
which have the usual Z = 0.004. Then, we recover the
SFH by adopting a model with Z = 0.004 independently
of age. The results are shown in Figure 10: neglecting that
the oldest population of our galaxy was slightly metal
poorer, systematic, nonnegligible discrepancies appear in the
recovered SFH. It is the classical age-metallicity degeneracy:
to match the blue-shifted sequences of old metal poorer stars,
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Figure 9: Effect of unresolved binaries. Three fake populations are
built with different percentage of binary stars (10%, 20%, and 30%).
The SFR is recovered using only single stars.

our models with wrong metallicity must be younger. Note
that the overall trend of the young SFR is not significantly
biased, while the old SFR is now significantly different.

This result is a strong warning against any blind attempt
to match the CMD with a single (average) metallicity, espe-
cially considering that many galaxies exhibit a pronounced
age metallicity relation.

During and at the end of their life, stars pollute the
surrounding medium, so we expect that more recently
formed stars have higher metallicity and helium abun-
dance than those formed at earlier epochs. The progressive
chemical enrichment with time results from the combined
contribution of stellar yields, gas infall and outflows, mixing
among different regions of a galaxy. Observational studies
have shown that several galaxies reveal a metallicity spread
at each given age.

In [46], the SFH sensitivity to a metallicity dispersion
is tested: several fake populations were generated with a
mean metallicity Z = 0.02 plus a variable dispersion from
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Figure 10: Sensitivity test to metallicity. The reference fake galaxy
has a variable composition: Z = 0.004 for stars younger than
5 Gyr, Z = 0.002 for older stars. The red dots represent the SFR
as recovered using a single metallicity Z = 0.004 for all epochs.

σ = 0.01 dex to σ = 0.2 dex in [Fe/H]. Then, the SFH was
searched adopting in the model the same mean metallicity of
the artificial data, but without metallicity spread. The results
are shown in Figure 11. As described earlier, σ = 0.1 dex,
the retrieved SFH differs significantly from the true one:
this numerical experiment points out that the metallicity
dispersion can be a non negligible factor.

3.11. Helium Content. The SFH retrieval must be also tested
against possible variations of the helium abundance for
a given metallicity. The abundance of He and metallic-
ity influence the stellar structure through the molecular
weight. Increasing Y corresponds to increasing the molecular
weight and affects the hydrostatic equilibrium. The pressure
decreases and the star shrinks (producing heat), reaching
a new equilibrium characterized by a smaller radius and a
higher central temperature. As a consequence, the efficiency
of the central burning increases and this makes the star
brighter and hotter.

Helium absorption lines appear only in the spectra of
very hot stars. Hence, the traditional procedure to infer the
helium abundance of a standard stellar population cannot be
via direct measures and is instead based on the correlation
(which is assumed linear) between the helium mass fraction
Y and the metal abundance Z.

In order to explore the effects of a wrong choice of the
helium content, we have built a reference fake population
with Z = 0.004 and Y = 0.27 and we have tried to recover
its SFH using a Z = 0.004 model coupled with Y = 0.23,
which is obviously a very extreme assumption and, therefore,
provides a stringent upper limit to the possible Y effects
on the SFH. The result is shown in Figure 12: there are a
number of small variations, but the general morphology is
well reproduced. The small features of the recovered SFR are
blended (the peaks are attenuated) but the overall trend is
still recovered.

3.12. Reddening and Distance. In order to test how wrong
choices of reddening and distance invalidate the possibility
to recover the right SFH, we consider two extreme situations:
first, the fake galaxy is put at (m − M)0 = 18.6, with the
models still assuming (m − M)0 = 18.9 second, the fake
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Figure 11: Sensitivity test to the metallicity dispersion. Solid line: SFH assumed for the fake population. Dashed line: recovered SFH. The σ
value indicates the dispersion in [Fe/H], used for the reference artificial data. The model has the same mean metallicity, but no dispersion.

galaxy is reddened using E(B − V) = 0.16 mag, while the
models adopt E(B − V) = 0.08. The results are shown in
Figure 13: it is evident that the SFH is not recovered, and
shows large deviations from the reference case at any epoch.
However, it is worth to remind that we have derived the
best models from a blind χ2 minimization: it is clear that
at the distance of SMC, with the beautiful HST photometry
available, both a visual inspection of the CMD morphology
(in particular the blue MS envelope) and the evaluation
of the χ2 probability would be effective to reject all the
models with wrong distance and reddening. The problem is
more challenging for more distant galaxies, where the only
observables are massive stars and reddening and distance are
difficult to constrain.

Other potential problems are related to differential red-
dening and line-of-sight depth. There are several indications

that some galaxies or portions of them are affected by
differential reddening. For instance, young stars can be
still surrounded by relics of their birthing cocoon material
and suffer an additional amount of absorption. The first
signature of a differential reddening is the red clump
morphology when it appears elongated and/or tilted (see,
e.g., [62]). Another effect is a smeared appearance of colour
and magnitude in any stellar evolution sequence of the CMD.

A finite line-of-sight depth is a natural expectation, at
least for nearby galaxies where the physical extension can
be a nonnegligible fraction of their distance from us. As an
example, according to [63], the SMC may have a depth of
14–17 kpc, corresponding to a spread in magnitude of few
tenths of magnitude. This effect may alter the evolutionary
information from the clump and the RGB. A correct
description of the stellar populations thus requires analyses
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involving the spatial structure. Both differential reddening
and line-of-sight effects can be dealt with as additional free
parameters.

In order to check how the recovered SFH is influenced by
differential reddening and line-of-sight spread, we built two
fake populations with the following features: the first has a
reddening dispersion E(B−V) = 0.08±0.04, the second has
a distance spread (m − M)0 = 18.9 ± 0.2. Figure 14 shows
the result when the SFH is searched using the canonical
combination E(B − V) = 0.08 and (m −M)0 = 18.9. The
reference SFH is still fully recovered. The reason is in the
random nature of these uncertainties that produce a blurred
CMD, but not a systematic trend.

3.13. Additional Issues. The previous experiments do not
exhaust all the possible sources of uncertainty. Rather, they
represent the best understood and manageable ones: among
others, convection, atmospheres, and colour transforma-
tions, stellar rotation, mass exchange in binary systems may
be relevant as well. Moreover, we have explored each single
bias separately, while in a real galaxy, several uncertainties
may be at work simultaneously with different intensities. In
this case, the final effect may not be the simple summation
of the previous results: some of the effects may compensate
each other or conspire to build an uncertainty larger than the
sum of the individual uncertainties.

For example, in the metallicity experiment, when the
reference old population was metal poorer than in the search
procedure, the retrieved SFH resulted younger. However, this
is true only if the best SFH is searched with fixed reddening.
Letting the reddening vary could lead to a different SFH (and
reddening).

To summarize, the final uncertainty on the recovered
SFH strongly depends on which parameter space is explored.

Generally speaking, when the best photometric conditions
are achieved and all the parameter space is properly covered,
within the reached lookback time the error on the epochs of
the SF activities is around ten percent of their age and that on
the SFR is of the order of a few. With poorer photometry or
with coarser procedures the uncertainties obviously increase,
but the qualitative scenario is usually reliably derived.

4. Star Formation Histories of Resolved Dwarfs
from Synthetic CMD Analyses: Results

In spite of the uncertainties described earlier in the iden-
tification of the best solution for the SFH, the synthetic
CMD method is extremely powerful in reducing the range
of acceptable scenarios, that is, the range of values of the
various parameters. As demonstrated every time different
synthetic CMD procedures have been applied to the same
galaxy region, all the solutions come out consistent with each
other (see, e.g., the Coimbra experiment on the LMC bar [50],
and IC1613 [64]). We can, therefore, dare drawing some
general conclusions from the results obtained so far with this
method.

Since the dawn of its application, the method immedi-
ately proved its power. First, it was found that the SFH differs
significantly from one galactic region to the other even in
tiny systems such as WLM, the first dwarf irregular (dIrr) in
the Local Group to which the method was applied [30]. As
soon as a few other nearby irregulars were studied, it turned
out that, contrary to the common belief of the time, the SF
activity in late-type dwarfs within the lookback time spanned
by the available photometry has occurred in long episodes
of moderate intensity, separated by short quiescent phases,
rather than in short episodes of strong intensity, separated
by long quiescent intervals [31, 33–35, 66]. In other words, a
gasping [34] rather than a bursting regime.

Nowadays, one can resolve individual faint/old stars in
galaxies of the LG and its immediate vicinities, and infer their
SFHs over long lookback times. In the (still few) cases when
the oldest MSTO is reached, the SFH can be derived over the
entire Hubble time, as already achieved in some regions of
the LMC [43, 62, 67–70], of the SMC [27, 71, 72] and in Leo
A [65]. As an example, Figure 15 shows the CMD obtained
by [65] from ACS imaging of the dIrr Leo A, located at 800
kpc from us [52], and the resulting SFH. In Leo A the star
formation activity was present, although quite low at the
earliest epochs, and 90% of the activity occurred in the last
8 Gyr, with the main peak around 2 Gyr ago and a secondary
peak a few hundreds Myr ago. This SFH is very similar to
that of fields in the LMC, SMC, IC1613 [73], and other late-
type galaxies and we can consider it typical of dIrrs: a rather
continuous star formation since the earliest epochs, but with
significant peaks and gasps. Notice that the main SFR peak
in dIrrs rarely occurs at the most recent epochs.

The high spatial resolution of HST cameras also allows
to spatially resolve the SF activity, at least within relatively
recent epochs. For instance, the work in [74, 75] has
measured the SF activity over the last 0.5 Gyr in all the
subregions of the dIrrs Gr8 and Sextans A, close to the
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Figure 13: Sensitivity test to reddening and distance. Red dots represent the recovered SFH. In (a), the reference fake population is built with
a distance spread (m−M)0 = 18.6, while the model used to retrieve the SFH adopts (m−M)0 = 18.9. In (b),the reference fake population
is built with reddening E(B −V) = 0.16, while the model used to retrieve the SFH adopts reddening E(B −V) = 0.08.
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Figure 14: Sensitivity test to differential reddening and line-of-sight spread. Red dots represent the recovered SFH. In (a), the reference
fake population is built with a distance spread (m − M)0 = 18.9 ± 0.2, while the model used to retrieve the SFH has a single distance
(m−M)0 = 18.9. In (b), the reference fake population is built with a differential reddening E(B − V) = 0.08 ± 0.04, while the model used
to retrieve the SFH has a single reddening E(B −V) = 0.08.
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Figure 15: CMD and SFH of Leo A as derived by [65] from HST/ACS data. Notice the impressive depth and tightness of the CMD, allowing
to infer the SFH even at the earliest epochs. Courtesy A. Cole.
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Figure 16: SFH of the ACS field centered on the SMC young cluster
NGC602 as derived by [27]. The oldest part of the SFH is zoomed-
in in the upper right inset. The ACS image and the CMD of the field
are shown in Figure 2(a).

borders of the LG. The resulting space and time distribution
of the SF, with lightening and fading of adjacent cells, once
again shows a gasping regime, and is intriguingly reminiscent
of the predictions of the stochastic self-propagating SF theory
proposed by [76] almost 30 years ago.

In the Magellanic Clouds, the conditions are clearly
optimal, thanks to their proximity. Figure 16 displays the
SFH of the ACS field centered on the very young cluster
NGC602 in the Wing of the SMC. It shows that the cluster
has formed most of its stars around 2.5 Myr ago, while
the surrounding field has formed stars continuously since
the earliest epochs. All the studies on the MC fields have
found that the SFHs of their different regions differ from
one another in the details (e.g., epoch of activity peaks,
enrichment history, etc.) but are always characterized by a
gasping regime. In the LMC a clear difference has been found
between the SFH of field stars and of star clusters, the latter
showing a long quiescence phase absent in the field. This
difference is not found in the SMC.

To find SFHs peaked at earlier epochs, one needs to look
at early-type dwarfs: dwarf ellipticals (dEs), dSphs, and even
transition-type dwarfs clearly underwent their major activity
around or beyond 10 Gyr ago [73]. The latter also have
significat activity at recent epochs (e.g., [77]). The former
have few (or no) episodes of moderate activity in the last
several Gyrs (e.g., [40, 52, 78–81]). A beautiful example of
CMDs and SFH of a dSph is shown in Figure 17. It is the
Cetus dSph, observed with HST/ACS by the L-CID group
[82] and to be published by Monelli et al. (in preparation).
Here the SF activity in the last several Gyrs is negligible and
the strongest peak occurred about 11 Gyr ago (interestingly,
not at the earliest epoch, though).

To date, a large fraction of LG galaxies have been studied
to infer the SFH of at least some of their regions with the
synthetic CMD method (see, [18, 83] and references therein,

for updated reviews): the two spirals, M31 and M33, the two
Magellanic Clouds, a dozen dIrrs, 5 transition-type dwarfs
and about 20 early-type dwarfs (dwarf spheroidals and dwarf
ellipticals). In some of these fields, the photometry has
allowed to reach the oldest MSTO, in others the HB, that is,
the unmistakable signature of SF activity earlier than 10 Gyr
ago (e.g., [84–86]). Attention is being payed [87] also to the
ultra-faint dwarfs (uFds) recently discovered by the Sloan
Digital Sky Survey around the Milky Way (e.g., [88]), for
their interest as possible Galactic building blocks. Additional
efforts by various groups are in progress to obtain deeper and
more accurate photometry in these and other galaxies and
derive reliable SFHs over longer lookback times. For instance,
very interesting results are expected from the L-CID HST
program [82] on the SFH of 6 LG dwarfs of different type
(two dIrrs, two dSphs, and two transition type) observed by
the ACS with unprecedented depth and resolution.

In galaxies beyond the LG, distance makes crowding
more severe, and even HST cannot resolve stars as faint
as the MSTO of old populations. The higher the distance,
the worse the crowding conditions, and the shorter the
lookback time τ reachable even with the deepest, highest-
resolution photometry. Depending on distance and intrinsic
crowding, the reachable lookback time in galaxies more than
1 Mpc away ranges from several Gyrs (in the best cases,
when the RGB or even the HB are clearly identified) to
several hundreds Myr (when AGB stars are recognized) to
a few tens Myr (when only the brightest supergiants are
resolved). The effect of distance on the possibility of resolving
individual stars, and therefore on the reachable τ, is displayed
in Figure 18, where the CMDs of three late-type galaxies are
shown, as resulting from WFPC2 photometry in equivalent
observing conditions: the LMC bar [68], with a distance
modulus of 18.47 (50 kpc) and a CMD reaching a few mags
below the old MSTO; NGC1705 [91], with distance modulus
28.54 (5.1 Mpc) and a CMD reaching a few mags below the
tip of the RGB; and IZw18 [92]), with the new distance
modulus 31.3 (18 Mpc) derived by [89] and AGB stars being
the faintest/older resolved stars.

Notice that the new modulus of IZw18 is inferred from
the periods and luminosities of a few classical Cepheids
measured from ACS time-series photometry, which also
allowed to obtain a much deeper CMD [89]. The WFPC2
data shown in Figure 18 reach only the AGB, while the
CMD obtained from the ACS (shown in Figure 19 together
with the ACS image) reaches below the tip of the RGB.
Indeed, the unique performances of the ACS have allowed
people to resolve individual stars on the RGB of some of
the most metal-poor Blue Compact Dwarfs (BCDs), such as
SBS 1415 + 437 at 13.6 Mpc [93] and IZw18 at 18 Mpc [89].
The discovery of stars several Gyrs old in these extremely
metal-poor systems is a key information for galaxy formation
and evolution studies. It has allowed to detect in BCDs
population gradients, the central concentration of most of
the SF activity, the existence of old, metal-poor halos (e.g.,
[94], and subsequent papers).

With an amazing success rate, the ACS has allowed
people to resolve individual stars from the brightest and
youngest to those as faint and old as the red giants in an
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Figure 17: CMD and SFH of Cetus as derived by Monelli et al. (in preparation) from HST/ACS data in the framework of the L-CID project
[82]. Notice again the impressive depth and tightness of the CMD, allowing to infer the SFH even at the earliest epochs. Courtesy M. Monelli
and C. Gallart.

(m−M)0 = 18.47
τ = 15 Gyr
LMC bar

5

0

−5

−10

M
V

−1 0 1 2 3

(V-I)0

(a)

(m−M)0

= 28.54
τ > 2 Gyr
NGC1705

5

0

−5

−10

M
V

−1 0 1 2 3

(V-I)0

(b)

(m−M)0 = 31.3
τ ∼ 0.4 Gyr
IZw18

5

0

−5

−10

M
V

−1 0 1 2 3

(V-I)0

(c)

Figure 18: Effect of distance on the resolution of individual stars and on the corresponding lookback time τ for the SFH. CMD in absolute
magnitude and colour of systems observed with the HST/WFPC2 and analysed with the same techniques, but at different distances; from
(a) to (c): 50 Kpc (LMC bar), 5.1 Mpc (NGC1705), and 18 Mpc (IZw18); (b) also shows stellar evolution tracks from [23] for reference: red
lines refer to low-mass stars, green lines to intermediate mass stars, and blue lines to massive stars.

increasing number of dwarfs outside the LG, in the distance
range 2–20 Mpc. This allows to study the SFH of isolated and
interacting dwarfs. People are becoming able to compare the
SFHs of LG dwarfs with those of other groups of galaxies,
such as the M81 (e.g., [95]) and the IC342 (Grocholski et
al. in preparation) groups. The resulting CMDs lead to the
derivation of their SFHs over a lookback time of at least a few

Gyrs and, often, to a more accurate estimate of their distance
(e.g., [89, 96])

Only few groups have embarked in the more challenging
application of the synthetic CMD method beyond the LG,
and most of them have concentrated their efforts on star-
bursting late-type dwarfs [92, 94, 97–99, 101–108]. However,
HST (new observations and archive) is still providing a
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Image credit: NASA, ESA, and A. Aloisi (STScI, ESA).
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Figure 20: SFHs of late-type dwarfs outside the Local Group observed with WFPC2 or NICMOS. In all panels, the SFR per unit area as
a function of time is plotted. The thin vertical line indicates the lookback time reached by the adopted photometry. Notice that for those
galaxies that have been subsequently observed also with the ACS, the lookback time is actually quite older, and always with indisputable
evidence of SF activity already in place. References: NGC 1569, [97, 98]; NGC 1705, [99, 100]; I Zw 18, [92]; I Zw 36, [101]; Mrk 178, [102];
UGC 5889, [103].
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wealth of excellent images of external dwarfs. In particular,
the ACS Nearby Galaxy Survey Treasury is promising an
unprecedented data base for these purposes [109], and we
can expect a flourishing of applications of the synthetic CMD
method to many more galaxies beyond the LG boundaries in
the near future.

All the studies performed so far have shown that all
the examined galaxies were already active at the reached
lookback time, including the BCDs that in the past had been
suggested to be genuinely young galaxies, experiencing now
their first episode of SF. All late-type dwarfs present a recent
SF burst, which lets people discover them in spite of the
distance, and none of them exhibits long quiescent phases
within the reached lookback time. On the other hand, the
SFR differs significantly from one galaxy to the other.

These results can be visualized in Figure 20, where some
examples of SFH of external late-type dwarfs are given.
All these SFHs have been derived with the synthetic CMD
method applied to HST/WFPC2 or NICMOS photometry.
The lookback time reached by the photometry is indicated
by the thin vertical line in each panel, and in all cases stars of
that age were detected. As shown by [100] for NGC1705, the
available data allow to rule out that these galaxies have had
short-duration, intermediate-age bursts like the current one
within the covered lookback time. The sample of displayed
galaxies contains various types of dwarfs: UGC 5889 is a low
surface brightness galaxy (LSB), NGC 1705, IZw18, IZw36,
and Mrk178 are BCDs, while NGC 1569 is classified as dIrr.
Nonetheless, they all show a qualitatively similar behavior:
a stronger current burst overimposed on a moderate and
rather continuous SF activity. Quantitatively, instead, the
SFRs differ from each other by orders of magnitude.

The general results drawn from all the SFHs derived so
far from CMDs in and beyond the LG can be schematically
summarized as follows:

(i) evidence of long interruptions in the SF activity is
found only in early-type galaxies;

(ii) few early-type dwarfs have experienced only one
episode of SF activity concentrated at the earliest
epochs: many show instead extended or recurrent SF
activity;

(iii) no galaxy currently at its first SF episode has been
found yet;

(iv) no frequent evidence of strong SF bursts is found;

(v) there is no significant difference in the SFH of dIrrs
and BCDs, except for the current SFR.

5. Concluding Remarks

By comparing the results on the SFHs described in the
previous section, one can infer interesting conclusions and
attempt some speculations.

An interesting result of the SFH studies both in the
LG and beyond is that all dwarfs have, and have had,
fairly moderate SF activity. None of the dwarfs SFRs from
the CMDs studied so far ever reaches values as high as
1M�/yr, and only one (NGC 1569) gets close to it [96–98].

Since 1M�/yr is the minimum rate required to let a galaxy
contribute to the overabundance of faint blue objects in deep
galaxy counts (see the models by [2]), this makes it quite
unlikely that dwarfs are responsible for the blue excess.

If we look at the dwarfs shown in Figure 20, we notice
that the least active system is one of the BCDs and the
most active one is the dIrr. This is not inconsistent with the
findings from an extensive Hα study of 94 late-type galaxies
[110], showing that the typical SFR of irregular galaxies
is 10−3M�yr−1kpc−2 and that of BCDs is generally higher.
From that survey, Hunter and Elmegreen [110] indeed
conclude that NGC 1569 and NGC 1705 are among the few
systems with unusually high star formation, and that the
star formation regions are not intrinsically different in the
various galaxy types, except for a significantly higher spatial
concentration in BCDs.

In our view, this suggests that either the morphological
classification does not strictly correspond to the intensity
of the SF activity, or that, most likely, the traditional
classification, based in most cases on photographic plates,
is rather uncertain for systems too distant to be properly
resolved before the advent of HST. Probably an active dwarf
such as NGC1569, hosting three Super Star Clusters and a
huge number of HII regions, would have been classified as
BCD, had it been just a few Mpc farther away.

If we compare the SFHs of late-type dwarfs inside and
outside the LG (e.g., Figures 15 and 20), we see that the
overall scenario is quite similar, but the latter galaxies are
always more active than the former at very recent epochs.
Part of this is presumably due to the selection effect resulting
from the difficulty of finding distant dwarf, faint galaxies,
unless currently active. This effect is also the reason why
early-type and quiescent dwarfs are so rare in the surveys
performed so far outside the LG except for deep surveys
devoted to individual galaxy clusters and groups, where they
preferentially reside in central regions. Indeed, most often the
HII region emission is what led to the discovery of distant
dwarfs (recall that BCDs were originally called “extragalactic
HII regions”) and it is thus inevitable that these sytems have
recent SF activity. From this point of view, it is interesting to
note that the SFH of the external dwarfs of Figure 20 is very
similar in shape to that of the NGC 602 region in the SMC
[27], consistent with the circumstance that NGC 602 is also
associated with an HII region (N90).

How do the Results on SFHs Affect Our Understanding of
Galaxy Formation? The circumstance that all dwarfs contain
stars as old as the reached lookback time, independently of
their metallicity, gas content, or morphological classification
suggests that their SF activity started at the earliest epochs.
This is absolutely coherent with both the hierarchical
formation scenario and the monolithical scenario. It is also
consistent with downsizing if their early SFR was lower
than that of more massive systems. For the (few) early-type
dwarfs with studied SFH, we know that this is indeed the
case; how about late-type dwarfs? We do not have direct
evidences due to the large distance of most of these systems
which prevents us to reach epochs older than a few Gyrs.
However, all indirect arguments go in this direction: only
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with quite moderate early SF activity can dIrrs and BCDs
have managed to remain as metal-poor and gas-rich as
they actually are. SFRs as high as the recent ones would
have inevitably consumed all their gas in much less than a
Hubble time and would have led to a significant chemical
enrichment.

As mentioned in Section 1, to select the most viable
scenario, it is the combination of the SFH with the chemical
and kinematic properties of the candidate building blocks
that needs to be compared with the properties of massive
galaxies. In the case of local dwarfs, these properties have
been recently reviewed by [18]. Stars in classical dwarfs do
not resemble those in the halo of the Milky Way, most
notably their metallicity distribution functions [111–113]
and the abundance ratios of α elements over iron (see
[18], and references therein). Moreover, if all early-type
dwarfs have had the relatively moderate SF activity shown in
Figure 17 for Cetus, with a rather long duration and the peak
some Gyr after the beginning, there is no way to let them
provide the iron-poor stars with high [α/Fe] typical of our
halo, since the SF peak forms most of the stars when SNeIa
have already had the time to pollute the medium with their
iron.

On the other hand, the current knowledge of the outer
Galaxy is far from complete. We know that the stellar halo
hosts two distinct populations (see, e.g., [114, 115], and
references therein). The work in [116] finds that the so-
called “inner halo” selected among halo stars with prograde
rotation and low apogalactic maximum distance from the
galactic center is different for several aspects from the “outer
halo” selected among stars with high retrograde rotation
and high apogalactic maximum distance. In particular, the
following hold. (1) The inner halo is characterized by a
tight correlation between [α/Fe] versus [Fe/H], suggesting
that either the abundance ratios in distant regions of the
inner halo are very similar or the inner halo developed
from a well-homogenized interstellar medium. In contrast,
the outer halo shows a much larger scatter in [α/Fe] for a
given [Fe/H], signature that the star formation was spatially
inhomogeneous or these stars have been accreted from
outside (from dwarf galaxies). (2) The inner halo shows an
average [α/Fe] slightly higher than observed in the outer
halo, providing a clue for a more intense and short-lasting
star formation activity. (3)The inner halo is only found with
metallicities in the range −2.5 < [Fe/H] < −0.5, while most
of the outer halo is in the range −3.5 < [Fe/H] < −1.5.

Unfortunately, the outer halo is still mostly inaccessible:
current high-resolution abundances rely mainly on halo stars
that pass near the Sun. If these stars are formed in the outer
halo, their selection is biased towards higher eccentricity
orbits. Avoiding this bias implies a new class of surveys able
to trace α variations in situ. In this context, the Gaia mission
will provide a quantum leap in the ability to obtain highly
precise astrometry, photometry and metallicity for a volume
of several Kpc.

If the outer halo is a natural place to search for
possible accretion events, the recent discovery of ultra-
faint dwarfs promises to complete the picture: containing
extremely metal-poor stars, probably with high [α/Fe] like

in our halo [117–119], these galaxies are ideal candidates
for Galactic building blocks. The problem in this case
is the extreme uncertainty still affecting their measures,
due to both faintness and high Galactic contamination.
Overcoming these limits will be a challenge only suitable for
wide-field spectrographs mounted on giant ground-based
telescopes.
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We review numerical works carried out over the last decade on the role of environmental mechanisms in shaping nature of the
faintest galaxies known, dwarf spheroidals (dSphs). The combination of tidally induced morphological transformation, termed
tidal stirring, with mass loss due to tidal and ram-pressure stripping aided by heating due to the cosmic ionizing background
can turn late-type dwarfs resembling present-day dIrrs into classic dSphs. The time of infall into the primary halo is shown to
be a key parameter. Dwarfs accreting at z > 1, when the cosmic ultraviolet ionizing flux was much higher than today, and was
thus able to keep the gas in the dwarfs warm and diffuse, were rapidly stripped of their baryons via ram pressure and tidal forces,
producing very dark-matter-dominated objects with truncated star-formation histories, such as the Draco dSph. The low star-
formation efficiency expected in such low-metallicity objects prior to their infall was crucial for keeping their disks gas dominated
until stripping took over. Therefore gas stripping along with inefficient star-formation provides a new feedback mechanism, alternative
to photoevaporation or supernovae feedback, playing a crucial role in dwarf galaxy formation and evolution. We also discuss how the
ultra-faint dSphs belong to a different population of lower-mass dwarf satellites that were mostly shaped by reionization rather
than by environmental mechanisms (“reionization fossils”). Finally, we scrutinize the various caveats in the current understanding
of environmental effects as well as other recent ideas on the origin of Local Group dSphs.

1. Introduction

Dwarf spheroidals (dSphs) in the Local Group are the faintest
galaxies known. Including the ultrafaint dwarf spheroidals
discovered in the last few years, they span luminosities in
the range −3 < MB < −14. They are gas poor and
have pressure supported stellar components [1]. Among
them, some stopped forming stars about 10 Gyr ago and
others have extended star-formation histories [2–4]. They
are typically clustered around the largest galaxy in a group,
although a few of them are found also at significantly larger
distances from the primary galaxy [1]. These properties of
dSphs, while best studied and known in the Local Group
due to its proximity, are also typical of this class of galaxies
in nearby groups and clusters. Chiboucas, Karachentsev, and
Tully [5] have recently uncovered a population of dSphs in
the M81 group having a range of luminosities comparable
to the LG dwarfs and which share with the latter the same
scaling relations between fundamental structural properties,

such as the relation between luminosity and effective radius.
Recent studies of early-type dwarfs in clusters [6] show that
there is overlap in the structural properties between the faint
spheroidals in clusters and the classic dSphs in the LG, as
shown by the size-luminosity and the surface brightness-
luminosity relations. Strong similarities between dSphs in
the LG and in clusters are also found by Penny et al. [7]
in their study of the Perseus cluster. Hence, LG dSphs can
be considered a representative laboratory for the study of
dSphs in the Universe. Mass loss from supernovae winds [8],
environmental mechanisms such as tidal and ram pressure
strippings [9, 10] and suppression, of gas accretion and/or
photoevaporation during the reionization epoch [11, 12]
have all been invoked to explain their origin and present-
day properties. In this paper we review the current status of
theoretical models attempting to explain dwarf spheroidals as
the end product of environmentally induced morphological
transformations from larger, gas-rich disky galaxies [13, 14].
The transformation scenario is suggested by the fact that
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gas-rich, disky dwarf irregular galaxies (dIrrs) and dSphs
have similar stellar density profiles, close to exponential laws
[10], and obey the morphology-density relation whereby
dIrrs are found in the outskirts of groups while dSphs
are mainly clustered around the main galaxy [1, 15]. In
hierarchical structure formation, subhalos nearer to the
center of a virialized group halo or galaxy-sized halo were
accreted earlier [16]; they were once beyond the edge of
the primary halo removed from its tidal influence. We
discuss how the combination of tidal effects, ram pressure
stripping and the cosmic ultraviolet background radiation
at high redshift may provide an explanation to both the
similarities and differences among the many known Local
Group dwarf spheroidal galaxies. We place our analysis in
the context of the current paradigm for structure formation,
the ΛCDM model. In this review we will always distinguish
between classic dSphs [1], those that were known even
before the advent of the SDSS deep photometric survey and
have luminosities MB < −7, and the ultrafaint dwarfs
discovered by the SDSS, whose luminosities reach as low
as MB ∼−3 (e.g., [17]). The classic dwarfs include Draco,
Ursa Minor, Sculptor, Sextans, Leo I and Leo II, Carina,
Sagittarius, Cetus, and Tucana among the companions of
the Milky Way, and the many “And” satellites of M31. Based
on the current measures of their internal stellar velocity
dispersions and on theoretical predictions on tidal mass loss
of subhalos, we will argue that classic dwarf spheroidals
were assembled in fairly massive halos, with masses in the
range 108–1010M⊙. For these dwarfs, reionization played
some role in depleting their baryonic content enhancing the
effect of gas removal mechanisms such as tidal stripping
and tidal stirring as well as ram pressure stripping. Such
mechanisms were the major drivers of their evolution.
On the contrary, the low halo masses of ultrafaint dwarfs
make them likely candidates for reionization fossils. The
theoretical models that we present here are based on
the results of N-Body+hydrodynamical simulations of the
detailed interaction of individual dwarf galaxies with a
primary host, as well as of high-resolution cosmological
simulations of Milky-Way-sized galaxies.In the interaction
simulations, the model galaxies and the choice of the
orbits are consistent with the predictions of ΛCDM models
[18–20, hereafter MA06].

2. Current and Past Masses of Dwarf
Spheroidals: Why Tides Are Important

Knowing the present and past masses of dSphs is crucial
in order to compute the effects of both environmental
and internal mechanisms that might affect their evolution.
Moreover, determining the mass of dSphs, or, equivalently,
their circular velocity, plays a crucial role in the context of the
missing satellites problem [21, 22]. Here we will concentrate
on the effects that tides have on the evolution of the mass and
circular velocity of subhalos of Milky-Way-sized halos, and
we will discuss how this folds in with the interpretation of
the mass and circular velocity measured for observed dwarf
spheroidals.

In cold dark matter models, subhalos are accreted on
highly eccentric orbits, with a mean apocenter-to-pericenter
ratio of 5-6 [16, 23–25]. Since the orbits are eccentric,
subhalos feel a time-dependent tidal force whose intensity
is strongest close to pericenter of their orbit. The system
undergoes an increase of internal kinetic energy as a result
of the tidal forcing, which modifies the energy and mass
profile of the subhalo, eventually unbinding some of its
stars or dark matter, namely producing tidal stripping. The
system will then attempt to reach a new virial equilibrium
with a lower gravitational binding energy, which in turn
can make it more susceptible to the effect of subsequent
tidal shocks as its internal orbital/dynamical time increases
(see Binney & Tremaine 1987). If a new equilibrium cannot
be achieved, the system will continue to expand, lower
its gravitational binding energy, and lose mass, until it is
eventually completely disrupted. At low eccentricities, the
heating is reduced significantly, until it becomes completely
absent for a strictly circular orbit [26].

Tidal heating in an extended mass distribution is most
effective when the internal dynamical time of the satellite
is larger or at least commensurate with the characteristic
timescale associated with the galaxy’s orbit [26–28]. In this
case it can be described using an extension of the impulsive
approximation valid for a generic elliptical orbit of the
satellite [26], while the original impulsive approximation
was derived for a pointlike perturber and a target (the
satellite) moving on a straight-line path (Binney & Tremaine
1987). Following Gnedin et al. [26], the expression for
the heating term per unit mass for an extended perturber,
but approximating the orbit to a straight-line path, is
〈ΔE〉 = (2GM0/VperiRperi

2)(r2/3)χst(Rperi), where G is the
gravitational constant, M0 is the mass of the perturber,
Rperi and Vperi are, respectively, the pericenter distance and
pericenter velocity, r is the distance of a member star from
the center of the satellite, and χst is function that accounts
for the form of the mass distribution of the perturber
(it would be unity for a point mass). A more complex
expression, but with similar scaling on the relevant variables,
can be obtained for elliptical orbits. If, instead, the reverse
condition applies to the two timescales, the system can
readjust quickly to the perturbation and remain close to
its original equilibrium configuration. This second situation
can be described analytically by introducing the socalled
adiabatic corrections. These are functions that reduce the
mean relative increase of internal energy 〈ΔE〉/E derived via
the impulsive approximation, their value being proportional
to the internal orbital frequency of the system. Based on the
same formalism, it is easy to see that the innermost region
of any system, that has the highest density and thus the
shortest dynamical time/orbital frequency, is also the one
that responds more adiabatically to the tidal perturbation.
The instantaneous orbital timescale, torb = 2πRorb/Vorb, is
shortest at pericenter of the orbit, that is, when Rorb =
Rperi and Vorb = Vperi, which naturally implies that the
effect of the tidal perturbation will be stronger there. Since
the instantaneous orbital timescale, and thus the effect of
the tidal perturbation, varies the most when the galaxy
approaches or leaves pericenter, this is where the tidal force
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varies more strongly (recall that the tidal force is relatively
short range, being proportional to r−3, where r is the distance
from the center of the perturbing potential), hence the term
“tidal shock”. If the orbit of the dwarf is circular, there is no
tidal shock.

Even before suffering the first tidal shock, a subhalo
falling into the potential of the primary halo for the first
time would lose mass located at a radius r larger than its
instantaneous tidal radius rt (the tidal radius of the subhalo
decreases as it plunges closer to the center of the primary
halo). This other stripping mode is often termed ”tidal
truncation”. There are thus two mechanisms of tidal mass
loss, tidal truncation, which typically shrinks the subhalo
to a radius of order rt evaluated at the pericenter of its
orbit, and tidal shocks [27, 29–31]. For subhalos with masses
< 1/50 of the mass of the primary halo, as true for most
satellites of the Milky Way and M31 except perhaps the
Large Magellanic Cloud, dynamical friction has a negligible
effect [32], thereby one can assume that their orbits did
not change since infall. The growth in mass and size of
the primary halo over time also has been shown to have
a negligible effect on the orbits of satellites in the case of
a smoothly evolving analytical potential [33], although the
clumpy and more erratic character of halo accretion and
growth observed in cosmological simulations may still have
an impact on orbital dynamics that should be investigated.
With the assumption of a subhalo orbit constant over time,
the tidal field of the primary near the pericenter of orbit is
fixed over time. Tidal truncation thus occurs only on the first
orbit. On the contrary, tidal shocks lead to continued mass
loss on a fixed orbit since each subsequent shock can heat
the satellite and alter progressively its internal structure. The
process will cease to be effective only when the region heated
by the shock is dense enough to respond adiabatically to
the external perturbation or when the satellite is completely
disrupted by tides. As shown in Figure 1, analytical models
using a combination of tidal truncation on the first orbit
and repeated tidal shocks describe well the mass loss seen in
numerical simulations [27].

The amount of tidal mass loss of subhalos in numerical
simulations can be remarkable. Kazantzidis et al. [34]
have studied the disruption of CDM subhalos within a
Milky-Way-sized primary with as many as 107 particles.
This approach has the advantage of allowing much higher
resolution in subhalos relative to a fully cosmological
simulation that has to cope with modeling many objects
simultaneously. Tidal mass loss was found to be more
severe in less concentrated halos (where the concentration
parameter is defined as the ratio c = rvir/rs, where rvir is
the virial radius of the subhalo and rs is its scale radius,
assuming an initial NFW profile) because they respond more
impulsively owing to their lower characteristic density and,
correspondingly, longer internal dynamical times. Subhalos
typically lose between 70% and 95% of their mass depending
on orbits and concentration. Correspondingly, their peak
circular velocity, Vpeak, decreases by a factor 2-3 over ten
billion years of tidal mass loss. Vpeak reflects the inner
mass distribution of the subhalo, at radii of order rs,
and is commonly used as a measure of the characteristic
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Figure 1: Bound mass in units of the initial mass as a function
of time, for a (dark-matter-only) satellite moving on an eccentric
orbit within a Milky Way halo potential (see [27] for details). The
mass of the satellite is 1/50 of the mass of the primary and both
are modeled with NFW halos. The ratio between the concentration
parameter of the halo and satellite is cs/ch = 0.7, where ch = 10 is
the concentration of the primary halo. The symbols are the N-Body
data and the solid line shows the results of the semianalytical model
described in Taffoni et al. [27], that includes both tidal truncation
and tidal shocks (see text). Stars identify each pericentre passage.
The dashed line is the bound mass that would remain if only tidal
truncation is applied.

subhalo mass throughout literature. Its evolution over time
is less strongly affected by tidal mass loss compared to the
circular velocity of the subhalo at the virial radius. Subhalos
initialized with cuspy NFW profiles maintain cuspy profiles
with inner slopes close to −1 down to the force resolution,
which in Kazantzidis et al. [34] was smaller than the core
radius of dSphs (∼100 pc) [35]. This result contradicts
previous attempts to place dSphs within cored subhalos
with the highest masses and Vpeak among the satellites’
population in an attempt to solve the substructure problem
[24, 36, 37].

Kravtsov et al. [24], using fully cosmological dark matter-
only simulations, found that Vpeak of the subhalos drops on
average by a factor of 1.5–2 in 10 Gyr of tidal evolution. More
recently, Diemand et al. [16] and Madau et al. [38], using
the high-resolution Via Lactea simulation of the formation
of a Milky-Way-sized halo, found that satellites lose between
30% and 99% of their preinfall mass and that Vpeak decreases
typically by a factor of 2-3. This is consistent with the recent
results of Klimentowski et al. [39, 40] on the mass loss
of an ultra-high-resolution subhalo with embedded stellar
disk (see Figure 3, top panel). Quantitatively similar results
are obtained also in individual subhalo-primary interaction
simulations in which gas dynamics with cooling and heating
are included ([19, 20, 41], see also Section 5). Therefore
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there is now strong consensus on how tidal mass loss affects
subhalos, both qualitatively and quantitatively.

Peak velocities for the best fit models to observed dSphs
are at most a factor of 2 higher than those used in Moore
et al. [22] for subhalos, with the consequence that little
changes for the missing satellite problem. Measurements of
Vpeak, in both simulated subhalos and real satellite galaxies
of the Local Group, are extremely important since they are
used to express the missing satellite problem, namely, the
excess in the number counts of subhalos at a given Vpeak

compared to the counts of observed dSph satellites of the
Milky Way and M31 ([21], Moore et al. 1998, [24]). However,
in observed dSph satellites, one measures stellar velocity
dispersions rather than the Vpeak of the subhalo. Going
from stellar velocity dispersion to Vpeak requires assumptions
when the only information available from simulations is
that provided by the dark matter component. Typically (e.g.,
[34, 42]) one uses the radial moment of the Jeans equations
to compute the relation between the circular velocity of
the halo of the satellite and the velocity dispersion of
the stars, using the simulated subhalo dark matter profile
but adopting a simple functional form for a spherically
symmetric stellar profile (typically a King model). In this
approach it is also necessary to assume a value for the velocity
anisotropy of the stellar system. As first shown by Lokas
[42], anisotropy can play an important role in determining
masses of dSphs from the data. By varying assumptions in
the Jeans modeling, including anisotropy, S.Kazantzidis et
al. [34] found that the observed stellar velocity dispersions
of Draco and Fornax (σ ∼ 10–14 km/s) can be reproduced
in subhalos with Vpeak ∼ 20–30 km/s. Similar results were
obtained by Zentner and Bullock [43]. Finally, this range is
confirmed also by a more recent analysis that adopts a similar
methodology but takes advantage of the cosmological Via
Lactea simulation [38, 44]. The latter work finds values closer
to 15–20 km/s for some of the other dSphs (e.g., Carina and
Sextans). In Madau et al. [38] a match between individual
Local Group (LG) dwarf spheroidals and individual subhalos
is achieved by considering information on the distances and
spatial distribution of dwarfs. In any case, the values of Vpeak

obtained by these recent works for dSphs are within a factor
of 2 from those originally used in Klypin et al. [21] and
Moore et al. [22] to formulate the substructure problem
(note also that these two works did not use exactly the
same conversion between circular velocity and stellar velocity
dispersion, see Kravtsov in this volume).

Recently, Klimentowski et al. [39, 40] have addressed
the question of relating the observed line-of-sight stellar
velocity dispersion σ1D of dSphs to the Vpeak of their halo
using simulations that, albeit not fully cosmological, model
both the baryonic and dark matter component of a disky
dwarf subject to the tidal perturbation from a Milky-Way-
sized galaxy (see below). They have found that the simple
assumption that Vc ∼ √

3σ1D, formally valid for a tracer
stellar population in an isotropic dark matter halo and used
by Klypin et al. [21], correctly describes the relation between
the local stellar dispersion and the local halo circular velocity
over a wide range of radii after 10 Gyr of evolution in the
Milky Way potential (see Figure 3), as explained in the next

section (intermediate phases in which the stellar velocity
dispersion tensor is more anisotropic produce temporary
deviations from this relation).

In summary, the substantial simulation work carried out
in the last few years suggests that stellar velocity dispersions
of present-day classic dSphs of the MW and M31 in the
range σ ∼ 7–13 km/s (7–20 km/s if we include the bright
dwarf elliptical satellites of M31, NGC187, and NGC205)
imply present-day halo Vpeak in the range 12–22 km/s, and
original halo Vpeak, that is, before infall and tidal mass loss,
in the range 24–44 km/s [24, 38]. These last numbers are
quite important. In fact, with such relatively high values of
the original Vpeak, photoevaporation by cosmic ultraviolet
background at high redshift and supernovae feedback cannot
be what shaped the baryonic content and nature of dwarf
spheroidal as often advocated. In fact photoevaporation
would remove most of the gas only for Vpeak < 20 km/s
[12]. This is consistent with the lack of a clear signature
of the reionization epoch in the star-formation histories of
dSphs [45, 46]. Second, substantial blowout of the gas of
dSphs due to supernovae winds cannot have occurred since
it requires Vpeak < 10 km/s (e.g., [47, 48]). A caveat in the
last line of reasoning is that in LCDM the progenitors of
todays’ dSphs formed by hierarchical accretion of smaller
sublumps as any other galaxy and such sublumps might have
had a mass low enough to be affected by both reionization
and feedback. However, the old ages of the bulk of the stars
in the majority of dwarf spheroidals mean that their star-
formation epoch occurred more than 10 Gyr ago (z > 2).
While dating of stars is nonaccurate enough to establish
how much of the old stellar component was formed before
or after reionization, which occurred at z > 6, the cosmic
UV background was still close to its peak intensity at z =
2 according to standard models [49, 2000], and yet star
formation was clearly happening. This argues against an
important effect of the cosmic UV background arising from
reioinization, perhaps owing to self-shielding (see [12]).
Note that, conversely, there are examples of low mass LG
dIrrs bearing a likely imprint of reionization in their star-
formation history (e.g.; Leo A, see [50]).

The same argument does not apply to the ultrafaint
dwarf spheroidals discovered in the last few years using deep
photometry from the Sloan Digital Sky Survey (SDSS) (e.g.,
[51, Belokurov et al. 2008, 53]). With a few exceptions,
most of the extremely faint dwarfs have very low velocity
dispersions in the range 3–8 km/s [52], implying masses
much lower than those of classic dSphs. We will discuss them
in Section 8.

For the classic dSphs, we advocated that physical pro-
cesses associated with the environment, such as tidal forces
and ram-pressure stripping, were the major players in setting
their current properties and shaping their evolution. The
remainder of this review will be devoted to summarizing
in quite some detail the work done in this direction. In
the next two sections, we will discuss how tidal interactions
can completely reshape dwarf galaxies, presenting a plausible
model for the origin of dwarf spheroidals in which such
galaxies started out with a configuration and properties
similar to gas-rich dwarf irregulars, and how these tidal
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interactions were subsequently transformed. We will also dis-
cuss the issue of measuring the masses of dwarf spheroidals
from the observed stellar velocity dispersions, highlighting
how tidal effects may produce contaminated samples with
a fraction of unbound stars projected along the line of
sight.

3. Morphological Evolution of Disky Dwarfs
into dSphs: Tidal Stirring

Aside from the different gas content, three other facts have
to be considered when comparing dSphs and the other
known type of dwarfs, namely, gas-rich, similarly faint dwarf
irregular galaxies (dIrrs) (see [1] for a review on the subject).
First, except for the faintest among them, all dIrrs in the
Local Group and nearby groups exhibit substantial rotation
while dSphs do not. Second, stellar profiles in the two classes
of galaxies are similarly close to exponential. Third, a mor-
phology density relation exists such that dSphs are clustered
around the primary galaxies while dIrrs are found at much
larger distances from them. Interestingly, Karachentsev [53]
finds that the fraction of dSphs over the total number of
dwarfs in several nearby groups (including the Local Group)
decreases markedly at distances larger than about 250 kpc
from the primary galaxies, comparable to the virial radius of
halos hosting bright spiral galaxies in ΛCDM models. Clear
trends of dwarf galaxy morphology with environment for
nearby groups (Centaurus A and Sculptor) are also found
by Bouchard et al. [54]. The quantitative correlation found
by Karachentsev [53] strongly suggests, although it does not
prove, that dSphs are bound satellites of bright spirals. It
follows then automatically that the environment provided by
the extended halo of such massive hosts must be playing a
crucial role in differentiating dIrrs from dSphs. Of course
there are outliers like the Local Group dSphs Cetus and
Tucana, located at more than 500 kpc from, respectively, M31
and the MW. However, cosmological simulations provide
a potential explanation for those few distant dSphs; a few
satellite halos on very plunging orbits can have apocenters
exceeding the virial radius of the primary [23], or can be on
tighter orbits and subsequently be ejected out to much larger
distances via three-body interactions (Sales et al. 2009). The
outgoing radial velocity of Tucana further supports this
possibility [55]. Overall, there are various effects that could
make the orbital dynamics of satellites much more complex
than in our simulation setup and accomodate such a case (see
page 17-18).

Mayer et al. [13, 14], Mayer [19], MA06, Mayer et al.
[41], and Klimentowski et al. [39, 57] have shown that
repeated tidal shocks at pericenters of their orbits within
the halo of a massive spiral can transform infalling disky
dwarfs into objects resembling dSphs. The timescale of the
transformation is a few orbital times (several Gyr). The
mechanism behind the transformation is tidally induced
nonaxisymmetric instabilities of stellar disks combined with
impulsive tidal heating of the stellar distribution. We recall
that the time-dependent tidal field varies on a timescale
proportional to the orbital timescale of the galaxy.

The tidal forcing induces a perturbation to the internal
energy and velocity distribution of the system, which results
into a perturbation of its mass and density distribution
as it attempts to acquire a new equilibrium configuration.
Through the density perturbation tidal heating can thus
excite modes in a self-gravitating system that would oth-
erwise have a negligible amplitude. If the induced velocity
and density perturbation are considerable, a strong mode
might be seeded and be subsequently amplified by the self-
gravity of the system. An example of such induced mode
amplification is the triggering of a bar instability, which
corresponds to an m = 2 mode for the planar density
field of the galaxy, of a warp, which corresponds to an
m = 1 in the vertical density field (i.e., perpendicular to the
disk plane), or of a bending or buckling instability, which
corresponds to an m = 2 mode in the vertical density field
[58]. Numerical experiments, starting from the early 90s,
have shown that the buckling instability can be triggered by
a preceding bar instability. A bar is supported by families
of centrophilic stellar orbits, whose collective effect is to
increase the radial velocity dispersion along the plane of
the galaxy. Raha et al. [58] first showed that above some
critical value of the radial velocity anisotropy, a system would
become unstable to the buckling instability; the whole disk
bends above and below, and, as a result, stars acquire a larger
vertical velocity dispersion. The instability saturates when
the system has reached a new, nearly isotropic configuration
in velocity space. This picture has been confirmed by
more recent simulations with much higher resolution and
physical complexity [59]. As it reaches a new, nearly isotropic
configuration, the system undergoes a transition from a
cold disk into a spheroid. This mechanism has indeed been
proposed as a possible channel for the formation of bulges
starting from cold stellar disks [60].

In simulations of disky dwarfs on eccentric orbits
interacting with a Milky-Way-sized halo, the following
sequence of events is typically observed. First, tidal shocks
induce strong bar instabilities in otherwise stable, light
disks resembling those of present-day dIrrs. Second, the
bar buckles due to the amplification of vertical bending
modes and turns into a spheroidal component in disks
with relatively high stellar surface density (Mayer et al.)
[13, 14], or else subsequent shocks destroy the centrophilic
orbits supporting the bar which then loses its elongation and
heats up into a more isotropic diffuse spheroid [39, 41]. An
example of the first channel of transformation is shown in
Figure 2 (top). The second channel for the transformation
is favored in systems with lower mass, lower surface density
disks, for these tidal heating is particularly efficient because
the dynamical response of the stellar system is impulsive
rather than adiabatic. As shown in Mayer et al. [41], the
latter conditions likely apply to the progenitors of the faintest
classic dwarf spheroidals (dSphs) such as Draco, Sculptor or
Leo I, or the And satellites of M31, while the bar-buckling
sequence might have been more likely for the progenitors of
the brightest dSphs such as Fornax and Sagittarius, and even
more so for those of the bright dwarf elliptical satellites (dEs)
of M31, such as NGC185 and NGC167 (but not M32 whose
unusually high surface density for a dwarf suggests that it is
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Figure 2: Top: color-coded logarithmic density maps of a tidally stirred dwarf seen face-on (i.e., with the line-of-sight perpendicular to the
initial disk orientation, on the top) and edge-on (i.e., with the line-of-sight parallel to the initial disk orientation, on the bottom). The time
increases from the left to right; each snapshot is separated by about half an orbital time (the orbital time is∼2 Gyr in this simulation), starting
with the time corresponding to the first pericenter passage, when the bar first appears. Boxes are 10 kpc on a side. The edge-on view shows
clearly the buckling of the bar occurring on the second orbit, and the subsequent transformation into a diffuse spheroidal. Bottom: gray-
scale surface brightness maps of the remnant of the simulation shown after 10 billion years of evolution (about 5 orbits). Two perpendicular
viewing projections are shown. The limiting B band surface brightness shown in the images corresponds to μB = 32 mag arcsec−2, and a
B band stellar mass-to-light ratio of 5 was adopted for converting surface mass density into surface brightness (see [14] on models for the
evolution of the luminosity and stellar mass-to-light ratio in the tidally stirred dwarf). The faint simulated remnant resembles classic dSphs
such as Draco or Carina in both apparent shape and luminosity and surface brightness distribution.

the “threshed” core of a low luminosity elliptical–see Bekki
2001. The bar-buckling sequence of instabilities also occurs
for the progenitors of bright dwarf spheroidals and dwarf S0s
in galaxy clusters, where both tidal stirring and harassment,
that is, repeated flybies with the brightest cluster members,
are at play [61]. Tidal heating/tidal mass losses remove the
disk outside the region that goes bar unstable. Removal of the
outer region, which contains most of the angular momentum
in the original disk, can be complete or partial, depending
on the number and strength of tidal shocks. Within this
scenario, the LMC and SMC, and perhaps the two bright
dEs of M31 which show fairly elliptical outer isophotes,
are in earlier stages of the transformation, but may also
be sufficiently massive and dense to limit the tidal damage
and never end up into spheroidals [14]. Some of the faint
dSphs, that show markedly elongated isophotes, such as Ursa
Minor and some of the newly discovered ultrafaint dwarfs
(e.g., Bootes; see [62], and Leo V; see [63]), may owe such
elongation to a residual bar-like component rather than to
tidal deformation.

It is important to stress that tidal stirring operates
independently of tidal mass loss of the baryonic component.
While systems that undergo substantial tidal mass loss are
also effectively transformed, the transformation can occur

even when stellar tidal mass loss is marginal (see, for
example, the GR8 model presented in Mayer et al. [13,
14]). This implies that the detection of tidal tails in dSphs
should not be used as a direct way to test the feasibility
of tidal stirring. Instead, the deep structural analysis of
dSphs and also of the socalled transition dwarfs, a class
with intermediate properties between dSphs and dIrrs [15],
offers a much better test of the predictions of tidal stirring
for the different stages of the transformation mechanism.
In clusters, the discovery of disk-like features and bars in
some dwarfs previously classified as dSphs [64] matches very
well the expectations of the tidal stirring and harassment
models. While in the Milky Way halo the main epoch of
interaction between the primary and the satellite may be
over, as suggested by the the Sagittarius stream that is the only
bright stellar stream present today in the Milky Way halo, the
study of other groups with more recent assembly histories
may unfold a population of satellites in the process of being
transformed.

The remnants left behind by tidal stirring have nearly
exponential profiles and very low surface brightness
(Figure 2). Tidal features typically lie at very low sur-
face brightness levels, below 32 mag arcsec−2 (Figure 2).
The brightest among the remnants, those coming from
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Figure 3: Evolution of structural parameters of a tidally stirred dwarf in a high resolution numerical simulation. The plot shows the results
for one of the models studied by Klimentowski et al. [39], whose initial disk was oriented at 90 degrees with respect to the orbital plane
(this is a conservative case since other orientations leave almost no residual angular momentum, see text in Section 3). Upper panel: the
maximum circular velocity (solid line, left axis) and the radius at which the maximum circular velocity occurs (dashed line, right axis).
Middle panel: the velocity dispersion (total 3D, and 1D along three different cylindrcal axes) expressed in units of the maximum circular
velocity (indicated as Vpeak in the text). Lower panel: evolution of the ratio of the mean rotation velocity to the total (3D) velocity dispersion
and the angle γ between the total angular momentum vector of the stars and the orbital plane (dashed line, right axis).In all panels vertical
dotted lines indicate pericentre passages. Loss of angular momentum due to tidally induced instabilities and simultaneous increase of stellar
velocity dispersion owing to tidal heating lead to a low v/σ ratio comparable to that of dSphs. See Klimentowski et al. [39] for details on how
internal angular momentum is lost.

progenitors having relatively massive disks (> 108M⊙) and
high surface density disks, develop a central steepening of
the profile during the bar stage that persists even after
buckling, and overall their profile resembles that of the bright
dwarf elliptical satellites of M31, like NGC205 [13, 14]. Most
importantly, both “tidally heated” and “buckled” remnants
have a very low angular momentum, consistent with what
is seen in dSphs and dEs, despite being descendants of disk-
like systems. The loss of angular momemtum is a by product
of the bar instability. The bar sheds angular momentum
outwards to the outer stellar disk and dark matter, which
are stripped after repeated shocks, thus leaving behind a
surviving stellar and dark matter core with very low rotation,
having a typical final v/σ < 0.5. The gradual loss of internal
angular momentum and decrease of v/σ can be inspected
in Figure 3. Some residual rotation may be present at the
end depending on the initial structural properties and orbits
of the dwarfs [13, 14]. Klimentowski et al. [39] have also
shown that for the same inital disky dwarf model, the initial
orientation of the disk angular momentum of the dwarf
with respect to the orbit also matters. In orbits with high
inclination, for example, polar orbits, v/σ ∼ 0.4, perhaps
consistent with what is found in Leo I [65], as opposed to
close to zero in coplanar or moderately inclined orbits. How
likely is one or the other configuration in CDM? The answer
still awaits us since it is likely that inclusion of the disk of
the primary may have played a significant role, for example,

by dragging satellites towards its orbital plane and thus
yielding a preferential bias towards a coplanar configuration
[66]. This would explain why most dSphs do not show
sign of residual rotation. In Lokas et al. [67], we analyzed
the velocity structure of the remnants. In some cases we
find radial anisotropy in the velocity ellipsoid. This can be
significant in remnants that have some residual rotation and
are triaxial due to a residual bar-like structure in the remnant,
or can be negligible in those that have been efficiently heated,
turning into nearly isotropic spheroids with negligible
rotation. In other words, when tidal stirring produces a
good match to a dSph, anisotropy in the kinematics is not
important.

The transformation mechanism that we have studied
requires the dwarf to be on a bound orbit; for the mean
apocenter/pericenter ratio found in cosmological simula-
tions, ∼5, Mayer et al. [14] determine that an apocenter
distance comparable to the distance of Leo I (250 kpc), the
farthest dSph satellite of the MW, is a limiting case for
producing a dSph from a disky dwarf in less than 10 Gyr.
However, this estimate is very conservative and should be
revised. In fact,in the meantime we have learned that some
satellites enter the primary system in subgroups and thereby
might have already felt significant tidal perturbations before
entering the primaries [24, 68]. Kravtsov et al. [24] find
that, at least in some cases, most of the tidal heating in
cosmological subhalos occurs before they enter the primary
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Figure 4: Time evolution of the bound gas mass for a disky dwarf
galaxy model(initial Vpeak = 42) km/s within a Milky-Way-sized
dark matter halo (Mvir � 1012M⊙) having a hot gaseous halo
about 1% of its total mass (see [20] for details on the modeling).
The dwarf ’s orbit has an apocenter of 150 kpc and a pericenter of
30 kpc. The same model has been run with adiabatic gas conditions
(thin solid line), radiative cooling with no heating (thick solid
line), and radiative cooling plus heating by the cosmic ionizing UV
background (dashed line), assuming that when the simulation is
started, the time corresponds to z = 2. The long-dashed line shows
the results for a run in which the hot gaseous halo of the Milky Way
was absent to isolate the effect of tides from that of ram pressure.
Stripping from ram pressure only is instead shown by the thick solid
with dots; in this run, the same dwarf model was evolved in a “wind
tunnel”, moving with a speed comparable to the orbital velocity
at pericenter in the other runs. In the “wind tunnel” the dwarf
moves within a static gas distribution along a straight trajectory
withe specified velocity (periodic boundary conditions are used for
the gaseous background), but responds only to the ram-pressure
force. The latter curve spans less than a Gyr of evolution since ram-
pressure stripping saturates quickly without tidal mass loss.

halo. Furthermore, we have assumed that the only thing
that could affect the orbit of the dwarf within the primary
halo is dynamical friction, and, moreover, that its effect can
be neglected for the typical low masses of subhalos. While
this would be a reasonable picture for dwarfs orbiting in
a spherical, nonevolving primary halo, cold dark matter
halos are triaxial and accrete mass via both smooth accretion
and mergers. Triaxial halos are populated by families of
chaotic orbits whose pericenters can fluctuate over time.
Yet, baryonic infall makes the potential of the primary halo
very close to spherical [69], which also agrees with current
observational limits on the shape of the MW halo [70],
thus suggesting that triaxiality should not be an important
effect. Instead, dwarfs infalling at very early epochs, when
the primary halo is still undergoing substantial growth via
merging of relatively massive subgroups, might undergo
rapid changes in their orbits as the global potential changes.

Another effect, which is seen to take place in simulations,
is orbit scattering via the interaction with another satellite,
which can not only modify the parameters of the orbit of
the satellites but even cause ejections when a three-body
interaction takes place [71].

All simulations conducted to study the dwarf-primary
interactions neglect the effect of the disk of the primary. The
disk of the Milky Way was likely in place already at z =1.5–
2, hence during most of the time during which satellites were
accreted and evolved within the primary halo. While the tidal
effect of the disk is not expected to be important for typical
pericenter distances of satellites accreted below z < 1, because
these should be larger than 20–30 kpc (see [14]), satellites
accreting earlier had smaller pericenters that would graze the
disk and could even be quickly reduced by the additional
dynamical friction provided by the disk itself [72] if satellites
accrete more frequently on a prograde rather than retrograde
orbit [66, + in prep.]. D’Onghia et al. [73] find that disk
shocking, namely, tidal shocks induced by passages through
the disk, can affect significantly the evolution of satellites
having masses <109M⊙ and pericenters <20 kpc, causing the
disruption of a fraction of them and thus playing a role in
the missing satellites problem (which normally neglects disk
shocking) as well as in determining the radial distribution of
satellites inside primary halos.

This “tidal stirring” accounts for most of the similarities
and differences between dIrrs and dSphs, including the
existence of the morphology-density relation, by postulating
progenitors of dSphs with light, low surface brightness disks
embedded in massive halos. This, however, does not mean
that such progenitors were identical to present-day gas-rich
dIrrs. Indeed, since they formed at high z, they likely had
assembly histories quite different from present-day dIrrs,
and thus their stellar populations and metallicities were
different (this is an aspect that will be addressed by new,
ongoing simulations that start from a gas-rich dwarf galaxy
formed self-consistently in a cosmological simulation). The
next step would be to verify the model within a fully cos-
mological simulation, and thus extend the analysis directly
to the implications for the star, formation and metallicity
histories of the dwarfs. Unfortunately, to date cosmological
simulations with hydrodynamics have not allowed a robust
analysis of the structural evolution of satellites due to their
limited resolution (typically the force resolution is of order
a few hundred parsecs, see Mayer et al. [74] for a review,
so the tiniest dSphs like Draco are not resolved at all).
Satellites, in addition, are too bright and dense in published
cosmological galaxy formation simulations due to numerical
loss of angular momentum and overcooling [75]. Searching
for evidence of tidal stirring in these simulations is thus
quite hard, but it can be done in a qualitative sense for a
few well-resolved dwarfs. We selected the brightest satellites
(MB > −14) of the large spiral galaxy in the cosmological
hydrodynamical simulation of Governato, Mayer et al. [76],
as well as similarly bright dwarfs outside the virial radius of
the same galaxy. Figure 5 shows their v/σ within the effective
radius versus the number of orbits performed within the
main system. Clearly v/σ correlates well with the number of
orbits as expected within the tidal stirring scenario. We also
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Figure 5: v/σ as a function of the number of orbits for the satellites
in the cosmological hydrodynamical simulation of Governato,
Mayer et al. [56]. v/σ is measured within the half mass radius of the
dwarfs at the end of the simulation, namely, after 13 billion years of
evolution. The mean number of orbits for each of the three groups
of dwarfs appears on the horizontal axis.

found that the shape of the stellar components of the dwarfs
goes from more disky to more spheroidal with increasing
number of orbits. The absolute values of the v/σ have to
be taken with caution because numerical two-body heating
(e.g., Mayer [76]) is certainly an issue for these objects (halos
have only a few thousand particles at this scale). However
the trend is evident. A similar result, more recently, has
been obtained in a much higher-resolution cosmological
simulation of the formation of a massive early-type galaxy
(Feldmann et al., in prep.) as well as in newer, higher-
resolution simulations of the formation of a Milky-Way-
sized galaxy (Callegari et al., in prep.).

4. Tidal Tails in Disky Dwarfs and Line-of-Sight
Stellar Velocity Dispersions

As the dwarf is tidally perturbed and gradually transforms
into a dwarf spheroidal, it also loses mass. In Mayer et
al. [18] tidal mass loss and the formation of tidal tails
in dark-matter-dominated, tidally stirred disky dwarfs was
studied using a range of initial models embedded in an NFW
halo and a range of cosmologically motivated orbits, that
is, spanning and apocenter-to-pericenter ratio of 3 to 10.
The main conclusions were that (1) tidal tails projecting
along the line of sight could lead to an overestimate of the
velocity dispersion (and thus an overestimate of the mass-
to-light ratio) by at most a factor of 2 and (2) the most
important contribution to the measured mass-to-light ratio
is always the intrinsic dark-matter content of the dwarf.

The corollary of the second point is that the most dark-
matter-dominated dwarfs have the faintest tails, just lying
at the detection limit of photometric surveys. However, the
role of projections effects, especially how likely tidal tails
lie perpendicular to the observer and thus can be more
easily detected, was not clarified. Klimentowski et al. [57, 77]
and Lokas et al. [65] confirmed, in a much more detailed
study, that velocity dispersion profiles in dSphs can be
affected by contamination from unbound stars in the tails.
While the central velocity dispersion is not changed (the
contamination from unbound stars is statistically too weak
since most of the stars projected towards the inner core of
the dwarfs are indeed bound), the outer velocity dispersion
can increase by nearly a factor of 2, with consequences
on the measurements of the total mass and mass-to-light
ratio of the dwarf. The same authors present a method of
interloper removal to clean observed samples from unbound
stars contamination. In Klimentowski et al. [78] tidal tails
disky dwarfs were revisited. The interesting conclusion is that
on typical cosmological orbits (apocenter/pericenter ∼5-6),
tails point towards the observer for the largest fraction of
an orbital revolution of the dwarf within the Milky Way
halo, especially where it spends most of the time, namely,
near apocenter. This renders the detection of tails extremely
difficult and maximizes the enhancement of the line-of-sight
velocity dispersion because it implies that unbound stars
belonging to the tails would be normally projected along
the line-of-sight, contaminating observed samples, although
the effect is complicated by variations in the intrinsic line-
of-sight velocity dispersions along the different axes of the
dwarfs, see [57, 77]. The difficulty in separating the tails from
the bound core of the dwarfs due to this biased projection
effect may explain why in only a few of the dSphs, for
example, Carina [79] and Ursa Minor [80], tails have been
tentatively detected. This effect adds to the most important
requisite for tidal tail detection, namely, the need of an
exceptional photometric technique [81].

5. Gas Stripping; Ram Pressure, Tides, and
the Cosmic Ultraviolet Radiation

Mayer et al. [14] showed that tidal stripping alone cannot
produce the low gas fractions found in dSphs starting from
a gas-rich disky dwarf. Bar instabilities drive gas towards the
center, making it tightly bound. Such inner gas distribution
is not stripped by tides for the same reason of why an
inner stellar core always survives in the tidally stirred dwarfs,
namely, because its binding energy is too high and the
response to tidal shocks is nearly adiabatic. Gas consumption
by star-formation does not solve the problem if one adopts
the mean star formation rates inferred for dSphs [2, 4];
too much gas is left even after billions of years [14]. In
addition, gas turning into stars during the orbital evolution
gives rise to an extended star formation history, a feature
that is seen only in a subset of dSphs [3, 15]. Therefore a
mechanism that selectively removes the gas while leaving the
stars unaffected seems required. Mayer et al. [20] studied the
combined effect of ram-pressure and tidal stripping. Ram
pressure-stripping occurs when the pressure force exerted
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Figure 6: Evolution of the gas-dominated disky dwarf model studied in Mayer et al. [41], which produces a dark-matter-dominated dwarf
resembling Draco after 10 Gyr of evolution. This N-Body + SPH simulation employed millions of dark matter, gas, and star particles. It
included tidal mass loss due to a live Milky Way halo, ram-pressure stripping in a tenuous gaseous halo, radiative cooling, and a time-varying
cosmic ionizing UV background consistent with the Haardt and Madau (2000) model. The snapshots show the color-coded logarithmic
density maps (the brighter the color, the higher will be the density, with densities in the range 10−32−10−23 g cm−3) for the first 2.5 Gyr of
evolution. Boxes are 30 kpc on a side. The dwarf begins falling into the Milky Way halo on a typical eccentric cosmological orbit (apo/per= 5
at the beginning of the simulation, which corresponds to z = 2). At the first pericenter passage (Rperi = 30 kpc) a prominent ram-pressure
tail is evident (top left), and once the dwarf comes to first apocenter (top right), it has lost already more than half of its gas. As it begins the
second orbit, ram-pressure stripping continues to remove gas (bottom left), until all gas is stripped at second pericenter (bottom right).

by the ambient gaseous medium exceeds the gravitational
restoring force felt by the gas inside the dwarf. The ram-
pressure is given by Pram = ρghVorb

2, where ρgh is the density
of the ambient halo gas and Vorb is the orbital velocity of
the galaxy (Gunn & Gott 1972). Assuming a constant ram
pressure, there will be a characteristic radius at which the ram
pressure force Frp = PramSgd (where Sgd is the surface area
of the gas disk) is equal to the gravitational restoring force
Fgr(r) = ∇φ(r), where φ(r) is the gravitational potential of
the galaxy. The gravitational restoring force will indeed vary
with radius since in galaxies the potential is a function of
radius. Since the gravitational restoring force will increase
with decreasing radius in a typical galactic potential (e.g., see
Abadi et al. 1999) the gas located at or outside the radius at
which Frp = Fgr will be stripped.

Mayer et al. [20] constructed two-component models for
the Milky Way halo in which a dark matter halo consistent
with the results of ΛCDM simulations has an embedded dif-
fuse gaseous component with a temperature of ∼106 K and a
density of about ∼10−4 atoms/cm3 at 30 kpc from the center,
consistent with the values inferred from OVI absorption
measurements and the existence of the Magellanic Stream
[82]. Dwarf galaxies are placed on eccentric orbits (apo/peri=
5-6) with pericenters of 30 or 50 kpc. The initial models were
gas-rich disky dwarfs (Mgas/Mstars ≥ 0.4). It was found that
ram pressure increases by a factor up to 10 the amount of
stripped gas mass compared to the case in which only tides
are considered (Figure 4). Ram pressure strongly depends
on the depth of the potential well of the dwarfs. While for

dwarfs with Vpeak ≤ 30 km/s most of the gas content is easily
removed, for more massive dwarfs the end result depends
a lot on the orbit and on gas thermodynamics (the effect
of thermodynamics is seen in Figure 4, where we compare
results for an adiabatic run, a run with radiative cooling,
and one with both radiative cooling and the cosmic ionizing
background).

For a galaxy moving on a noncircular orbit, the ram-
pressure is not constant but varies with time as both the
galaxy’s orbital velocity and the density of the ambient
medium change along its trajectory within the primary.
The pericenter distance sets the maximum strength of the
ram-pressure force since Pram = ρghVorb

2, and both ρgh

and Vorb are maximum at pericenter. Moreover, there is
another important time-dependent effect for galaxies on
eccentric orbits. Repeated tidal shocks lower progressively
the depth of the potential well of the dwarf at each pericenter
passage, reducing the gravitational restoring force, and thus
allowing gas removal towards increasingly smaller radii as
time advances (this would be the case even if the ram-
pressure wind was constant). This explains why ram pressure
stripping can continue over several billion years (Figure 4)
rather than saturating after the first pericenter passage.
However, when gas can cool down radiatively but cannot
be heated, the stripping process saturates after two orbits;
this is because the gas torqued by the bar flows towards the
central region of the dwarf, increasing its central density and
rendering the response of the potential to tidal shocks more
adiabatic (see Section 7).
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Figure 7: Shape evolution of the stellar component. The upper panel shows the intermediate-to-major axis ratio, b/a, and the bottom panel
presents the minor-to-major axis ratio, c/a. Solid lines correspond to the self-consistent simulation in which tides, ram pressure stripping,
and UV background were included throughout the orbital evolution of the dwarf. Dotted lines correspond to the case where the dwarf
galaxy was extracted from the simulation just after the gas was removed and evolved in isolation. Dashed lines show results of a test in
which approximately 30% of the initial gas mass remains in the galaxy because the absence of the UV background reduces significantly the
effectiveness of ram pressure stripping. Thick and thin lines correspond to 10 and 5 Gyr of orbital evolution, respectively (for the extracted
dwarf we only show the result after 10 Gyr). The shape of the stellar component changes gradually over time and the presence of UV heating
is essential for the shape transformation of thedwarf.

In principle stripping may still occur after the saturation
induced by the bar inflow via a mechanism that is not cor-
rectly captured by the SPH simulations discussed throughout
this paper, namely, turbulent stripping by ablation due to
Kelvin-Helmoltz instabilities at the interface between the gas
in the dwarf and the surrounding hot diffuse halo ([83, 84],
but see how simple modifications of standard SPH can solve
the problem in [85]). In hydrodynamical flows two shearing
fluids moving with relative velocity Vrel are subject to an
instability (the Kelvin-Helmoltz instability) that tends to
ablate their interface; a wave-like perturbation will grow
proportionally to the density contrast and relative velocity of
the fluids, but could be damped with increasing viscosity or
if an external force, such as a gravitational field, is applied to
the system.

We can show that Kelvin-Helmoltz instabilities will not
occur for dwarfs embedded in a massive dark halo because of
the stabilizing effect of the gravity of the halo. We neglect the
effect of SPH artificial viscosity in the following calculation;
this is a conservative assumption since viscosity would
stabilize the system further. Following existing analytical
predictions [83], we estimate that the critical value of the
gravitational acceleration necessary to stabilize the dwarf
gas disk against Kelvin-Helmoltz in dwarf galaxy models

with Vpeak = 40 km/s used in Mayer et al. [20] and Mayer
et al. [41] is gcr ∼ 0.1 initially, where gcr = 2πV 2/DRg

(V ∼ 200 km/s is the average orbital velocity of the galaxy,
Rg = 0.5 kpc is the scale length of the gas component, and
D = ρg/ρgh is the ratio between the density of the gaseous
disk at R ∼ Rg and the time averaged density of gaseous halo
along the orbit of the dwarf; and for simplicity we express
the gravitational acceleration in the adimensional system of
units of our simulations, in which we assume G = 1 for
the gravitational constant G ). The self-gravity of the dwarf
galaxy within Rg , which is mainly provided by the dark halo,
is instead g ∼ 2.5 > gcr, where g = GMhalo/Rg

2. We note
that g > gcr holds down to about 1/5 of the disk scale
length, and also for R > Rg . Hence the gaseous disk of
the dwarf is initially stable to Kelvin-Helmoltz instabilities.
However, on subsequent orbits the situation can change. For
the simulation presented in Mayer et al. [41] after the second
pericenter passage, the density of the dwarf within 0.5 kpc,
decreases by a factor of 4 as a result of the tidal shocks, so
that g drops to ∼0.6 at one disk scale length, now being very
close to gcr (the latter has also decreased in the meantime,
gcr ∼ 0.3, since the mean density of the gas has dropped). The
gas component of the dwarf is now only marginally stable
to Kelvin-Helmoltz instabilities, but using the formula to
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calculate the mass loss rate due to Kelvin-Helmoltz [83] for
Rg = 0.5 kpc one derives a characteristic stripping timescale
still quite long, that is, comparable to the Hubble time.

There is then one more stripping mode to examine.
Although formally standard SPH solves the equations for
an inviscid fluid, de facto the necessity of artificial vis-
cosity renders the fluid model viscid. It thus makes sense
to consider laminar viscous stripping as another possible
stripping mechanism. The mass loss rate in this case is
given by Ṁ ∼ 12/2.8πRg

2Vrelρgh(λmax/Rg)(c1/Vrel) [83, 86],
where λmax is the longest wavelength not stabilized by
gravity. Assuming that, at second pericenter, the longest
unstable wavelength is λmax ∼ 0.5 kpc, one obtains a laminar
viscous timescale of ∼2 Gyr for the typical ambient gas
densities and relative velocities in our simulations (Vrel =
Vorb). The gas is indeed completely stripped ∼1 Gyr later
in cases in which the gas component remains diffuse
and extended because cooling is inefficient (e.g., the run
with adiabatic gas and with added cosmic UV background
presented in Figure 4; see also next paragraph). In runs
where only radiative cooling is considered, the longest
unstable wavelength is much smaller than the radius of
the residual gas, which implies a laminar viscous timescale
close to the Hubble time. This explains why the gas is not
completely stripped in cooling-only runs (see Figure 4). In
conclusion, despite the strongly time-dependent behaviour
of all the variables involved in the problem, both the action
and the saturation of stripping seen in the simulations is
consistent with the expected characteristic timescales and
relative importance of the various ram-pressure stripping
modes.

The next point to discuss in order to understand the
different mass loss curves shown in Figure 4 is the effect
of radiation physics/thermodynamics, which we have just
hinted during the description of the stripping process above.
The temperature evolution determines whether the gas
component stays extended or becomes concentrated in the
central, deeper part of the potential well as a result of tidally
induced bar-driven inflows. Compression from the outer
medium heats the gas. The gas is rapidly heated to 105 K,
where the cooling function peaks (the initial temperature
of the gas disk in the dwarf models is in the range ∼3000–
8000 K depending on the initial mass and is set by hydrostatic
equilibrium requirements) at which point it cools radiatively
to 104 K in a fraction of a dynamical time; such cold gas
easily sinks towards the center due to the torque exerted by
the bar and cannot be removed by ram pressure. Instead,
if compressional heating is not radiated away, as when the
gas evolves adiabatically, the increased pressure opposes the
bar-driven inflow, keeping more gas at larger radii where it
can easily be stripped. For stripping to be very effective for
dwarfs with initial Vpeak ∼ 30–60 km/s, it is sufficient that
the temperature of the gas is kept above 104 K (the virial
temperature of these halos is 3–5×104 K). This requires some
heating source to counteract radiative cooling. Mayer et al.
[20] find that for Vpeak ∼ 30–40 km/s such temperature
increase can be achieved owing to heating by the (uniform)
cosmic UV background at z > 1.5–2, where the heating rate
and ionizing flux rates are based on standard models for

the time evolution of the intensity of the cosmic ionizing
background [49, 2000].

For even higher values of the circular velocity (Vpeak ∼
40–60 km/s), complete stripping would require an even
higher heating rate. This is likely to be provided by the
local ionizing radiation originating from the primary galaxy
(the Milky Way or M31 for the case of the Local Group).
Mashchenko et al. [87] calculate that the FUV flux of M31
derived from its Hα luminosity is higher than these of
the present-day value of the cosmic UV background out
to 10–20 kpc from its center. Current starbursts have FUV
luminosities 103–104 higher than the MW and M31, in
the range 1044–1045 erg/s [88]. According to cosmological
simulations at z = 2-3 Milky-Way-sized galaxies were hosting
a major central starburst, forming stars at a rate of ∼20–
30M⊙/yr [75, 89]. This is consistent with the star-formation
rates measured for z = 2 galaxies that should evolve into
L∗ galaxies by the present epoch (Conroy et al. 2007).
Determining the escape fraction of ultraviolet photons that
will contribute to heating and ionizing, the gas of the dwarf
is a complex task, with the estimated escape fraction varying
between a few percent to more than 10% (e.g., Fernandez-
Soto et al. [90], Shapley et al. [91]). We choose a simpler
approach by assuming that the FUV luminosity of the
primary galaxy in the starbursting phase is comparable to
that of a major present-day starburst (LFUV = 1045 erg/s).
At higher redshift, dust absorption should be lower since
the metallicity should also be lower, thereby our estimate,
while crude, should be on the conservative side. Under
this hypothesis we obtain that at 30 kpc from the center
the heating rate was 10 times higher than that associated
with the metagalactic UV background at z ∼ 2. We have
run new simulations including such a local, time-dependent
UV background (the intensity of the flux is modulated by
the orbital distance of the dwarf) and found that ram-
pressure stripping is greatly enhanced, leading to complete
gas removal after a couple of orbits even for Vpeak ∼ 50 km/s
[19]. A systematic exploration of the effect of the local
ionizing radiation over a range of mass scales of dwarf
galaxies will help assess the overall relevance of the effect in
the context of the evolution of dwarf galaxy satellites.

The implications of these simulations on the enhanced
gas stripping resulting when the ionizing background at high
redshift is taken into account are quite important. Indeed we
can argue that if the progenitors of Draco or Ursa Minor fell
into the Milky Way at z > 1.5–2, then ram pressure combined
with tides was able to remove their entire gas content in a
couple of orbits. This translates into a timescale of about 2-
3 Gyr after infall assuming a range of orbital times consistent
with their current distance from the Milky Way. Therefore, in
this scenario the observed truncation of the star formation in
Draco and Ursa Minor more than 10 Gyr ago occurred as a
consequence of the infall of these galaxies into the Milky Way
halo. Draco would have formed most of its stars before infall
since most of the gas becomes ionized while approaching
pericenter for the first time. This scenario, however, would
still be unable to explain the very high dark matter content
of a galaxy like Draco nor why do other dSphs, such as
Fornax, appear to have a similar total mass (baryons plus
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dark matter) but a much lower dark matter content. We will
see in the next section that these other properties of dSph
satellites of the Milky Way can also be explained once proper
assumptions on the structure of their disky progenitors are
made, and the time-dependent nature of the cosmic ionizing
background is taken into account.

6. A Scenario for the Origin of Classic Dwarf
Spheroidals in a Hierarchical Universe:
The Timing of Infall into the Primary

In Mayer et al. [41] we built on the results of the previous
section and we proposed a coherent scenario that explains at
the same time the origin of the common properties of dSphs
(low gas content, exponential profiles, low luminosity and
surface brightness, and low angular momentum content)
and their differences (different star-formation histories and
mass-to-light ratios). In this model the key parameter is
the epoch of accretion onto the Milky Way and a key
assumption is that the progenitors of present-day classic
dSphs were not simply gas-rich but extremely gas dominated,
consistent with what is found in most present-day dIrrs
in the Local Group and elsewhere in the nearby Universe
[92]. The large gas fractions found in field dwarfs can
be understood in terms of a decreasing star-formation
efficiency towards decreasing galaxy mass. Recently, the
THINGS survey [93] has confirmed that disky dwarfs have
a star-formation efficiency, defined as the fraction of gas
(atomic+molecular) that is converted into stars, well below
that of normal spirals, of order 1% or less. The low gas
surface densities typically found in dwarfs likely imply a
low conversion efficiency between atomic hydrogen and
the star-forming molecular hydrogen phase [94], probably
explaining the low star-formation efficiency (note that the
conversion between molecular gas and stars does not seem
to be lower in dwarf compared to normal spirals, see [95]).
Such conversion can be even less efficient in presence of the
ionizing ultraviolet flux arising during reionization, which
can dissociate molecular hydrogen [94]. Therefore for field
dwarfs that were accreted by the Milky Way or M31 at z > 1,
the assumption of mostly gaseous baryonic disk is even more
well grounded.

The initial conditions, including the orbits of the satel-
lites, were chosen based on a hydrodynamical cosmological
simulation of the formation of a Milky-Way-type galaxy
[75]. We found that satellites that were accreted when the
cosmic ionizing background was still high, roughly before
z = 1, were completely ram pressure stripped of their gas
in one to two pericenter passsages (Figure 6). As a result
their star formation was truncated. As explained in Section 5,
the effect of the ionizing radiation is to heat and ionize
the gas, making it more diffuse because of the increased
pressure support, and to suppress star formation. This, in
turn, makes it easier to strip even from the central regions
of the dwarf, essentially having the same effect of a reduced
binding energy. Hence gas-rich dwarfs accreted when the
UV radiation background was at its peak lost most of their
baryonic content because this was initially in gaseous form,

thus naturally ending up with a very low luminosity. While
their baryonic content dropped orders of magnitude below
the cosmic mean as a result of gas stripping, their original
central dark matter mass in the central region around the
surviving baryonic core was largely preserved because dark
matter is affected only by tides, not by ram pressure. This
automatically produced very high mass-to-light ratios, of
order 100 (see Mayer et al. [80, Figure 2]). We showed that
all the final properties of such systems after 10 billion years
of evolution, including the stellar velocity dispersion profiles,
resemble those of the classic strongly dark-matter-dominated
dwarfs such as Draco, Ursa Minor, or And IX. Even the
brightest among the ultrafaint dwarfs, that have velocity
dispersions > 5 km/s (e.g., Ursa Major) may be explained
by this model. However, the very low characteristic mass
scale of most ultrafaint dwarfs suggests that other formation
paths might indeed be more likely (see Section 8). Dwarfs
that fell into halos of bright galaxies below z = 1, when
the cosmic UV radiation dropped by more than an order of
magnitude, retained some gas because tides and ram pressure
could not strip it completely and underwent subsequent
episodes of star formation at pericenter passages due to bar-
driven inflows and tidal compression [13, 14]. These ended
up in dSphs that are brighter for a given halo mass (or given
central stellar velocity dispersion) compared to the ones that
were accreted earlier. This should be case with, for example,
Fornax, Carina, or Leo I. The two regimes of infall epochs
explain why Fornax and Draco have roughly the same halo
peak circular velocities (and thus mass) despite having a
luminosity and mass-to-light ratio that differ by about an
order of magnitude. Likewise, Carina and Leo I, these being
prototypical cases of dSphs with an extended (episodic) star-
formation history, have a luminosity comparable to Draco
but a mass-to-light ratio 5–10 times lower than that of Draco
[1].

As a final remark, we note that Madau et al. [38] argue
that a very low efficiency of star formation, corrresponding
to less than 0.1% of their total mass being converted into
stars, would offer a solution to the excess in number counts of
subhalos with Vc > 20 km/s in dark-matter-only simulations
(see also [78] for a similar interpretation). Our model for
the origin of Local Group dwarf spheroidals provides a
clue to why dSphs were so inefficient at producing a stellar
component, thus pointing to a solution of the substructure
problem at the bright end of the mass function of dwarf
satellites of the Milky Way, which essentially contains all the
classic dSphs. Instead of relating the low efficiency of star-
formation to photoevaporation and/or suppression of gas
accretion by the cosmic ultraviolet background, we argue
that it arose naturally from intrinsic low star-formation
efficiency in the progenitor gas-rich dwarfs (well below 1%)
combined with copious gas stripping after they were accreted
in the potential of the primary galaxy. Our mechanism is
absolutely general in hierarchical structure formation and
should thus apply to dwarf galaxy satellites of any galaxy
group. The combination of an intrinsic low star-formation
efficiency prior to infall with ram pressure and tidal stripping
can be thought of as an effective feedback mechanism
alternative to reionization and supernovae feedback. Recent
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models that relate star-formation directly to the formation
of molecular hydrogen and to its dependence on metallicity
[96, 97] show convincingly that the star-formation efficiency
was at the low levels assumed by us, and invoked by Madau
et al. [38], when the metallicity was below 0.1 of the solar
value. This is because both molecular hydrogen formation
and self-shielding from the dissociating UV radiation depend
on the dust content, which drops with decreasing metallicity.
Interestingly, the current metallicity dSphs, both of the
ultrafaint ones and of the classic ones, is comparable to
or smaller than a tenth of the solar value [52], suggesting
that these objects likely spent a significant fraction of their
assembly history at metallicity lower than such critical
threshold. Therefore inefficient star formation played a key
role in delivering gas-dominated dwarfs at the time of their
infall into the halo of the primary and at the same time is key
to understand the missing satellites problem.

7. The Interplay between Gas Stripping and
the Tidally-Induced Transformation of
the Stellar Component

The removal of gas due to ram pressure can in principle have
effects on the dynamical evolution of the other components
of the dwarf, dark-matter and stars, since it is initially a
nonnegligible fraction of the total mass within the central
kiloparsec. We have performed a number of tests to explore
in detail the nature of the transformation of the baryonic
component in the simulations presented by Mayer et al. [41],
where both stars and gas are present in the initial disky
dwarf. The main goal was to determine the relative role of
the rapid removal of the gas (Figure 6), which comprises
most of the baryons initially, and that of the repeated tidal
shocks in changing the shape of the stellar component.
Although the initial dwarf model is dark matter dominated
by construction, baryons comprise as much as 30% of the
total mass within the initial exponential disk scale length.
Their rapid removal due to ram-pressure stripping might in
principle affect the dark matter potential, possibly lowering
its density as found in previous studies where baryonic
stripping occurs as a result of powerful supernovae winds
[98–100].

Figure 7 shows principle axis ratios s = b/a and q = c/a
(a > b > c) of stars, calculated from the eigenvalues of
a modified inertia tensor [101]: Ii j =

∑
α x

α
i x

α
j /r

2
α , where

xαi is the i coordinate of the αth particle, r2
α = (yα1 )2 +

(yα2 /s)
2 + (yα3 /q)2, and yαi are coordinates with respect to

the principle axes. We use an iterative algorithm starting
with a spherical configuration (a = b = c) and use
the results of the previous iteration to define the principle
axes of the next iteration until the results converge to a
fractional difference of 10−2. Results are shown for three
experiments. The comparison between the red and the black
lines clearly shows that repeated tidal shocks are necessary
for the transformation of the stellar component to occur;
c/a increases by more than a factor of 6 when the dwarf is
continuously tidally shocked relative to a case in which it
just loses most of its baryons owing to ram pressure and

then evolves without any tidal perturbation (in the latter case
we removed the primary halo from the simulation after the
gas was stripped). The green lines in Figure 7 show a test
in which about 30% of the initial gas content is retained
until the end because the UV background is absent and thus
the effect of ram pressure is reduced (we tested that not
including the cosmic UV background at all or including it
with the low amplitude expected at z < 1 from the Haardt
and Madau model yields the same result, see Mayer [19]
and Mayer et al. [20]). The residual gas is funneled to the
center by the bar, where it forms a very dense knot [20]. We
notice that despite the fact that this is a small fraction of the
initial gas content, it represents a nonnegligible contribution
to the central potential because it all ends up in the inner
0.5 kpc (corresponding to the initial disk scale length). In
this case the dwarf maintains a bar-like, prolate shape even
after 10 Gyr, hence the lower c/a. After 5 Gyr the central
density is 8 times higher compared to the simulation in
which complete gas stripping occurs. As a result tshock >
torb within 0.5 kpc, where tshock is Rperi/Vperi, Rperi and
Vperi being, respectively, the pericentric distance and the
velocity at pericenter, and torb is the orbital time at 0.5 kpc
from the center of the dwarf; the response of the system
to the tidal forcing is thus adiabatic instead of impulsive,
hence further morphological changes are inhibited. This
demonstrates that while gas removal does not drive the
transformation, it represents a crucial step for the evolution
of the stellar component because the effect of the tidal
shocks is considerably weakened when a dense central gas
component is retained.

Figure 7 also shows that c/a does not grow beyond 0.2
in isolation, even after a few Gyr of evolution. The average
(apparent) ellipticity measured for late-type dIrrs in the
Local Group is larger, ∼0.58, for the 8 dwarfs having a
range of rotational velocities comparable with those of our
initial dwarf galaxy model (Vpeak ∼ 30–40 km/s) [1]. Similar
values are found for dwarf irregular galaxies in clusters [102].
However, comparing with observed values of ellipticity one
must take into account inclination effects, since the c/a
discussed for our simulated dwarf is the intrinsic value,
that is, the value that would be measured by an observer
viewing the dwarf exactly edge-on. By viewing the dwarf at
inclinations in the range 30–60 degrees, which statistically
are a much more representative situation, the mean apparent
c/a varies in the range ∼0.4–0.7 within 3 disk scale lengths
(it is 0.55 at 45 degrees of inclination), hence perfectly
consistent with the observed values. This indicates that initial
conditions used in tidal stirring experiments are a reasonable
match to gas-rich dIrrs.

To summarize, these experiments indicate that the
repeated tidal shocks in the impulsive regime drive the
transformation of the shape and mass distribution of the
dwarf galaxy, and that gas removal is a necessary condition
for them to be effective. Prolonged impulsive tidal heating
is one of the ways by which tidal stirring can induce the
morphological transformation from disk into spheroid, the
other being bar-buckling (see Section 3). The former is
naturally favored for low mass, low density stellar disks that
are naturally prone to an impulsive response and also less
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self-gravitating, while the latter is favored at higher stellar
densities and thus higher self-gravity since it is based on the
growth of unstable modes [14, 61].

8. The Ultrafaint Dwarfs in
the Tidal-Stirring Scenario

In the last five years deep photometry with the Sloan
Digital Sky Survey (SDSS) has unveiled a new class of
ultrafaint dwarfs with structural properties (e.g., low angular
momentum, no gas content) analogous to classic dwarf
spheroidals (dSphs) but with masses and luminosities 1-2
orders of lower magnitude [17, 51, 52, 103] Indeed with
velocity dispersions in the range 2–6 km/s and luminosities
in the range −2 < MB < −7, these objects are fainter
than most known Globular Clusters, but clearly differ from
them because of their lower stellar surface densities, larger
optical radii, and much higher mass-to-light ratios. The
dozen ultrafaint dSphs detected so far all have M/L ∼100–
1000, hence they are even more dark matter dominated
than the darkest among the classic dSphs, such as Draco
and Ursa Minor. Like most classic dSphs, they are found
at distances well within the virial radius of the Milky Way
halo (at galactocentric distances < 300 kpc). The brightest
of them, such as Ursa Major, may be the product of the
same transformation mechanism elucidated in the previous
sections. In this case the initial progenitor managed to form
just a minuscule stellar component before ram pressure aided
by the UV background removed most of the baryons. But
the low masses inferred for most of the ultrafaint dwarfs are
below the critical mass threshold for “surviving” reionization
([104], Bullock, Kravtsov & Weinberg 2001, [12, 105]); they
would have been below the threshold even before being
accreted by the Milky Way assuming a factor of 2-3 decrease
in their peak velocity dispersion/circular velocity (thus a
factor ∼8–30 in mass) due to tidal mass loss over billions
of years. This implies that at z ∼ 7–12, when reionization
began, they could not hold onto their gas and form stars,
rather they suffered complete photoevaporation. The most
plausible explanation for the origin of the ultrafaint dwarfs
is that they formed their stellar components entirely before
the onset of reionization (later gas accretion at z > 1
would be difficult with such shallow potential wells). They
are thus the natural candidates for being the “reionization
fossils” predicted in the models of Ricotti and Gnedin
[106] and Gnedin and Kravtsov [107]. High-resolution
cosmological simulations of galaxy-sized halos indeed find
about a thousand subhalos with virial masses >106M⊙
prior to reionization, hence massive enough for cooling via
molecular hydrogen to lead to gas collapse and star formation
before they are accreted onto the primary galaxy [108]. A
low intrinsic efficiency of star formation due to inefficient
formation of molecular hydrogen is expected for these low
mass, low metallicty systems (see Section 6). In addition,
even modest star formation would strongly affect these
systems via supernovae feedback, keeping the star-formation
efficiency low [100]. Inefficient star formation might thus
be the main cause of the extremely low stellar content of

the ultrafaint dwarfs. Moreover, gas photoevaporation owing
to the rising ionizing background would remove most of
their gas, hence most of their baryons, leading naturally to
very high mass-to-light ratios without the need of additional
environmental processes such as ram pressure and/or tidal
stripping.

On the other end, with original masses likely below
107M⊙, up to two orders of magnitude less than those of
classic dSphs, tidal stirring and tidal mass loss were also
very effective in the progenitors of ultrafaint dwarfs. What
we detect today is probably the surviving inner core of the
original dwarf, which responded more adiabatically to the
tidal shocks owing to the high halo concentration/central
density expected in very low mass satellites [34, 69, 109].
However, such tiny subhalos were likely never disky in the
first place. In fact for standard values of spin parameters
expected in cosmological halos, their initial angular momen-
tum content was too low to provide more support than
thermal pressure against the low gravity of their tiny halo
potential wells, especially in the presence of the cosmic
ionizing UV background [77]. Therefore ultrafaint dwarfs
do not owe their current diffuse, spheroidal appearance and
pressure-supported kinematics to the effect of tidal stirring,
rather these structural properties were established before
infall.

Finally, an emerging feature of the ultrafaint dwarfs is
that some of them appear to be associated with other classic
dSphs such as Sagittarius or Fornax. One example is the
very recently discovered Segue 2 [110], where the kinematics
support the association with the Sagittarius stream and with
other similarly faint dwarfs, Bootes II and Coma (for Segue 1
recent work does not support the same association; see Geha
et al. [111]). It is then natural to postulate that many if not
all of these ultrafaint dwarfs are indeed satellites of satellites,
the luminous counterparts of subhalos of subhalos seen in
the latest generation of cosmological simulations resolving
scales of tens of parsecs [108]. However, establishing such a
link will require further studies since current cosmological
simulations capable of resolving satellites of satellites do not
include the baryons yet. If they were accreted as members
of subgroups, the ultrafaint dwarfs might have undergone
tidal stirring, and perhaps even ram pressure stripping, by
a larger parent dwarf before falling into the Milky Way or
M31 halo [24, 68]. The first cosmological, hydrodynamical
simulations of the formation of low mass galaxies (with
masses comparable with the likely progenitors of Sagittarius
or Fornax) are under way as we write [89]. They will be the
first step to study the nature of satellites of dwarf galaxies
and assess how plausible the idea that many of the ultrafaint
dwarfs are satellites of satellites.

9. Towards a Coherent Picture:
Two Populations of dSphs Produced by
the Combined Action of Tides, Ram Pressure,
and the Cosmic Ionizing Background

According to the scenario that we presented in this paper, a
coherent paper is emerging on the role of environment in
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shaping the nature of dwarf spheroidal galaxies. In particular,
we posited two main formation paths for dwarf spheroidals:
one for the classic dSphs and one for the ultrafaint dwarfs.
Classic dwarf spheroidals live in tidally truncated halos with
present-day masses of 107-108M⊙, which were typically a
factor of 10, more massive, 108-109M⊙, before infall into
the halos of the Milky Way and M31. They were thus born
in halo potential wells too deep for suppression of gas
accretion and/or photoevaporation to play a major role in
determining their final properties. Instead, we argue that
their current properties, including their baryonic content
and mass-to-light ratio, were determined mostly by the effect
of ram pressure and tides after infall into the potential of
the primary galaxies, with the cosmic UV background still
playing some role in the thermodynamics of the gas and
in regulating star-formation both before and after infall.
For classic dSphs two main outcomes are then possible
depending on when they were accreted by the primary halo.
At z > 1, when the cosmic ionizing UV background is
more than an order of magnitude higher than today, infalling
dwarfs underwent complete stripping of their gas after one
or two orbits and rapid truncation of star formation. This
early infall mode explains an object like Draco, with a star
formation history truncated about 10 billion years ago and
a very high mass-to-light ratio. At z < 1, the weaker UV
background implies colder and more tightly bound gas in
the infalling dwarfs; stripping is thus less efficient and does
not lead to complete gas removal. Instead, the remaining
gas is consumed in bursts of star-formation at pericenter
passages due to bar-driven inflows and tidal compression.
This late infall mode explains dSphs like Fornax, with an
extended star formation history and moderate mass-to-light
ratio. For both early and late “infallers”, we argue that they
had a disky, rotating stellar component before infall, as in
most present-day dIrrs, that was later turned into a pressure-
supported spheroidal by tidally induced instabilities and
tidal heating, a transformation mechanism that we dubbed
tidal stirring. On the other hand, for ultrafaint dwarfs the
formation path is governed by the effect of reionization,
as expected based on their much lower mass scale, which
would place them in halos with masses <107M⊙ even prior
to prolonged tidal mass loss within the primary halo. They
were likely born as spheroidal, pressure-supported objects
before reionization, and lost most of their baryons due to
photoevaporation thereafter (“reionization fossils”). In light
of this scenario it is then clear how to interpret the the
anticorrelation between luminosity and M/L [52], which
extends all the way from Fornax to Segue 1, one of the faintest
newly discovered dwarfs. This is the result of ram pressure
and tidal stripping combined with the UV background
at the bright/high mass end (σ > 6 km/s, corresponding
to an initial Vpeak > 20 km/s before infall), and the
product of photoevaporation by the UV background at the
faint/low mass end (σ < 6 km/s, corresponding to an initial
Vpeak < 15–20 km/s before infall). It remains to demonstrate
quantitatively that the efficiency of these various mecha-
nisms for the removal of the baryons in dwarfs increases
with decreasing mass in the way implied by the observed
correlation.

Finally, Kravtsov et al. [24] have noted how the radial
distribution of present-day dSph satellites of the MW and
M31 can be used to constrain different scenarios for their
origin. Dwarf spheroidals appear to be more clustered
towards the center of the primary compared to the average
subhalos, hence they have a steeper than average radial
distribution profile. By comparing the distribution of various
subsets of the substructure population of MW-sized halos in
cosmological simulations with the one observed for dSphs,
they were able to exclude, for example, models in which
dSphs are hosted by the most massive substructures [36],
while they found acceptable models in which dSphs are
some of the most massive substructures prior to infall (this
being consistent with the assumption behind all our works,
namely, that they lost a significant fraction of their mass since
they were accreted). Strigari et al. [44] reached analogous
conclusions based on the analysis of the mass function of
the most massive substructures. The question is as follows
would tidal stirring be consistent with the observed radial
distribution of dSphs? This will have to be investigated
dirctly in cosmological simulations with hydrodynamics
and star formation and with enough resolution to study
the satellites’ population. New simulations obtain a radial
distribution profile of luminous subhalos that is comparable
to that of observed dSphs [112] but they do not have
enough resolution to explore the morphologies of luminous
satellites yet, nor can they reliably model hydrodynamical
mechanisms such as ram-pressure stripping. However, for
the time being, there is no expected inconsistency. Indeed the
assumption that the dark-matter-dominated dSphs had to be
accreted at z > 1, for the morphological transformation to
be effective [41] naturally implies that they were accreted on
fairly tight orbits (high orbital energy, short orbital times);
this automatically implies a radial distribution profile steeper
than that of the overall satellites’ population.

10. Caveats, Alternatives, and Future
Prospects: Thick Disks, Infalling Subgroups,
and Dark Matter Cores

The tidal stirring simulations carried out so far have
always assumed an initial configuration in which the disky
progenitor is constructed using an equilibrium model with a
relatively thin disk of gas and stars. In reality the stellar disks
of dwarfs with Vc < 40 km/s are expected to be rather thick
as the gas that formed the disk in low mass halos reached
centrifugal equilibrium with a fairly high scale height at the
mean temperature of 1.5–3×104 K expected in the presence
of the cosmic ionizing background at z > 1 [77]. Thermal
pressure, as opposed to rotation, would be crucial to explain
the initial equilibrium structure of dwarfs embedded halos
with Vc < 20 km/s that likely hosted the progenitors of
ultrafaint dwarfs. At some level it may also have affected
the initial conditions of massive systems that produced the
classic dSphs, and thus should be investigated further with
models capable of capturing the multiphase structure of the
ISM. A more diffuse, hotter stellar component argues in
favor of a stronger effect of tides, but dynamical instabilities
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such as the bar and buckling instabilities invoked in tidal
stirring are physically associated to an initially cold, rotating
stellar configuration. Gas stripping by ram pressure should
instead be enhanced in an initially hotter, more diffuse
stellar system because of the reduced gravitational restoring
force of the gas. We are currently investigating the tidal
stirring and ram pressure of a realistic gas-rich dwarf with
a turbulent, multiphase interstellar medium formed self-
consistently in a cosmological simulation (Callegari, Mayer
et al., in preparation).

Recently, an alternative model has been proposed accord-
ing to which some of the classic dSphs did not fall into
the Milky Way halo as individual satellites but rather joined
the system as part of a subgroup centered around the Large
Magellanic Cloud [68]. That some satellites are brought
inside of the primary halo as part of subgroups is indeed
found in cosmological simulations [24, 113]. The model is
not necessarily in contrast with the general tidal stirring
scenario since the dwarf might have been tidally perturbed
significantly by the LMC, which is 1-2 orders of magnitude
more massive than even the brightest among dSphs (Fornax),
and then stirred even more by the Milky Way as the subgroup
was broken up by the tides of the latter soon after infall.
This model would explain the possible alignment of some
of the dSphs with the orbits of the Magellanic Clouds. It
would also imply that a large fraction, if not half of the
luminous dSphs, came in as satellites of the LMC. This would
be naturally explained by how the cooling time scales with
halo mass. Gas removed by the cosmic ionizing background
or by tidal/ram pressure stripping as the dwarfs were part
of the LMC system would have been reaccreted much more
easily by the subhalos relative to the case in which they
would be part of a larger halo such as that of the Milky Way.
In fact, assuming that such gas would quickly thermalize
with the ambient gas temperature, reaching thus the virial
temperature of the primary halo, the cooling time would
be much shorter (tcool 
 Thubble) at the virial temperature
of the LMC halo, ∼105 K. However, in this model it is still
unclear why dSphs have two main modes of star formation
history (truncated or bursty and extended) that do not
appear to be linked with their being part of the putative
LMC subgroup. That being said, the potential wells of the
dSphs halos might be sufficiently deep to reaccrete gas while
they are still embedded in groups with the virial masses as
those of the LMC halo, possibly undergoing an extended
star formation history. It will be interesting to assess if other
intermediate mass galaxies in the Local Group, such as M33,
massive enough to be a primary of a subgroup, have dSphs,
surviving or already disrupted into streams, associated to
them. Future surveys of the M31 system will shed light on
this possibility.

Previous work has shown that a cuspy dark matter
halo fitted by an NFW or Moore profile might develop
a core as a result of a strong mass outflow such as that
caused by supernovae winds during a burst of star formation
[100]. More recently, the first high-resolution cosmological
simulations of dwarf galaxy formation have shown that this
mechanism may indeed be efficient at high redshift in the low
mass progenitors of present-day gas-rich dwarfs, producing

a galaxy with a kiloparsec-scale core at z = 0 whose
slowly rising rotation curve matches those of typical late-type
dwarfs (Governato, Brook, Mayer et al., in prep.) . A clumpy,
turbulent interstellar medium may also contribute to core
formation via exchange of energy and angular momentum
with the surrounding dark matter halo [114]. It is thus
possible that the progenitors of Local Group dSphs had a
cored halo when they accreted onto the Milky Way and
M31. The scenario for baryonic stripping presented in this
review is mostly based on dwarf galaxy models with cuspy
(NFW) dark matter halos. Our conclusions regarding the
crucial effect of the environment for dSphs would be even
stronger if their progenitors had cores. Indeed, the various
modes of ram-pressure stripping discussed earlier are all
enhanced if the gravitational restoring force is lower in the
inner region of the dwarf, as expected in a constant density
core. Tidal shocks will also be enhanced because the response
of the system will be more impulsive with a central core,
rendering the instabilities and the resulting morphological
transformation more efficient. Indeed this was observed in
Mayer et al. [18], where NFW halos were first introduced in
dwarf galaxy models, as opposed to Mayer et al. [13, 14],
where truncated isothermal halos with a small core of a
few hundred parsecs were used. Other mechanisms that
can enhance considerably the intensity of tidal shocks are
disk shocking (see pages 21-22 and [73]) and resonances.
D’Onghia et al. (2009b) have recently shown that disky
satellites that plunge close to the disk of a more massive
companion can undergo a resonant interaction between
their rotational motion and their orbital motion which
can heat the stars into a spheroid, along with stripping
a large fraction of them, after only one close pericentric
passage. This happens when the spin angular frequency of
the disk of the dwarf and the angular frequency of its orbit
are commensurate, and the spin angular momentum and
orbital angular momentum are nearly aligned (that is, in
a nearly prograde encounter). This mechanism could be
an important extension of tidal stirring, perhaps crucial to
explain dSphs orbiting far from the primary, such as Tucana
and Cetus in the LG. Ongoing studies aimed at characterizing
in detail the stellar component of these isolated dSphs,
including their star formation history, will soon provide
useful constraints on these new ideas (e.g., [115]; see
also http://www.iac.es/project/LCID). Such individual, close
encounters may have been more common when the primary
halo was still in the process of assembling from subgroups
and their subhalos were interacting with much larger com-
panions, the size of the LMC or so. Some of such encounters
may have also resulted into mergers between dwarfs since
the typical velocity dispersions in subgroups should have
been quite low. Whether this could be another channel of
early dSphs formation is currently under investigation (Kli-
mentowski et al., in preparation). While all these different
tidal mechanisms relying on the idea of preprocessing, the
morphology of the dwarf satellite population before they
are accreted by the primary may play a role at some level;
they need to be consistent with the morphology-density
relation, a crucial constraint that tidal stirring can naturally
satisfy.
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As our understanding of dwarf galaxy formation from
cosmological initial conditions improves, interaction sim-
ulations will have to be revisited to better calibrate the
quantitative effects of the various mechanisms discussed in
this review. While tidal stirring may be only one part of
the overall picture of dSphs formation and evolution, the
new studies just recalled to reinforce the idea that tides, in
various forms and at different stages of the evolution of
satellites, played a key role in shaping dSphs as they are
today. “Nurture” rather than “nature” is thus the most likely
explanation of the origin of the classic dSphs.
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[81] R. R. Muñoz, S. R. Majewski, and K. V. Johnston, “Modeling
the structure and dynamics of dwarf spheroidal galaxies with
dark matter and tides,” The Astrophysical Journal, vol. 679,
no. 1, pp. 346–372, 2008.

[82] K. R. Sembach, B. P. Wakker, B. D. Savage, et al., “Highly
ionized high-velocity gas in the vicinity of the galaxy,” The
Astrophysical Journal, Supplement Series, vol. 146, no. 1, pp.
165–208, 2003.

[83] S. D. Murray, S. D. M. White, J. M. Blondin, and D. N.
C. Lin, “Dynamical instabilities in two-phase media and
the minimum masses of stellar systems,” The Astrophysical
Journal, vol. 407, no. 2, pp. 588–596, 1993.

[84] O. Agertz, B. Moore, J. Stadel, et al., “Fundamental differ-
ences between SPH and grid methods,” Monthly Notices of
the Royal Astronomical Society, vol. 380, no. 3, pp. 963–978,
2007.

[85] J. I. Read, T. Hayfield, and O. Agertz, “Resolving mixing in
smoothed particle hydrodynamics,” submitted to Monthly
Notices of the Royal Astronomical Society.

[86] P. E. J. Nulsen, “Transport processes and the stripping of
cluster galaxies,” Monthly Notices of the Royal Astronomical
Society, vol. 198, pp. 1007–1016, 1982.

[87] S. Mashchenko, C. Carignan, and A. Bouchard, “Impact of
ultraviolet radiation from giant spirals on the evolution of
dwarf galaxies,” Monthly Notices of the Royal Astronomical
Society, vol. 352, no. 1, pp. 168–180, 2004.

[88] C. Leitherer, L. I-Hui, D. Calzetti, and T. M. Heckman,
“Global far-ultraviolet (912–1800 Å) properties of star-
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We use N-body simulations to study the effects of tides on the kinematical structure of satellite galaxies orbiting a Milky Way-
like potential. Here we focus on the evolution of a spherical, dark matter dominated satellite, which is modelled with two stellar
components set ab initio to be spatially and kinematically segregated, in a way that resembles the configuration of the metal poor
and metal rich stellar populations in several dwarf spheroidals of the Local Group. We find that an important attenuation of the
initial differences in the distribution of the two stellar components occurs for orbits with small pericentric radii. This is mainly due
to (i) the loss of the gravitational support provided by the dark matter component after tidal stripping takes place and (ii) tides
preferentially affect the more extended stellar component, leading to a net decrease in its velocity dispersion as a response for the
mass loss, which thus shrinks the kinematical gap. We apply these ideas to the Sculptor and Carina dwarf spheroidals. Differences
in their orbits might help to explain why in the former a clear kinematical separation between metal poor and metal rich stars is
apparent, while in Carina this segregation is significantly more subtle.

1. Introduction

Dwarf galaxies are by number the most common kind of
galaxies in the Local Group. Among all types of dwarf
galaxies, such as dwarf irregulars, dwarf ellipticals, transition
types, and dwarf spheroidal (dSphs), the latter dominate the
satellite population of the large spirals.

Dwarf spheroidal galaxies are faint (with luminosities
between 103–107L�), metal poor and tend not to be rota-
tionally supported. The dark matter mass enclosed within
the optical extent of these small objects ranges between
105–108M� [1], which extrapolated at large radii would give
virial masses of the order of 108–109M� and higher [2]. The
star formation histories of these small objects are known to
be complex and vary from object to object, but all dSphs
contain ancient stellar populations, with ages >10 Gyr old. In
most dSphs the ancient stellar component is the dominant
one or even the only one present (e.g., Sculptor, Draco, Ursa
Minor); there are however a few cases where intermediate age

stars (3–6 Gyr old) are also present (such as Carina) or domi-
nate the overall stellar population (e.g., Fornax, Leo I) [3–5].

An intriguing observational feature of dSphs is that,
notwithstanding their small sizes, the star formation and
chemical enrichment histories are not uniform inside these
objects, but varied as exemplified by the presence of spatial
gradients in the average metallicity and sometimes age
properties of their stellar populations. Harbeck et al. [6] used
wide-field imaging to study a set of 9 Local Group dwarfs
and examined the spatial distribution of stars in different
evolutionary phases as selected from the colour-magnitude
diagram (CMD). In particular, the authors used horizontal
branch (HB) stars, known to be ancient (>10 Gyr old), and
determined the relative spatial distribution of the blue and
red (horizontal branch) populations (BHB and RHB, resp.)
in order to identify the existence of metallicity/age variations.
Harbeck et al. found that segregation of populations may not
be uncommon in dSphs although it is not necessarily present
in all of them.
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Further new evidence on the presence of multiple
populations came a couple of years later, when Tolstoy et
al. [7] added to wide-field imaging also the information
from wide-field spectroscopy, which yielded metallicities
and line-of-sight velocities for hundreds individual stars in
the Sculptor dSph. These authors found that metal rich
stars in Sculptor are more centrally concentrated and have
on average lower velocity dispersions than those of the
metal poor component, which on the contrary show hotter
kinematics and are more extended. Clear stellar population
gradients have been confirmed for Tucana, Sextans, Sculptor
and And VI [6], and more recently in Draco and And II [8, 9].
On the other hand, weak or no gradients have been found in
other satellite galaxies of the Local Group as well, such is the
case for Carina, Leo I [10], And III and And V-VI [6]. Carina,
for example, shows a mild segregation between HB and red
clump stars, comparable in amplitude to the metallicity gra-
dient found for spectroscopically confirmed Carina red giant
stars [11]. When kinematical information is also available it
is found that these stellar populations differences sometimes
clearly show up as multiple kinematical components as in
the case of Sculptor and Fornax [12]. In other cases such as
in Carina the kinematical distinction of stars with different
metallicities is more subtle.

The eventual occurrence and evolution of this spatial and
kinematical segregation of stars in dwarf galaxies constitutes
an interesting problem for models of galaxy formation.
Tolstoy et al. [7] put forward several hypotheses in order to
explain their findings in Sculptor: two episodes of star forma-
tion with an inactive period between them, the accretion of
gas from the dwarf surroundings able to cool and condensate
in the core of them or the photoevaporation of the outer
gas layers due to a UV background [7]. In the recent work,
Kawata et al. [13] followed the formation of a dwarf galaxy
in a self-consistent cosmological numerical simulation up to
redshift ∼6. These authors found that the complex interplay
between star formation and feedback, coupled to chemical
evolution, resulted in a system with a marked metallicity
gradient. Kawata et al. thus proposed that a sufficiently steep
continuous gradient of a single stellar population may appear
to observations as two kinematically different metal-poor
and metal-rich populations. Even though this constitutes
an interesting possibility, the metallicity distribution and
velocity dispersion profiles in this model are only marginally
consistent with observations, and the system may evolve
further (e.g., in mass) from redshift 6 to the present-day.

Tides might also play an important role on the evolution
of multiple stellar components in dSphs. Given the proximity
to the primary galaxy, tidal effects are likely to be relevant on
satellite galaxies such as the MW dSph. In some models, the
strong tidal field induced by the proximity to the primary
may lead to fundamental changes in the dwarfs internal
configuration. These include the development of bars and
bending instabilities that strongly affect the internal kine-
matics of the satellite, transforming rotationally supported
systems into hot spheroidals [14, 15]. Such processes are
triggered especially for eccentric orbits, implying that the
properties of the dwarfs we observe today around bright
galaxies could possibly give us indirect clues about their

primordial (original) state, that is, before interactions with
the primary shaped them differently.

In this paper we explore how gravitational effects may
induce a mixing of two initially distinct stellar components
in dwarf spheroidal galaxies orbiting an MW-like host
potential. Our aim is to gauge the evolution of multiple
component dwarfs as they move through the host potential
and how this depends on their specific orbital path. In
particular, we focus on the differences shown when the same
fiducial satellite is placed and evolved on four orbits around
the host with different periods and pericenter distances.
We therefore do not attempt to explain the origin of such
metallicity/kinematical segregation in the dwarfs in the
present paper.

We describe the numerical experiments in Section 2,
present and discuss our results in Section 3, and summarise
our findings in Section 5.

2. Numerical Experiments

Observations of the radial velocities of stars in dSph suggest
that these are in general dark matter dominated systems, with
only a very small (≤5%) fraction of their baryonic mass in
gaseous form [3–5]. This allows a reasonable modeling of
their present-day properties and recent evolution by means
of collisionless N-body simulations. Here we use GADGET-
2 [16] to simulate satellite galaxies orbiting in a (static)
Milky Way-like halo. Specifically, we focus on the evolution
of satellites with two spherical stellar components embedded
in an extended dark matter halo.

2.1. The Model for the Host Potential. We model the (Milky
Way) host potential as a (fixed) three-component system
with the following:

(i) a Navarro et al. [17] dark matter halo:

ρ(r) ∝ 1

x(1 + cx)2 (1)

with mass Mdm = 1× 1012M� and concentration c =
12 (Klypin et al. [18]),

(ii) a Hernquist [19] bulge:

ρ(r) = Mblgd

2πr
1

(r + d)3 (2)

with mass and scale length: Mblg = 3.4× 1010M� and
d = 0.7 kpc,

(iii) a Miyamoto and Nagai [20] disk:

ρ(R, z) = b2Mdsk

2π

aR2 +
(
a + 3

√
z2 + b2

)(
a +

√
z2 + b2

)2

[
R2 +

(
a +

√
z2 + b2

)2
]5/2

(z2 + b2)3/2

(3)

with parameters: Mdsk = 1×1011M�, a = 6.5 kpc and
b = 0.26 kpc (Johnston et al. [21]).
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2.2. The Model for the Satellite. The satellite model consists
of two baryonic components following Plummer density
profiles:

ρi = 3Mib
2
i

4π
1(

r2 + b2
i

)5/2 (4)

of different masses Mi and scale lengths bi that mimic a
concentrated metal rich and more extended metal poor
stellar components (C1 and C2, resp.). Both spheres are
embedded within a Hernquist-profile dark matter halo. The
masses of each of these components are set to 1.5, 3.5 × 106

and 2 × 109M� for C1, C2, and dark halo. The Plummer
spheres scale lengths for C1 and C2 are b1 = 0.11 kpc and
b2 = 0.35 kpc, respectively. For the dark matter, the scale
radius is a = 2.7 kpc, which gives a half mass radius∼6.5 kpc.

The satellite galaxy is modelled using ∼310 000 particles
distributed in a dark matter halo (200 000) and two luminous
components (110 000) set by construction to have an
initial spatial and kinematic segregation. The procedure to
generate the initial condition for simulations of compound
galaxies was developed by Hernquist [22] and invokes the
moments of the Collisional Boltzman Equations (CBEs) to
self-consistently approximate the (unknown) distribution
functions of particles in all galaxy components. We briefly
describe this procedure in what follows and refer the reader
to the original paper [22] for further details.

For an isotropic, spherically symmetric system, the
second moment of the CBE can be written as

〈
v2
r

〉 = 1
ρ

∫∞
r
ρ(r)

dΦ

dr
dr, (5)

where 〈v2
r 〉 is the velocity dispersion in the radial direction, ρ

is the mass density distribution, and Φ the total gravitational
potential of the system. This formula can be extended to
the case where several subcomponents coexist in mutual
equilibrium. For such configurations, the second velocity
moment of the component Cj would be given by

〈
v2
r, j

〉
= 1

ρj

∫∞
r

nc∑
i=1

ρj
dΦi

dr
dr, (6)

(where j and i vary over the nc different components of
the system). Once the density profiles ρj for each of the
components have been fixed, the solution to this equation
may be found, either analytic or numerically. To set up the
particles velocities we assume isotropic Gaussian distribution
functions. This procedure then allows us to assign a velocity
v to a particle located at a distance r in component Cj , where
v is taken randomly from the distribution:

Fj(r, v) = 4π

(
1

2πσ2
j

)3/2

v2 exp

(
− v2

2σ2
j

)
(7)

with dispersion σj = 〈v2
r, j〉.

The softening lengths in multiple component systems
must be chosen carefully. We follow the prescriptions
described in [23], which give in each case is: εC1 ∼ 7 pc,

εC2 ∼ 21 pc, and εDM ∼ 60 pc. Figure 1 shows the resulting
(projected) density and velocity profiles for this model
(hereafter, R and r refer to projected and three-dimensional
distances, resp.). As a consequence of this set-up, the initial
configuration of the simulated dwarf has a slightly rising σlos

profile in the inner regions, that can be explained as the
transition from the more concentrated to the more extended
stellar components; [24].

The baryonic components of the simulated dwarf are
deeply embedded within the potential well of the dark
matter halo. The core radius is ∼7.3% rmax, where rmax is the
radius at which the circular velocity of the dark matter halo
peaks; in good agreement with suggestions from numerous
theoretical models [25–27]. Such segregation with respect
to the dark matter halo turns the stellar components of the
satellite galaxies more resilient to tidal stripping, increasing
the probability of survival for many orbital times without
appreciable changes in their observable properties. Notice
that stars account only for less than 0.25% of the total
mass, the bulk of the dwarf mass is largely dominated by
the dark matter component, with an M/L ∼ 35 within
the tidal radius (we have assumed here a conversion factor
γ = 2.9 to compute the luminosity out of the mass
in the baryonic components, this is roughly consistent
with a ∼10 Gyr old stellar population of mean metallicity
[Fe/H]= −2 (as derived from the BASTI model isochrones)
(http://www.te.astro.it/BASTI/index.php.).

The stellar and dark matter masses have been chosen
to approximately match the typical line-of-sight velocities
dispersions (σlos ∼ 10 km/s), luminosities and structural
parameters (such as core Rc and tidal Rt radius) that are
observed in Local Group satellites. Throughout this paper we
define the characteristic radii Rc and Rt by finding the best-
fitting King profiles to the projected density of particles in
the luminous components. Notice that with this definition,
the tidal radius is not necessarily related to the physical radius
that divides the bound from the unbound population of stars
in cases where tidal stripping takes place.

The simulated satellite constructed in this way is first
relaxed (evolved in isolation) during 1 Gyr before being
placed on orbit around the host potential for a longer
timescale of t ∼ 6 Gyr.

The stability of our initial conditions against numeri-
cal and relaxation effects can be appreciated in Figure 1.
Overplayed using thin lines we show the final configuration
(projected density and velocity dispersion profiles) for
the same satellite model but evolved in isolation during
t ∼ 6 Gyr. The close match between the initial conditions
(thick lines) and this control model (thin lines) indicates that
any departure from the initial set up will be driven by the
evolution of the satellite into the host potential and is not a
consequence of an out-of-equilibrium initial configuration.

2.3. Satellite Orbits. The gravitational forces that a satellite
galaxy experiences are strongly dependent on its orbit, in
particular on the pericenter distances and the orbital radial
period (that determine the number of pericenter passages
that occur in a given time span), both of which are related
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Figure 1: Surface mass density (a) and velocity (b) profiles for the simulated satellite as a function of the (projected) distance from the centre,
R. (a), (b), red dot-dashed and blue-dashed curves distinguish the contributions from the more concentrated (C1) and more extended (C2)
components, respectively, while the thick solid black shows the total values obtained for all the stars (i.e., no distinction between populations).
In the left panel, the magenta dotted line shows the best-fit King profile obtained for the total distribution of stellar mass, and the numbers
quoted correspond to the derived core and tidal radii, respectively. The right panel shows the circular velocity (black dashed) plus the line-of-
sight velocity dispersion profiles associated to each luminous component. Poisson uncertainties are shown for the total density and velocity
dispersion profiles in our model, although they are generally smaller than the thickness of the curves. Thin lines in (a), (b) correspond to a
control model, which is evolved from this initial configuration in isolation during t ∼ 6 Gyr.

to the eccentricity of the orbit. While the dark matter halo
associated to a satellite provides some sort of “shielding” for
the baryons, the removal of the luminous component may
start after the dark mass has been reduced to less than 10%
its original value. However, the changes in the equilibrium
state produced by a significant depletion of the dark matter
halo could in principle affect the properties of the baryonic
component even before begin to be stripped.

We explore this by placing our fiducial satellite in four
different orbits within the host potential (see Figure 2),
and integrating its evolution in time for t ∼ 6 Gyr (this
may vary ±0.3 Gyr depending on the timing of their orbit
apocenter passage). This integration timescale is chosen to
be consistent with the average time of accretion of the
surviving population of satellites found in semianalytical
models and numerical simulations of galaxy formation [30–
33]. In order to facilitate the interpretation of the results in
terms of Local Group galaxies, we have generated two orbits
from the present day positions, radial velocities and proper
motions of Sculptor and Carina, as reported by Piatek et al.
[28, 29]. These correspond to Orb1 and Orb2 in Figure 2, for
Sculptor and Carina respectively. Even though the errors in
the velocity determinations are appreciable (∼50%), which
leads to a wide range of possible orbits, the more likely values

give rise to interesting differences in their orbits (Orb1 and
Orb2). Orbits 3 and 4 correspond to two random orbits
generated under the condition of comparable present-day
galactocentric distances (r ∼ 90–100 kpc) to orbits 1 and 2.

Figure 2 shows that despite their similar present-day
distance from the host, an orbit such as that suggested
by Sculptor’s proper motions (Orb1) is significantly more
external than Carina’s (Orb2), with apocenters exceeding
150 kpc and pericenter distances of ∼75 kpc. Orb2 is much
more constrained to the inner parts of the Milky Way
potential, with pericenters smaller than 30 kpc and orbital
periods ∼1.6 Gyr, almost 2.4 times shorter than estimated
for Scl. Orb3 has comparable pericenters to Orb2, but its
apocenters are 50% larger, which translates into a longer
orbital radial period. Finally Orb4 is similar to Orb2, and
is also consistent with Car proper motions, but has much
smaller pericenter values (rper ∼ 9 kpc).

A given satellite placed on these four orbits will thus be
subject to different tidal field strengths, and consequently,
will present structural and dynamical properties that may
differ substantially after t ∼ 6 Gyr of evolution in the
host potential. We focus on these aspects in the next
section, with special attention to the effects imprinted in
the internal kinematics of the stellar components. At this
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Figure 2: Galactocentric distance r as function of time for the four
different orbits explored in this paper. Orbits 1 and 2 have been
generated from the present-day positions and proper motions of
the Sculptor and Carina dwarfs, as reported by Piatek et al. [28, 29]
respectively.

point in time, the satellite is located near the apocenter
for Orb2 and Orb4, where it will spend most of its time.
The system will then reconfigure to its new equilibrium
state and the configuration during apocenter passages is the
most representative of their final state. On the other hand,
at the final snapshot, satellites in Orb1 and Orb3 are at
arbitrary points on their orbits. However, given their more
external orbital configuration, the final properties for these
systems do not strongly depend on the location along their
orbits.

3. Results

After ∼6 Gyr of evolution of the model satellite in the
host potential, we are able to identify a self-bound satellite
remnant for all four explored orbits. However, in spite of the
originally identical settings, the structural properties of the
surviving dwarf vary appreciably depending on the different
orbits. A brief summary of the retained mass fractions and
the structural parameter for each model can be found in
Table 1.

3.1. Final Distribution of Satellite’s Stars. Figure 3 shows a
snapshot view of the final system evolved in each of the
orbits. Black, blue and red correspond to the dark matter,
metal poor and metal rich stellar components, respectively.
Visual inspection of this figure suggests that the shapes of
the remnants at the final time keep some imprints about the
history of each dwarf. For example, for external orbits such as

Orb1 and Orb3, the stars in both components are distributed
in a spherical fashion, reminiscent of (and determined by)
the initial setting of the progenitor. On the other hand,
satellites on Orb2 and Orb4 have developed tails of unbound
material as a result of a stronger tides suffered during their
small pericenter passages. It is interesting to note that since
tidal disruption affects earlier and more appreciably the
extended C2 component than C1, the shape of the metal
poor stellar distribution may be more elongated than the
metal rich when mass depletion has not yet proceeded into
the inner regions of the dwarf. Such is the case of the
model in Orb2, which has retained 100% and 88% of the
initial mass in components C1 and C2, respectively (see
Table 1). However, once tidal stripping affects also the more
concentrated population, the distribution of metal rich and
metal poor stars will both turn elliptical in shape as seen for
Orb4.

The final projected mass density profiles for each sim-
ulation are shown in Figure 4, together with their best-
fitting King profiles. The corresponding core and tidal radii
(Rc and Rt resp.) are listed in Table 1, together with the
fractions of mass in each component that has remained
bound. We have tested the effect of the particular alignment
of the tidal tails with the line-of-sight to the observer by
computing the density profiles obtained from 10 different
random projections of each satellite. These are depicted by
thin lines in Figure 4, which show that orientation is not
particularly important for the fairly undisturbed systems,
and its impact is minor in the case of Orb4.

As quoted in Table 1, the tidal forces have affected
significantly less the stellar components than the associated
dark matter halo of the dwarf. For example, the satellite
on orbits 2 and 3 has retained only 5% and 20% of its
dark matter mass, respectively, but more than 90% of the
initial stellar mass. Notice that the structural parameters
of the baryons (quantified by the projected King profile
best fit parameters) are robust to the ongoing pruning of
the satellite’s outskirts, in particular, the core radii show
no variations in any of the experiments (see discussion
in [34]). On the other hand, the external parts, and
consequently the tidal radius do show more significant
changes. In the case of the orbit with the smallest pericenters
(Orb4) the tidal radius has shrunk by a factor ∼2 from
its original value. Also projection effects are in this case
more important, due to different contributions of unbound
stars according to the alignment of the tails with the line-
of-sight [35]. For the other three orbits, the tidal radius
and density profiles have been only barely affected by the
stripping.

We observe that the segregation in the spatial distri-
bution between components C1 and C2 is also modified,
although remains present in all of our experiments (however,
this clearly depends on the length of the integration, see
Section 3.3). For example, the mass ratio between C1 and
C2 within the core radius tends to increase in cases where
tidal stripping is significant. This is naturally expected as
tides will lead to a larger (and earlier) stripping of the most
extended (C2) component compared to C1. For orbits 2 and
4, mC1 /mC2 increases from ∼2 in the initial model, to 2.6 and
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Figure 3: Final projected view (arbitrary units) of the dark matter (black), metal poor (blue) and metal rich (red) stellar components for the
models evolved in orbits 1–4 during t ∼ 6 Gyr. Due to the different degree of tidal disruption experienced in each case, some satellites have
turned more elliptical in shape in either one (Orb2) or both (Orb4) their stellar components. Satellites in orbits 1 and 4 remain still quite
spherical as the progenitor model.

Table 1: Structural properties of the satellite models after its evolution for t = 6 (±0.3) Gyr within the fixed Galactic potential. The first row
in the table shows the initial values and subsequent rows show the present-day values for the experiments on Orb1–Orb4. Rc and Rt refer
to the best-fitting King profile values to the surface density profile of the luminous components. The last 3 columns indicate the fraction of
mass in each component that remains bound to the dwarf in the final configuration.

Orbit Rc (kpc) Rt (kpc) fC1 (%) fC2 (%) fDM (%)

Initial 0.11± 0.01 2.2± 0.1 100 100 100

Orb1 0.11± 0.01 2.0± 0.1 100 99 44

Orb2 0.11± 0.01 1.9± 0.1 100 88 5

Orb3 0.11± 0.01 2.2± 0.1 100 98 20

Orb4 0.11± 0.01 1.0± 0.1 87 20 3
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Figure 4: Surface mass density profiles of all our models after ∼6 Gyr of integration in the host potential. The color codding is the same as
that used in Figure 1.

4.9, respectively (orbits 1 and 3 show no variation). For the
same orbits (2 and 4) this ratio for the more external region
0.5 < R < 1 kpc changes from an initial value mC1 /mC2 ∼
0.02, to ∼0.12 and ∼0.62, respectively.

This gradient of mC1 /mC2 with radius implies that the
spatial distinction between both luminous components is
still present in the dwarf galaxy. Notice however that some

redistribution of the stars in the components has taken place.
For example, in the external regions (0.5 < R < 1 kpc) of
the dwarfs in orbits 2 and 4, the contribution of particles
from component C1 changes from negligible (less than∼2%)
to significant (∼10–60%) as a result of the ongoing tidal
perturbations that require the dwarf to find new equilibrium
configurations (see also Figure 3).
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3.2. Dynamics of Satellite’s Stars. Also worth highlighting
is the dynamical response of the system to such structural
changes. The velocity dispersion in spherically symmetric
systems is determined by the amount of mass contained
within a given radius (i.e., the density profile) and by the
velocity anisotropy associated to the particles orbits [38].
We naively expect from the results discussed above that
not only the structural parameters but also the kinematical
properties (such as the line-of-sight velocity dispersion, σlos)
will be affected by the mass removal experienced by the
satellite. This is shown in Figure 5, where we plot the (1D,
line-of-sight) velocity dispersion profiles as a function of
the projected radius from the center of the satellite. To
avoid contamination by unbound particles, and following
the method applied to observations [36], we have removed
all particles whose line-of-sight velocity exceeds by±3σlos the
mean velocity of the system (|V(R)−Vlos| > 3σlos).

The panels in Figure 5 correspond to each one of the
orbits explored, with thin lines showing the velocity disper-
sion in each radial bin for each population. The long dashed
blue and the solid red curves refer to the more extended (C2)
and concentrated (C1) luminous components, respectively.
In order to illustrate the effects introduced by the geometry
of the problem and the different alignments between possible
streams and the line-of-sight direction we show curves
corresponding to 10 different random projections for each
satellite. The error bars in this figure are estimated as follows.
We randomly extract a (sub)set of 500 particles from the
luminous components of the simulated satellite, maintaining
the mass ratio between population C1 and C2 and their
spatial distribution. The size of each subsample (500 points)
is comparable to the size of current observational samples of
line-of-sight velocities in dSphs [1, 36]. For each subsample
we derive σlos-R curves, similar to those shown in Figure 5,
albeit with larger noise due to the poorer number statistics.
The average scatter between these σlos-R relations obtained
from the 100 realizations is then shown as error bars in
Figure 5. In order to guide the eye, we have included as well
in this figure the initial conditions for the satellite (dotted
lines).

Figure 5 shows that when a strong segregation exists
between the luminous and dark components, the velocity
dispersions of the stars are only weakly affected by the
removal of the extended dark halo. For example, experiments
Orb1 and Orb3 show that the dark matter halo has been
reduced to only ∼45% and 20%, respectively, of the initial
mass, yet the kinematics of the luminous components
remained essentially intact. Tidal effects proceed outside-in,
preserving the central regions of the satellites (where baryons
are located) roughly unchanged.

However, the situation is different when trimming sets
in the stellar components, as is the case for the satellite on
orbits 2 and 4 (Figure 5(e), 5(f)). The tidal stripping tends
to shrink the initial gap between the velocity dispersion of
the luminous components. Furthermore, the limited sizes
of available observational samples (∼500 member stars) will
lead to additional uncertainties preventing a clear distinction
between the kinematics of the two populations, (see [39]).
Even though components C1 and C2 experience a decrease

in their σlos, they are not affected in the same degree, mainly
due to their relative spatial segregation that determines an
earlier and stronger removal of stars from component C2

compared to C1. In such cases, the preferential stripping
of the more extended component (mimicking the metal-
poor component of satellites) should lead to the presence of
metallicity gradients along the stellar streams of the remnant.
Evidence for such trends has recently been found in the
streams of the Sagittarius dwarf, where BHB are significantly
(at ∼4.8 σ level) more abundant than red clump stars in
comparison to the core of this galaxy [40]. This is interpreted
as the preferential removal of the old metal poor (BHB)
stars from the outskirts of Sagittarius, compared to the
intermediate-age red clump population that has remained in
the core of the dwarf less affected by external tides, in strong
analogy with our simulations.

The velocity dispersion profiles for each of the luminous
components decline with radius (instead of being roughly
flat as in the initial model) as stripping proceeds on the
simulated galaxies. Beyond the tidal radius (recall this is
defined purely by the best-fitting King profile to the projected
mass distribution of the stars), the velocity dispersion
increases reaching σ ≥ 15 km/s, as a result of the larger
contribution from gravitationally unbound stars (that the
±3σ cut described above is unable to remove). This effect is
particularly important for Orb2 and Orb4, where the tidal
stripping of stars proceeded. Note that this upturn in σlos

disappears once the analysis is restricted to particles that
remain gravitationally bound to the satellite. In agreement
with Klimentowski et al. [35], we find that depending on
the orientation of such tails with respect to the line-of-sight,
different σlos profiles are obtained. When the radial vector
to the satellite is well aligned with the direction of these
tails, the contamination by unbound material is maximized,
producing a raising velocity dispersion profile towards the
dwarf ’s outskirts.

Taken at face value, these velocity dispersion profiles may
seem at odds with the typical flatness of the σlos profiles
observed for Local Group dwarfs. As an example, observed
data corresponding to the line-of-sight velocity dispersion
inferred for Sculptor and Carina are shown in Figures 5(e),
5(f). Data for these two dwarfs was taken from [11, 36, 37],
respectively. However, unless the stripping is considerably
large, our simulations do still reproduce reasonably flat
(or even rising) total velocity dispersion profiles, when no
distinction between stars from population C1 andC2 is made,
(see also [24]). This is shown by the magenta, black, red and
blue lines in Figures 5(e), 5(f), corresponding to the total
velocity dispersion profiles predicted for Orb1–Orb4 (notice
color-codding follows Figure 2). Our models in Orb1 and
Orb2 reasonably fit the observed velocity dispersion data for
Sculptor and Carina, respectively.

We find that while projections have profound effects
on σlos, it only causes mild variations on the projected
density profiles around the formal tidal radius (see Figure 1).
A closer look at this indicates that while only ∼5–10%
contamination from unbound stars is enough to increase the
velocity dispersion profiles by few km/s, at least twice this
fraction is needed to drive significant changes on the surface
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Figure 5: (a)–(d) Line-of-sight velocity dispersions for both luminous components as a function of the (projected) distance from the center
of the satellite. Solid red and dashed blue curves correspond to the concentrated (C1) and the more extended (C2) components, respectively.
The error bars indicate the rms dispersion on the σlos profiles of 100 random samples containing 500 particles each (see text for details).
For reference, the dotted lines show the initial configuration of the model satellite. Black arrows indicate the positions of the core and tidal
radii in each experiment. (e), (f) Velocity dispersion profiles for Sculptor and Carina dwarfs (squares with error bars). Data was taken from
Battaglia et al., koch et al., and Helmi et al. [11, 36, 37]. The total (no distinction between components) σlos profiles for our models in the 10
different projections are also shown in magenta, black, red and blue lines for Orb1–Orb4, respectively.
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normalized to the original values (Δ0
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, thin black line in the right panel).

density profiles. For example, the model in orbit 4 shows
an increase in σlos at R ∼ 600 pc, where the fraction of
unbound stars accounts for ∼8–10% of the mass at that
radius. However, bottom right panel of Figure 4 shows that
an excess of stars appears in the surface density only for
R > 1500 pc, when the unbound contribution is ≥20%.

We finally point out that the shape of the line-of-sight
velocity profiles may depend on the level of rotational
support of the initial progenitor, which we have neglected in
this study. A comparison between properties of the remnant
of a disky versus a spheroidal progenitor is undoubtedly
interesting and deferred to future work.

The preferential pruning by tides of the more extended
component is the main responsible for the attenuation of
the kinematical distinction between both stellar populations.
This can be seen on the Figure 6(a), which shows the final
velocity gap between components C1 and C2 as a function
of distance from the center of the satellite. The vertical axis
corresponds to the ratio between the velocity dispersion in
these components, Δσ1,2 = σC1 /σC2 , for each of the orbits we
have explored. For an easier comparison, the black dotted

curve shows the initial configuration. When the model
satellite is evolved on orbits such as 1 or 3 (solid magenta,
long-dashed red) the distinction set by construction between
both luminous populations remains essentially unchanged
at any radius within the dwarf. In spite of the pruning of
60–80% of the dark matter content on these satellites, these
two experiments showed negligible stripping of their stellar
components, signaling that a certain degree of stellar mass
removal must take place before the relative kinematics of the
two populations is noticeably altered.

On the other hand, the simulated satellites on orbits
2 and 4 experienced significant stellar stripping and show
kinematical gaps between the luminous components that
have been reduced by ∼20–30%. Such “mixing” proceeds
typically outside-in, starting soon after the tides begin to
strip stars from the dwarf. Figure 6(b) shows the evolution
of the bound mass with time (upper panel) together with
the kinematical gap (bottom panel) for the simulated satellite
on orbit 2. Notice that mass removal is not a continuous
process but rather presents a stepwise behaviour closely
related to the orbital pericenter crossings. After the first
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Figure 7: Projected density (a) and velocity dispersion (b) profiles for satellites evolved in Orb1 and Orb4 for a longer time interval:
t ∼ 11 Gyr, instead of the fiducial t ∼ 6 Gyr. Notice for Orb4 that, as mass depletion proceeds further, the spatial and kinematical segregation
between C1 and C2 is increasingly erased.

pericenter passage, the dark matter content of the satellite
has dropped by almost a factor of 2. However, the stellar
mass is more resilient and shows signs of ongoing stripping
only after the third pericentric passage, when the dark matter
mass has shrunk to only ∼10% of the original value. It is
thus when the stripping of the stellar mass begins that the
relative kinematical differences between the two luminous
components show a significant departure from the original
configuration (see bottom right panel of Figure 6). This
figure also shows that only the more extended (C2) stellar
component is affected, with C1 conserving 100% of its initial
mass during the whole time integration. This helps to explain
why the kinematical gap changes more appreciably in the
outskirts than in the core of the satellite galaxy, which will
tend to remain less affected by tidal forces.

3.3. Effect of a Different Time Integration. Models that
attempt to reproduce the present-day properties of dwarf
galaxies are usually degenerate with respect to the unknown
initial structure of the objects (density profile, mass,
characteristic scales) and their orbital paths. Even though
current data allow to reasonably characterize the present-day
structural properties of the nearby dwarf galaxies, these are
a combined result of (i) their initial configuration, (ii) their
orbital motion within the Local Group, and (iii) evolution
of the host gravitational potential field, all three factors with

hardly any strong observational constraints. Proper motions
help us to partially reconstruct the orbits, but unfortunately,
errors are still prohibitive, with uncertainties of the order
∼20–100% [28, 29, 41].

As a rule of thumb, for a fixed final configuration, more
massive, concentrated objects are needed if we desire to
increase the time integration in the host potential keeping the
orbit of the object fixed (see, e.g., [42, Section 3.3]). For the
analysis presented above, we have chosen a fiducial value for
the time integration of t ∼ 6 Gyr; which is, at some extent,
arbitrary. We explore in Figure 7 the effects induced by a
longer time integration (t ∼ 11 Gyr) on the density profile
(a) and velocity dispersion (b) for two of our models (Orb1
and Orb4).

For external orbits such as Orb1, with long orbital period
and large pericenter distances, the effect of (almost) doubling
the time integration is negligible. Objects on such orbits
can preserve most of their luminous component bound,
showing very little evolution in their spatial and kinematical
properties with respect to the initial configuration.

On the other hand, if tides are as strong as on Orb4,
the increase in the integration translates into lower densities
in the core of the dwarf, and to a further mixing of the
spatial and kinematical profiles of both stellar populations.
For example, for the satellite evolved in Orb4 during t ∼
11 Gyr, the bound mass fraction of components C1 and C2

drop to about 38% and 4% of their initial configuration,
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respectively. This seems to be enough to completely erase the
kinematical gap between both components (see Figure 7(d))
as well as their initial spatial segregation (Figure 7(c)).

We note that this object shows, at the end of the
experiment, an overall velocity dispersion σ ∼ 5 km/s, that
is about half the initial value, quite low compared to the
typical value of the classical satellites in the Local Group.
However, given the degeneracies in this type of modelling
mentioned above, a larger velocity dispersion σlos ∼8-9 km/s
may be reconciled with a time integration as long as t ∼
11 Gyr provided we increase accordingly the initial σlos of the
progenitor system [42].

The behaviour shown in Figure 7 confirms the con-
clusions from Section 3; namely, that tides affecting the
luminous components are needed in order to effectively erase
the structural and kinematical biases between two initially
segregated stellar populations.

4. Application to the Local Group:
Sculptor and Carina Dwarfs

The results reported in Section 3 can be extrapolated to
particular examples within the Local Group. Among the
dwarf spheroidals orbiting around our Galaxy, Carina and
Sculptor are perhaps the most instructive cases to interpret
in light of our results given their proximity and good
quality data currently available. Sculptor shows clear spatial
variations in the properties of its stellar populations, such
as spatial variations in the relative distribution of RHB and
BHB stars, a clear metallicity variation with radius as derived
from spectroscopic data and also kinematical differences
associated to each metallicity population. Carina instead
shows no gradient in the distribution of horizontal branch
stars themselves, but a distinction is possible between HB
stars and red clump stars. Signs of a weak metallicity gradient
were found by Koch et al. [11] using∼500 giant branch stars.
However this gradient is only mild and, unlike Sculptor, no
kinematical distinction has been identified so far.

The Sculptor and Carina dSphs are found today at com-
parable distances from the Milky Way (∼100 kpc), although
numerical integration of their proper motions suggests that
their orbital paths could have been quite different in the past
(see Orb1 and Orb2 in Figure 2). The most likely orbit of
Carina seems to be confined much more to the inner regions
of the Milky Way halo, with smaller pericenter passages
and shorter periods than that of Sculptor. Our numerical
experiments suggest that a satellite galaxy orbiting in a
Carina-like orbit (Orb2) is likely to be exposed to tidal forces
that drive significant mass removal. This in turn triggers a
mixing and weakening of the kinematical gap that may have
existed between its luminous components, which may be
challenging to detect with the current spectroscopic samples.

On the other hand, the same model evolved in a more
external orbit like Sculptor’s maintains the kinematical
and spatial properties of the luminous components almost
unchanged after ∼6 Gyr of evolution in the host potential.

A simple extrapolation of these results suggests that the
lack of a stronger and clear metallicity gradient in Carina,

or equivalently, the nondetection of distinct kinematics
associated to different stellar populations might be partly due
to the effect of strong tidal forces inherent to Carina’s orbit.
It is possible that in the past, Carina could have had a double
component configuration, where the metallicity gradient
and kinematical gaps were larger than today’s measurements
suggest. Notice that according to our simulations, this can
only happen if tidal stripping has already taken place on the
luminous components of Carina. Interestingly, observational
evidence points toward the presence of unbound stars
beyond the formal tidal radius of this dwarf [43, 44],
(however see discussion in [45]).

These conclusions are subject to an important caveat.
Our models do not take into account the gas content of
the satellite, and therefore, all star formation activity that
might occur after the infall time (our fiducial t ∼ 6 Gyr)
has been neglected. This could be of particular relevance
for Carina, given the more extended star formation activity
suggested by observations (e.g., Rizzi et al. [46]). Simulations
have shown that during pericenter passages episodes of star
formation may be triggered for gas rich systems (Mayer et
al. [14, 47]). Such events would reestablish a spatial (and
presumably kinematical) bias between the old and newly
formed stars. This could certainly lower the efficiency of
tides to spatially and kinematically mix the dwarf ’s stellar
populations discussed in our models. This is, however,
unlikely to render invalid the results explored in Section 3,
and their applicability to Carina. Notice that according to
the recent models of Carina’s star formation history, the bulk
of stars is older than ∼5 Gyr [46, 48], which means that
subsequent star formation episodes are unlikely to contribute
to a large fraction of the total mass. Moreover, after the
satellite has lost most of its dark matter mass, the mixing
proceeds fast as the luminous components start to become
stripped. Therefore, depending on the orbit it is still possible
that mixing could have worked, at least partially, in Carina
even if modest integration times, comparable or lower than
the age of the dominant population, are invoked.

All these arguments are based on a model of a dwarf
galaxy with two initially segregated stellar components.
However, neither the origin nor how often galaxies are
expected to show such configurations has yet been properly
understood. Further constraints on the validity (or not)
of the extrapolations of our results to cases such as that
of Carina’s will come from a better understanding of the
mechanisms able to generate metallicity gradients and spatial
plus kinematical segregation of stellar populations in the
dwarf spheroidal galaxies.

5. Discussion and Conclusions

We have studied, by means of N-body numerical simu-
lations, the effects of the tidal forces induced by a host
galactic potential on a multicomponent satellite galaxy. The
model satellite is set up adhoc to initially have two spherical
different stellar populations, that are kinematically and
spatially segregated. A more centrally concentrated and with
lower velocity dispersion C1 (reminiscent of a “metal rich”
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population) and a more extended, higher velocity (“metal
poor”) C2 population. These two components are deeply
embedded within a dark matter halo that largely dominates
the total mass of the system. This satellite model roughly
matches the structural properties of classical Local Group
dwarfs. We have followed the evolution of such object in time
for t ∼ 6 Gyr on four different orbits around a Milky Way-
like host.

We find that the ability to distinguish kinematically the
two stellar components (set initially in our model to differ by
σ2 − σ1 ∼ 4 km/s) is strongly dependent on the amplitude of
the tides experienced by the satellite during its orbit. In cases
where a significant amount of mass has been removed, the
velocity gap between the more concentrated (colder) stellar
population and the more extended (hotter) component can
decrease between ∼30–70% of its initial value, thus partly
erasing the initial kinematical segregation between the stellar
populations. The magnitude of this effect is tightly related
to the tidal stripping experienced by the satellite, and in
particular, the removal of luminous mass is necessary for
this effect to be significant. Such conditions are more easily
obtained for orbits restricted to the inner regions of the host
potential, whose close pericenter passages and short orbital
periods promote the tidal stripping of the satellite’s particles.

We apply these ideas to Sculptor and Carina, two of the
classical dwarf galaxies of the Milky Way. Sculptor shows a
stronger metallicity gradient, together with a lower velocity
dispersion for the more centrally concentrated, metal rich
stars compared to the metal poor population. On the other
hand, in Carina trends are considerably more subtle, with
no kinematical distinction between populations detected to
date. We argue that differences in the orbital paths of these
two dwarfs can be partially responsible for the weakening of
the velocity gap in Carina, while leaving Sculptor unaffected
due to its more external and longer period orbit.

Further validation of the tidal “mixing” scenario that
has been proposed in this Paper depends upon efforts from
theoretical as well as observational studies. Comprehensive
models to understand the formation of the metallicity
gradients as well as their likelihood in dwarf galaxies are
of fundamental relevance. The structure of the dark matter
halos of dwarf spheroidals (core vs cusped) might also play
an important role. Cored profiles could provide less gravita-
tional support to oppose the tidal stripping forces compared
to our cusped models, perhaps changing (albeit we expect
only quantitatively) the timescales and relevance of the
effects studied here. Larger samples of line-of-sight velocities
for stars associated to dwarfs spheroidals of the Local Group
may improve the detectability of double stellar components
kinematically segregated in cases where such feature has not
yet been identified. Finally, our models predict that some
degree of mass depletion on the stellar components must
take place in order to considerably affect the kinematical
segregation of dwarfs with composite stellar populations.
Deep photometric surveys mapping the outskirts of these
satellites, specially beyond their tidal radii, should be able
to provide definite clues on the existence (or not) of tidally
unbound stars associated to each of these objects, a necessary
(although not sufficient) condition for our models to apply.
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Tidal dwarf galaxies form during the interaction, collision, or merger of massive spiral galaxies. They can resemble “normal” dwarf
galaxies in terms of mass, size, and become dwarf satellites orbiting around their massive progenitor. They nevertheless keep some
signatures from their origin, making them interesting targets for cosmological studies. In particular, they should be free from
dark matter from a spheroidal halo. Flat rotation curves and high dynamical masses may then indicate the presence of an unseen
component, and constrain the properties of the “missing baryons,” known to exist but not directly observed. The number of dwarf
galaxies in the Universe is another cosmological problem for which it is important to ascertain if tidal dwarf galaxies formed
frequently at high redshift, when the merger rate was high, and many of them survived until today. In this paper, “dark matter” is
used to refer to the nonbaryonic matter, mostly located in large dark halos, that is, CDM in the standard paradigm, and “missing
baryons” or “dark baryons” is used to refer to the baryons known to exist but hardly observed at redshift zero, and are a baryonic
dark component that is additional to “dark matter”.

1. Introduction: The Formation of
Tidal Dwarf Galaxies

Tidal dwarf galaxy (TDG) is, per definition, a massive,
gravitationally bound object of gas and stars, formed during
a merger or distant tidal interaction between massive spiral
galaxies, and is as massive as a dwarf galaxy [1] (Figure 1).
It should also be relatively long-lived, so that it survives after
the interaction, either orbiting around its massive progenitor
or expelled to large distances. This requires a lifetime of at
least 1 gigayear, and a transient structure during a galaxy
interaction would not deserve to be considered as a real TDG.
The formation of TDGs in mergers has been postulated for
decades [2], including potential candidates in the Antennae
galaxies (NGC4038/39) [3], and became an increasingly
active research topic after the study of these tidal dwarf
candidates by Mirabel et al. [4].

Tidal tails are a common feature in galaxy interactions.
There are also some tidal bridges and collisional rings that
come about from the same processes and have similar
properties, even though some details differ. The tidal tails are
those long filaments seen around many interacting galaxies.
They are made up of material expelled from the disk of
a parent spiral galaxy [6]. This material is expelled partly

under the effect of tidal forces exerted by the other interacting
galaxy, as the name suggests, but in fact for a large part
by gravitational torques as the name does not suggest. The
perturbing galaxy exerts nonradial forces in the disturbed
disk, so that some gas loses angular momentum, flows
toward the center where it can fuel a starburst [7], and some
other gas gains angular momentum and flies away in long
tidal tails.

At least two mechanisms can lead to the formation of
massive substructures in tidal tails (Figures 1 and 2). First,
gravitational instabilities can develop, as in any gas-rich
medium. Having the material expelled from the disk eases
gravitational collapse, as the stabilizing effect of rotation in
the parent disk disappears, or weakens. The process is then
a standard Jeans instability: when a region collects enough
gas to overcome internal pressure support, it collapses into a
self-bound object. The same process is believed to drive the
formation of molecular clouds in spiral galaxy. The difference
is that the interaction stirs and heats the gas, and increases
its velocity dispersion [8]. As a result, the typical Jeans mass
is high, enabling relatively massive objects to form. These
star-forming gas clumps form at the Jeans mass, with a
regular spacing, the Jeans wavelength, all along the long
tidal tails. They resemble “beads on a string” [9]. Numerical
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(a) (b)

Figure 1: NGC7252 (a) is a recent merger of two spiral galaxies into a partially-relaxed central spheroidal galaxy. Two massive TDGs are
found near the tip of the two long tidal tails (blue = HI, pink = Hα – image courtesy of Pierre-Alain Duc). AM 1353-272 (b) does not have
prominent, massive TDGs at the tip of tidal tails, but has instead may lower-mass objects all along its tail [5]. The bright spot on the northern
tail is a foreground star.

simulations model their formation accurately, provided that
the resolution is high (to revolve the instability length) and
gas content is accounted for with some hydrodynamic model
[10]. This mechanism can result in relatively numerous
TDGs, maybe ten per major merger, but these are not very
massive, at most a few 107 MO. The same process can form a
large number of less massive structures, which are super star
clusters rather than dwarf galaxies, potentially evolving into
globular clusters.

Some tidal dwarfs are much more massive, a few 108

or 109 solar masses, and typically form as single objects at
the tip of tidal tails [12]. They cannot form just by local
instabilities in a tidal tail. These massive TDGs result from
the displacement of a large region of the outer disk of the
progenitor spiral galaxy into the outer regions of the tidal
tail, where material piles up and remains or becomes self-
bound [13, 14]. As the interaction stirs the gas, the increased
turbulence will provide the required pressure support to
avoid fragmentation into many lower-mass objects. The
shape of cold dark matter haloes, which are much more
extended than the visible part of galaxies, making this process
more efficient [15]. The pile-up of material in massive TDGs
often occurs at the tip of tidal tails, and can also occur in
different situations like gas captured and swung around the
companion [9, 16] or gas bridges linking two interacting
galaxies [17, 18].

A few tidal dwarfs of moderate mass, from the first
mechanism, are found frequently in observed interacting
galaxies. Massive TDGs in the very outer regions are more
rare, at most 2–3 per merger, but some mergers do not have
any at all. Observations suggest that the presence of one type
of TDG reduces the number of TDGs of the other type [19].
This is likely because the formation of a massive, tip-of-tail
TDG collects a large fraction of the gas, and less remains
available for the formation of numerous low-mass TDGs
along the tail, by the first mechanism [19].

T = 0 T = 300

T = 1000

50 kpc

Figure 2: Simulation of the formation of long-lived TDGs, from
the Bournaud & Duc sample [11]. The two colliding spiral galaxies
are initially seen face-on. Yellow-red to blue colors code old stars
versus young stars; time is in megayear. Massive TDGs form at the
tip of the tails, and some lower-mass ones also form in particular in
the Northern tail. A multi-grid technique increases the resolution
on the most massive TDG to 10 parsec. It is resolved with a small
internal spiral structure, and survives several gigayears around a
massive red elliptical galaxy.

Sections 2 and 3 will review the internal mass content
of TDGs and how this can constrain the nature of missing
baryons. Different constraints, arising from statistics on TDG
formation and survival, will be discussed in Section 4.
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Figure 3: The collisional ring of NGC5291 and its tidal dwarfs
(same as Figure 1) and the rotation curve of one of the TDGs [22].
The observed rotation velocity is too high, and the rotation curve
too flat at large radius, to be accounted for by the visible mass
distribution alone. Typical 1-sigma error bars are indicated. The
rotation curve was measured from HI data and the visible mass
estimated from stellar SEDs, HI, and CO data.

2. Why Should Tidal Dwarf Galaxies Be Free of
Dark Matter?

A common property of all TDGs is that they are formed by a
local instability, or by the gathering of a large portion of the
progenitor spiral galaxy at the tip of a tidal tail, is that they
are made-up only from material that comes from the disk
of the parent spiral galaxy. Indeed, only the material initially
in rotating disks, with velocity dispersions much lower than
the rotation velocity, is strongly affected by tidal forces and
gravity torques and forms tidal tails—and subsequently tidal
dwarfs. Spheroids dominated by random velocity dispersions
instead of rotation will barely develop a weak egg-shaped
distortion during the interaction, but no long and dense
tidal tail; this applies to the bulge of a spiral galaxy, a whole
elliptical galaxy, and also to the dark matter halo of any
galaxy.

Dark matter forms a spheroidal halo around galaxies,
in both the standard Cold Dark Matter theories [20]
and in other models (e.g., Warm Dark Matter [21]). All
simulations show that this dark matter cannot participate
in the formation of TDGs [10, 11, 14]. Once a TDG has
formed, its escape velocity is low, at most a few tens of km
s−1 for the biggest ones. The TDG will be embedded in the
large halo of the parent spiral galaxy (since halos are much
more extended than stellar and gaseous disks), so some dark
matter particles will cross the TDG, but without being held
by the gravitational well of the TDG. Indeed, the randomly-
oriented velocities of dark matter particles in the halo of a
spiral galaxy like the Milky Way are around 200 km s−1, so
the vast majority of these particles escape the tidal dwarf. At
any instant, some dark matter particles from the halo will
incidentally be at the position of the TDG, but this makes up
only a negligible fraction of the mass of any TDG, at most a
few percent.

TDGs should then be free of dark matter. This means that
the dynamical mass measured from their rotation velocity
and size, should not exceed their visible mass in stars and
gas—in contrast with “normal” dwarf galaxies and spiral
galaxies. Finding a dynamical mass in significant excess
would mean that TDGs contain an unseen component. This
could be dark matter only if (part of the) dark matter is in a
rotating disk component in their progenitor spiral galaxies,
just like stars and gas. Otherwise, this would require an
unseen baryonic component in spiral galaxies, not just in
the form of a hot gas halo—this one does not participate in
the formation of TDGs—but in the form of very cold gas
in the rotating disk. If not caused by some sort of matter,
the dynamical mass excess could be attributed to Modified
Gravity, which is a theoretical alternative to dark matter in all
types of galaxies. These various possibilities will be discussed
in the following section, in the context of observations of
NGC5291.

3. The Dynamical Mass of Tidal Dwarf Galaxies

3.1. The Collisional Ring NGC5291. The collisional ring in
NGC5291 was formed by a particular head-on collision,
which formed a ring instead of the usual tails. Nevertheless, it
formed Tidal Dwarfs just like more typical mergers with tails.
The high metallicity of the dwarfs in this ring, and the young
age of their stars, confirmed that they are formed recently
from tidal material. They are also too numerous to simply be
“normal” dwarf galaxies that randomly happen to lie in the
collisional ring (Figure 3).

The three largest TDGs in this system are spatially
resolved in spectroscopic observations of their ionized Hα
gas [12] and their neutral atomic (HI) gas [22]. The molec-
ular gas observations by Braine et al. [23] did not require a
dynamical mass larger than the visible mass. However new
observations of the atomic gas [22] resolve internal velocity
gradients in the TDGs, tracing their rotation up to their
outermost regions. This confirms they are rotating, self-
gravitating, decoupled from the large and diffuse HI ring in
which they formed, and enables the dynamical mass to be
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measured from the rotation velocity and radius. This is what
Bournaud et al. [22] did, and they found that the mass of
these TDGs is in significant excess compared to their visible
mass in stars, molecular gas, and atomic gas. The excess is
just a factor of 2 or 3, not a factor 10 like in classical dwarf
galaxies (Figure 3). This confirms the expected lack of dark
matter in TDGs. Still, there should be an unseen component
there, amounting to the mass of the visible one or even a bit
more. Furthermore, rotation curves are surprisingly flat: the
rotation velocity remains high far from the center of these
three TDGs, while equilibrium with the visible mass can be
achieved only if the velocity decreases in the outskirts. This
adds evidence for the presence of some sort of unseen mass,
mostly in the outer regions of these tidal dwarfs.

This observation remains compatible with most dark
matter being in a large halo around spiral galaxies, but means
that there was another dark component in the spiral galaxies
from which the material now belonging to NGC5291’s
dwarfs was expelled.

Unseen Molecular Gas. The “visible” mass of the TDGs in
NGC5291 is for a large part atomic gas (HI), and also
molecular gas. Most of the molecular gas mass is made-up
of H2, which cannot be directly observed. The molecular
mass is traced by the emission of the CO molecule, using a
standard “CO-to-H2” conversion factor, which is somewhat
uncertain. If the unseen mass in these TDGs is molecular gas,
this would imply that the conversion factor changes much
more than expected—by a factor 10, while the TDGs have a
nearly-solar metallicity so no change by more than a factor of
2 or 3 was anticipated. A classical phase of molecular gas not
well traced by CO would have other effects, like destabilizing
the disk and triggering very active star formation, which
is not observed [24]. More likely, the unseen component
would be a nonstandard phase of molecular gas, very cold,
and gathered in low-mass, dense, but nonstar-forming H2

blobs ([25, 26], and Review by Pfenniger et al. [27]). Finding
it in TDGs would imply it was also present in the disk of
the progenitor spiral galaxy, at least in its outer regions.
This can be compatible with observations of the Milky Way
[25, 26, 28] and the general dynamics of spiral galaxies [29],
at least if one assumes this “dark molecular gas” comes in
addition to a nonbaryonic dark matter halo, not instead of it.

Modified Gravity. Another possible explanation to the large
rotation velocities in NGC5291’s TDGs is Modified Gravity
(MOND). As it should affect any galaxy regardless of its
origin (tidal or else), a high dynamical-to-visible mass ratio
is naturally expected for TDGs in this context. While TDGs
do not seem to have a dynamical-to-visible mass ratio as high
as classical dwarfs, Gentile et al. [30] and Milgrom [31] have
shown that the MOND theory can successfully account for
their rotation curves.

A Disk of Cold Dark Matter. There could finally be another
explanation that does not require a modification of the
gravity, and not even any additional mass component. While
dark matter is mostly in a spheroidal halo around spiral

Figure 4: The Southern tail of the Antennae contains several star-
forming clumps in a larger HI condensation. This, together with
the almost face-on orientation of the system, makes it difficult
to estimate a dynamical mass from the HI velocity curve. A
recently revised distance estimate [34] may nevertheless indicate a
dynamical mass higher than previously believed in the HI cloud.
(Figure courtesy of Pierre-Alain Duc.)

galaxies, there would be a part that is actually in a thick dark
disk around the stellar disk. This could be brought in by
small satellites that merge with the disk, and simulations by
Read et al. [32] suggest such “dark disks” can be relatively
massive (see also Purcell et al. [33]). In the CDM theory,
this dark disk may naturally come in addition to the more
massive spheroidal halo. Then, if the velocity dispersion of
dark matter particles in this component is not too high, it
could participate to the formation of TDGs just like the rest
of the disk material (B. G. Elmegreen, priv. comm.). This
hypothesis remains to be directly tested in simulations. It is
in particular unclear how much of this disk dark matter will
be dispersed during the merger, and how much will end-up
in TDGs, potentially giving them a dark matter component
massive enough to explain their observed rotation curves.

3.2. Other Potential Cases. Error bars on NGC5291’s data
are such that the result is significant at ∼2.5 sigma when
one takes into account that 3 TDGs have been observed
there. There are nevertheless errors that would affect the
three observed TDGs in the same way, like the distance of
the system, or its inclination. So the three “detections” are
largely independent, but not completely. Can the result be
confirmed in other systems?

The most famous pair of colliding galaxies, the Antennae
(NGC4038/39, Figure 4), has some tidal dwarf galaxies. It has
long been thought that their dynamical and visible masses
were similar. The original distance estimate to these galaxies
could however be overestimated [34], which would make the
dynamical mass two or three times higher than the visible
mass, just as in NGC5291. The revision of the distance to
the Antennae however remains largely uncertain [35]. There
are other sources of uncertainty: first, TDGs in the Antennae
are very young, still forming, maybe not at equilibrium.
Rotation velocities may not trace the mass accurately—TDGs
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in NGC5291 were older, making the analysis more robust.
Also, there is one blob of HI gas comprising three star
forming regions. It is thus quite unclear if the HI velocities
trace the total mass of these three objects, or the individual
mass of each one—another problem that did not affect
NGC5291, where each TDG corresponds to a single, resolved
HI cloud. Another attempt in an old TDG in the Virgo
Cluster [36] resulted again in a likely excess of dynamical
mass, compared to the visible mass, but with large error bars.

Robust confirmations of an “unseen mass” in TDGs
remain needed. They can be obtained, if relatively old TDGs
are observed at high resolution and with a high signal-to-
noise ratio, for instance, with modern interferometers. This
would definitely tell whether or not TDGs contain an unseen
component, which has important implications, whatever the
outcome, for the mass content of typical spiral galaxies.

4. Could (Some) Dwarf Satellite Galaxies Be of
Tidal Origin?

We show in the above section that the internal properties of
TDGs (their visible mass compared to their rotation speed)
may be related to the nature of some “missing” baryonic
component. Tidal Dwarf Galaxies have another, completely
different implication for the baryonic content of the universe,
which does not relate to their own internal properties, but to
the number of dwarf galaxies formed by a tidal mechanism,
compared to the total number of dwarf galaxies of any origin
in the Universe.

TDGs may indeed contribute to the total population of
dwarf galaxies, in particular, dwarf satellites around massive
galaxies—for instance, some of the dwarf satellites of the
Milky Way might, in principle, be tidal debris from collisions
that occurred long ago. This would of course change the
expected number of dwarf galaxies and the low-mass end
of the mass function of galaxies—maybe not in the right
direction if the predicted number of dwarf galaxies is already
too high.

The key point is the survival of tidal dwarf galaxies.
They must survive around, typically, one billion year for the
merger in which they formed to be relaxed, so that they
can appear as “normal” dwarf satellite galaxies around a
“normal” galaxy (not an ongoing merger). They must survive
5 or 10 gigayears for mergers at high redshift to produce
dwarf satellites at redshift zero. Is it frequently the case?
Several factors can destroy TDGs: “internal” processes like
the initial starbursts when gas-dominated TDGs begin to
form stars and supernovae potentially eject their gas, and
“external” processes, like a disruptive tidal field exerted by
the very same galaxy that had formed the TDGs during an
interaction.

Large samples with tens of simulations [11] are useful to
tackle this question. The most massive tidal dwarf galaxies,
that are large, massive (108-9) solar masses), rotating, formed
preferentially at the tip of tidal tails do not come in large
numbers. Rarely more than 2 or 3 form in a major merger,
sometimes none at all. Roughly half of them are destroyed
within a couple of billions years, falling back onto their pro-

genitor galaxy or being disrupted by its tidal field. For most
of today’s dwarf satellites to be TDGs from past mergers,
one would need to form ∼10 TDGs per major merger, each
surviving a Hubble Time [37]. Hence, simulations suggest
that only a modest fraction of modern dwarf satellite galaxies
are of tidal origin—but not a completely negligible fraction:
overall several percent. This fraction could be higher around
red early-type galaxies that experienced more mergers than
spiral galaxies: this is because TDGs are expected to form
mostly in mergers of spiral galaxies, and after the merger
these progenitor galaxies generally become red early-type
galaxies [38].

Lower mass TDGs that form with ∼106 solar masses of
baryons can be more numerous in each galaxy merger. They
are more difficult to study in numerical simulations, as they
require high spatial and mass resolution. Nevertheless, they
can survive their initial starburst—but lose a large fraction
of their mass [39]. They can also survive against the tidal
field during more than a gigayear after their formation [40].
Simulations have never followed these low-mass objects for a
long time; it seems plausible that some could form at high
redshift and survive down to redshift zero, but probably
as low mass remnants, potentially hard to detect at all, or
evolving into compact, globular star clusters rather than
dwarf galaxies [40].

While it then seems unlikely that the majority of today’s
dwarf galaxies are of tidal origin, they can have a significant
contribution. There are known examples of TDGs forming
at high redshift [41] and maybe some have survived down
to redshift zero. Known examples of dwarf galaxies with
unusual colors or metallicity could be long-lived tidal dwarfs
[36, 42]. The quest for robust and numerous cases of old tidal
dwarfs remains open, however.

5. Summary

The formation of tidal dwarf galaxies (TDGs) is frequently
observed in galaxy mergers, and has been extensively studied
with the help of numerical simulations. While the long-term
evolution and potential survival of these objects remains
largely debated, their formation mechanisms are now well
understood.

A clear prediction from all models is that TDGs cannot
contain a significant mass fraction from the dark matter
halo of their progenitor spiral galaxy. Observations suggest
in several cases that the total, dynamical mass of TDGs
exceeds their visible mass in gas and stars, which would
indicate that they do contain some unseen component. This
result, well established only for NGC5291, still needs a robust
confirmation in other cases. An unseen component in TDGs
could potentially constrain the presence of “missing baryons”
in a cold gas phase.

Another cosmological implication of TDGs relates to
their long-term survival, and how they can affect the mass
function of dwarf galaxies. This question is still largely
unsolved, but there is significant hope that modern numer-
ical models that can resolve the internal physics of TDGs
in simulations of major mergers could lead to significant
progress in the following years.
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In the past several years kinematic data sets from Milky Way satellite galaxies have greatly improved, furthering the evidence
that these systems are the most dark matter dominated objects known. This paper discusses a maximum likelihood formalism
that extracts important quantities from these kinematic data sets, including the amplitude of a rotational signal, proper motions,
and the mass distributions. Using a simple model for galaxy rotation it is shown that the expected error on the amplitude of a
rotational signal is ∼0.5 km s−1 with ∼103 stars from either classical or ultra-faint satellites. As an example Sculptor is analyzed for
the presence of a rotational signal; no significant detection of rotation is found, with a 90% c.l. upper limit of∼2 km s−1. A criterion
for model selection is presented that determines the parameters required to describe the dark matter halo density profiles and the
stellar velocity anisotropy. Applied to four data sets with a wide range of velocities, models with variable velocity anisotropy are
preferred relative to those with constant velocity anisotropy, and that central dark matter profiles both less cuspy and more cuspy
than Lambda-Cold Dark Matter-based fits are equally acceptable.

1. Introduction

Since their initial discovery [1], dwarf spheroidals (dSphs)
have offered a unique insight into the formation of galaxies
and structure on the smallest scales. Initially characterized
as unusual and ghostly stellar systems, photometric studies
tended to find that these systems contained old stellar
populations with no recent signature of star formation
activity [2]. Though photometrically well studied since their
discovery over seventy years ago, as late as nearly 30 years ago
minimal was known on the internal kinematic properties of
their stellar populations or on the kinematic properties of
these objects in the Milky Way (MW) halo.

Aaronson [3] provided the first measurement of the line
of sight velocities of stars in Milky Way dSphs. From the
spectra of merely three carbon stars, Aaronson suggested a
mass-to-light ratio for the Draco dSph nearly an order of
magnitude greater than that of Galactic globular clusters.
Follow-up studies of several dSphs, including Sextans, For-
nax, Ursa Minor, Sculptor, increased the velocity samples
by an order of magnitude, and in the process established
these systems to be dark matter dominated [4–6]. It was

further suggested that all of these systems share a similar dark
matter halo mass of ∼[1–5]× 107M⊙ [6]. Even at the time
of these early measurements, it was understood that the mass
distributions of these systems provide strong constraints on
the properties of the particle nature of dark matter, including
its mass and primordial phase-space density [7–9].

With the advent of high resolution, multiobject spec-
troscopy, the velocity samples from the brightest dSphs
initially studied in [4–6] have now increased by up to three
orders of magnitude [10–12]. These new data sets have
revealed that the velocity dispersions of the systems are all
∼10 km s−1, and in all cases the dispersions remain constant
even out to the projected radius of the outermost velocity
measurements [11]. Though the data sets have increased
by more than tenfold, the more modern analysis of these
systems still confirms the global conclusion established from
the initial observations that dSphs are strongly dark matter
dominated [10, 11, 13, 14].

Not only has the past several years seen an increase in
the kinematic data sets for the brightest dSphs, the number
of known Milky Way satellites has more than doubled due
to the Sloan Digital Sky Survey (SDSS). As of the writing of



2 Advances in Astronomy

this paper, the SDSS has discovered 14 new Galactic satellites
[15–17]. The new SDSS systems have lower luminosities and
surface brightnesses than the 11 classical Milky Way satellites
that were known prior to SDSS. The half-light radius for
several of these new objects is less than ∼100 pc; this radius
is smaller than the typical half-light radius of the classical
satellites but still somewhat larger than the typical globular
cluster half-light radius of ∼1–10 pc.

Several kinematics studies on the ultra-faint population
of SDSS satellites have been undertaken in the past several
years [18–21]. Using spectra from eight of the SDSS satellites,
Simon and Geha [20] concluded that these objects are
strongly dark matter dominated. Several of the ultra-faint
satellites have velocity dispersions as low as ∼5 km s−1,
making them the most-promising systems to study the phase
space limits of the dark matter. It has additionally been
observed that the ultra-faint satellites are the most metal-
poor systems known, and that they form a continuation of
the luminosity metallicity trend set by the brightest dSphs
[21, 22].

With the above data sets now available, it is becoming
increasingly necessary to develop better theoretical tools
to interpret them. An important aspect of the theoretical
modeling will necessarily require an interpretation of the
kinematic data sets for the population of MW satellites; a
detailed understanding of these kinematic data sets will be
important not only for determining the mass distributions of
each individual system, but for a global comparison to theo-
ries of Cold Dark Matter (CDM) [13, 23]. Understanding the
mass distributions will also be important for interpretation
of limits on particle dark matter masses and annihilation
cross sections in high-energy gamma-ray experiments [24–
26]. Further, understanding the kinematics of these systems
may eventually reveal whether they have dark matter cusps
or cores, which would in itself provide a stringent test of the
CDM paradigm [27].

The primary aim of this paper is to discuss a maximum
likelihood formalism that is used for extracting important
physical quantities from dSph kinematic data sets. Section 2
begins by reviewing the properties of the kinematic data
sets and defining the likelihood. Section 3 then uses the
likelihood to extract rotational and proper motion signals.
Section 4 discusses mass modeling and a new calculation for
model selection. Section 5 presents the conclusions.

2. Likelihood Function and Error Modeling

Information on the kinematic properties of dSphs is
extracted from the line of sight velocities of their individual
stars. This section introduces the likelihood used in the data
analysis and projections for the errors attainable on several
parameters using the likelihood.

2.1. Likelihood Function. The probability for a velocity data
set, −→v , is assumed to be of the form

p
(−→v | u, σlos

) = n∏
i=1

1√
2π
(
σ2
m,i + σ2

los

) exp

⎡
⎣− (vi − u)2

2
(
σ2
m,i + σ2

los

)
⎤
⎦.
(1)

In (1) the dispersion of the distribution is given by the sum of
the measurement uncertainty on a star, σm, and the intrinsic
dispersion of the system at the projected radius of the star.
The latter quantity is symbolized by σlos and is determined by
the model; Section 4 provides more details on this quantity
and specifically how it relates to the mass of the systems. The
systemic line of sight velocity in the direction of the ith star
is given by u. Written in the above form, (1) may be read as
the probability for the data set, given the parameters u and
σlos. Appealing to Bayes’ theorem and defining the likelihood
function as

L(u, σlos) = p
(
u, σlos | −→v

)
, (2)

the parameters u and σlos may be determined directly from
the data by the maximization of (2). Equation (2) assumes
uniform priors on the model parameters.

The form of (1) results from the convolution of Gaussian
distribution which represents the measurement error on the
velocity of a given star with a separate sampling distribution
that is assumed to be Gaussian. It is the sampling distribution
of velocities that is connected to physical quantities such
as the velocity anisotropy of the stars, and the potential of
the stellar and dark matter components. For a given model
of the galaxy, the true line of sight velocity distribution
function may indeed be non-Gaussian; certain limiting
cases of the velocity distribution for analytic potentials
have been considered in [28]. This paper shows that
when attempting to reconstruct the line of sight velocity
distribution for a given model, degeneracies exist between
the stellar velocity anisotropy and the stellar and dark
matter potentials. Though more information may be gained
on model parameters if the true velocity distribution was
known, and thus utilized in the parameter estimation, the
Gaussian approximation provides the most conservative
sampling distribution in reconstructing model parameters
in variance estimation problems (for a specific discussion of
this point, see the discussion in Chapter 8 of [29]). Further,
the mass estimations presented here using the likelihood in
(2) agree with mass estimates that use a Gaussian likelihood
in the binned velocity dispersion [30]; in this latter case the
velocity dispersion does not necessarily correspond to the
variance of a Gaussian line of sight velocity distribution,
making it self-consistent to determine parameters such as the
velocity anisotropy.

The distribution function in (1) provides the simplest
description of a data set. Including higher-order effects
naturally introduces a larger set of model parameters. The
first modification to (1) from higher order corrections comes
from noting that the mean velocity, u, varies as a function
of the position of the star in the galaxy. This variation in
the mean velocity results from the fact that, for lines of
sight with larger angles from the line of sight directly to
the center of the galaxy, the proper motion of the object
contributes an increasingly larger component to the line of
sight velocity. To describe how the line of sight velocity varies
as a function of position, consider a cartesian coordinate
system in which the z-axis points in the direction of the
observer from the center of the galaxy, the x-axis points in
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the direction of decreasing right ascension, and the y-axis
points in the direction of increasing declination. The angle φ
is measured counter-clockwise from the positive x-axis, and
ρ is the angular separation from the center of the galaxy. The
mean line of sight velocity is then

u = vx sin ρ cosφ + vy sin ρ sinφ − vz cos ρ. (3)

In the small angle approximation, sin ρ � R/D, where R =√
x2 + y2, and D is the distance from the observer to the

center of the dSph. Then sinφ = y/R, so that (3) can be
written as u = vxx/D + vy y/D − vz. In the limit that the
vector pointing from the observer to the center of the galaxy
is exactly parallel to the lines-of-sight to each star, u � −vz.

Equation (3) show that the line of sight velocity of a
system increases roughly linearly with the increase of the
projected distance from the center of the dSph. This effect
is purely geometric and may be used to recover the proper
motion of a dSph with similar accuracy to the proper
motions attained in ground and space-based measurements
[12, 31]; an application to a specific data set of Sculptor is
given. The extraction of dSph proper motions in this manner
is analogous to the determination of the proper motions for
the Large Magellanic Clould [32] and for M31 [33] from
their stellar and satellite distributions, respectively.

There may also be rotational motion, in addition to the
dominant contribution from random motions, present in the
galaxy. Though rotation is intrinsic to the dynamics of the
system and is not purely geometric as that described by (3), a
simple parameterization is possible if the rotation amplitude
is described by a term A sin(φ − φ0), where φ0 defines the
projected axis of rotation. Adding all of the terms together
gives the following expression for the line of sight velocity of
a star:

u = vx sin ρ cosφ + vy sin ρ sinφ − vz cos ρ + A sin
(
φ − φ0

)
.

(4)

With the addition of each of the terms in (4), our
likelihood function now reads

L
(
vx, vy , vz,A,φ0, σlos

)
= p

(
vx, vy , vz,A,φ0, σlos | −→v

)
,

(5)

and the vector set of 6 parameters (vx, vy , vz,A,φ0, σlos) may
be directly determined from the data. In the sections below
these parameters is determined from an example data set;
before jumping into this data analysis the following subsec-
tion provides a discussion of the theoretical predictions for
the errors attainable on these quantities.

2.2. Error Modeling. From the likelihood function defined
in (1) and (5), the Fisher matrix formalism may be used
to derive projected errors on the model parameters. For
m model parameters that are varied, the Fisher matrix is
defined as an m by m matrix so that the entry for the ath
and bth parameters is given by

Fab = −
〈
∂2 ln L

∂θa∂θb

〉
. (6)

Here
−→
θ is a vector defining the set of parameters. In the

simple case studied in this section, the parameters are given

by
−→
θ = {vx, vy , vz,A,φ0, σlos}. According to the Rao-Cramer

inequality, the minimum possible variance attainable on a
parameter using maximum likelihood statistics is given by

the inverse of the Fisher information matrix,
√

F−1
aa . The

average in (6) is taken over the data, and the derivatives are
evaluated at the true model of parameter space. The inverse
of the Fisher matrix thus provides an approximation for the
true covariance of the parameters, and using F−1 provides
a good approximation to the errors on parameters that are
well-constrained by the data.

The Fisher matrix is constructed by differentiating the
log of the likelihood function in (5). It will be understood
that the total dispersion σ2

i = σlos
2 + σm2 is evaluated at the

projected radius of the ith star. Averaging over the likelihood
function, and using the above definition of u, the final
expression for the Fisher matrix is

Fab =
N∑
i=1

(
1
σ2
i

∂ui
∂θa

∂ui
∂θb

+
1
2

1
σ4
i

∂σ2
los

∂θa

∂σ2
los

∂θb

)
. (7)

The sum is over the N number of observed stars in the galaxy.
The analysis in this section considers the simplified case
that σ2

los does not in itself depend on any model parameters.
A more detailed model would consider this quantity as a
function of the parameters that describe the mass modeling
of the system; this is discussed in more detail in Section 4.

In the second term in (7), the derivatives are with respect
to the theory dispersion alone, whereas both of the contribu-
tions to the variance sum in the denominator. For the well-
studied satellites, with intrinsic velocity dispersions of 10 km
s−1, the dispersion from the distribution function dominates
the dispersion from the measurement uncertainty, while for
many of the newly-discovered satellites, both contributions
to the dispersions are similar. Equation (7) shows that, to

determine the error on any of the
−→
θ parameters, one must

determine (1) the distribution of stars within the dSph
that have measured velocities, and (2) the error on the
velocity of each star. This implies that the projected errors are
independent of the mean velocity of the stars. Additionally,
under the approximation that sin ρ� 1 and no rotation, the
first term in (7) vanishes, and the errors are independent of
the parameters describing the mean motion of the system.

The projected errors obtained using (7) provide an
excellent estimate of the measured errors on both vx and
vy [12, 31]. Though there has been no conclusive detection
of a parameter similar to A in published kinematic data
samples, it is interesting to determine the expected error on
this quantity given expected future data samples. Figure 1
shows example error projections for A, for two different
model galaxies. The upper solid curve assumes structural
parameters similar to that of Segue 1, with a Plummer radius
of 0.03 kpc and a stellar limiting radius of 0.1 kpc [34]. The
lower dashed curve assumes structural parameters similar to
that of Draco, with a King core radius of 0.18 kpc and a King
limiting radius of 0.93 kpc [35]. Each curve assumes that the
measurement uncertainty on each star is 2 km s−1. In both
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Figure 1: The projected one-sigma error on the amplitude of
the rotation parameter, A, as defined in 4. The upper solid curve
assumes structural parameters similar to that of Segue 1, while the
lower dashed curve assumes structural parameters similar to that of
Draco. Each curve assumes that the measurement uncertainty on
each star is 2 km s−1.

cases, the stars have been uniformly distributed at projected
positions in the galaxies; this provides a good representation
of the present observational configurations.

In addition to their interesting applications for under-
standing the rotation and proper motion of the dSphs, the
calculations presented in this section are crucial for uncov-
ering properties of underlying dark matter distributions.
For example a strong gradient may reflect ongoing tidal
disruption, which would clearly affect dark matter mass
modeling, as is discussed in more detail in Section 4.

3. Proper Motions and Rotation

This section discusses an application of the maximum likeli-
hood formalism introduced in Section 2, with a specific focus
on the methodology for extracting an intrinsic rotational
signal and proper motions using an example data set.
Extracting rotation from a data set is important for reasons
discussed above, and, in addition to its phenomenological
interests, extracting the proper motions of MW satellites
may have important implications for understanding the
origin of the accretion history of MW [36–38]. Specifically
determining the latter would present a unique observational
test of MW halo formation within the CDM paradigm.

Several dSphs have kinematics data sets large enough
that statistically significant constraints may be placed on
the parameters vx, vy , and A. For illustrative purposes
this section considers just one example, the Sculptor dSph.
Sculptor is located at a distance of 80 kpc and has a measured

King limiting radius for its stellar distribution of ∼1.6
kpc [39]. Given these parameters it is one of the more
spatially extended dSphs. The mass content of Sculptor
has been estimated in several recent papers [13, 14, 40],
and it has been shown that Sculptor may contain some
degree of rotational support [40]. Further, the previous
determinations of the proper motion of Sculptor from its
line of sight velocities may indicate a discrepancy between
the proper motion as determined from this method and from
ground- and space-based measurements [12]. This latter fact
may in itself be indicative of the presence of an intrinsic
rotational component, provided that the systematics on the
ground- and space-based determinations of the Sculptor
proper motions are well-understood [41].

To extract the rotation and proper motion signal, a sim-
plified model is considered by assuming that the likelihood
function is characterized by the six parameters introduced
in Section 2. It is assumed that the intrinsic dispersion σlos

is uniform throughout the galaxy and does not depend on
any of the parameters of the mass modeling introduced in
Section 4. Introducing the set of parameters discussed in
Section 4 does not affect the reconstruction of the parameters
discussed in this section since the intrinsic dispersion is
uncorrelated with the parameters of the function u [31].

In order to determine the probability distributions of

the parameters
−→
θ = (vx, vy , vz,A,φ0, σlos), a standard

metropolis-hastings algorithm [29] is used to sample the
likelihood function as written in (5). For all runs described
here 104 accepted points were obtained in each chain, with
the first 10% excluded to account for a conservative burn-
in phase. For simplicity, a uniform proposal distribution is
assumed for each of the parameters over a wide range chosen
to encompass physically-acceptable values for each of these
parameters. The line of sight velocity data used is taken from
the Walker et al. [42] sample, and only those stars with > 90%
c.l. probably for membership are used in the analysis.

Figure 2 shows the posterior probability distributions for
the proper motion components corresponding to vx and
vy , vx[km s−1] = 4.74[D/pc,μα/μ as yr] and vy[km s−1] =
4.74[D/pc,μδ/μ as yr], respectively. The remaining param-
eters (vx,A,φ0, σlos) are marginalized over. Though the
distributions in Figure 2 were obtained by allowing the A
parameter to float freely, the distributions are found to
be relatively unaffected if A is instead fixed so that A =
0. This reflects the fact that the radial gradient in the
velocity of the stars is distinct from the intrinsic rotational
component, which has a sinusoidal behavior as a functional
of the position angle. The results presented in Figure 2 are
in agreement with the measurements of Walker et al. [12],
though here a larger set of parameters is marginalized over
in this analysis.

Figure 3 shows the corresponding probability distribu-
tion for the rotational parameter A. Again the remaining
five parameters (vx, vy , vz,φ0, σlos) are marginalized over. The
result is that, given the rotational parameterization and the
using entire distribution of 1352 Sculptor stars, there is no
statistically significant detection of rotation. From Figure 3
the 90% c.l. upper limit on the rotation is found to be
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Figure 2: Probability densities for the velocity components of Sculptor transverse to the line of sight. The components μα and μδ give the
proper motions in the directions of increasing right ascension and declination, respectively.

∼2 km s−1. The result presented in Figure 3 is somewhat
degenerate with the parameters describing u; for example if
vx and vy were (unphysically) set to zero, the implied upper
limit on A reduces by about 50%.

Figure 3 represents the averaged value of A throughout
the entire galaxy. It may be possible that the rotation
amplitude in the outer region differs from the rotation rate
in the inner region; if this were the case then it is plausible
that this effect is washed out in the averaging process. To
provide a simple test for a possible differential rotation rate,
an additional likelihood analysis was considered with just
the outer sample of Sculptor stars. Here the outer stars are
defined as only those with projected radius beyond 0.5 kpc.
Even in this case, there is no statistically significant detection
of A, though in this case the 90% c.l. upper limit increases to
10 km s−1.

4. Mass Distributions and
Model Selection Criteria

This section discusses the extension of the maximum likeli-
hood analysis developed in Section 2, with a goal of using the
kinematic data to determine dark matter mass distributions.
A calculation of the gravitating mass of a stellar system is
one of the more fundamental tasks in astronomy, and simple
scaling arguments provide some guidance to anticipate the
results. It is worthwhile to first review these arguments as
applied to the dSphs before undertaking a more detailed and
model dependent treatment.

4.1. Spherical Mass Modeling

4.1.1. Initial Estimates. Under the assumption that a star
cluster is spherically symmetric, the orbital distribution of

the tracer particles is isotropic, that mass follows light,
and the cluster is isolated from any external gravitational
potential, the virial theorem provides a mass estimate of
Mvir � reσ2

�/G, where re is the observed extent of the cluster
and σ� is the velocity dispersion of the stars. Although this is
probably the simplest estimate one can make for the mass of
a star cluster, it does provide a useful extremum bound. For
example Merritt [43] has show that the virial theorem may
be used to derive a lower bound on the mass of a star cluster,
which is obtained from the assumption that all of the mass is
concentrated as a point in the center. This minimum mass is
given by Mmin = 3σ2

�/〈r−1〉G, where 1/〈r−1〉 is the harmonic
mean stellar radius in the cluster.

Of course for dSphs it is not consistent to assume that
these systems are isolated, since they are orbiting within the
extended dark matter halo of the MW. For dSphs orbiting
with the MW halo, the minimum mass estimate above is
particularly useful, as it in turn provides a conservative
estimate of the radius at which particles would be stripped
due to the MW potential. As an example consider the
case of Segue 1, which is an MW satellite with a stellar
luminosity ∼340 L⊙ at a Galactocentric distance of 28 kpc.
From the de-projected light distribution, the harmonic mean
stellar radius is ∼10 pc, and given the velocity dispersion of
4.3 km s−1 [21], the implied minimum mass of Segue 1 is
∼4×105M⊙. Assuming that Segue 1 is a point mass orbiting
in the potential of the MW, the radius at which particles
would be presently getting stripped is the Jacobi radius, rt =
[M/3MMW ]1/3D, where D = 28 kpc. Assuming the minimum
mass of M = Mmin, rt � 300 pc. It is important to note
that this provides only an estimate of the instantaneous tidal
radius; if Segue 1 came significantly closer to the MW in
the past then this estimate would differ. The above estimate
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Figure 3: The probability density for the amplitude of the rotational
signal in Sculptor, using the model discussed in the text.

provides a lower bound on the radius at which particles
would be getting stripped, under the assumption of a circular
orbit. A similar argument for the tidal radius of Segue 1
was considered in Geha et al. [21] using the Illingworth
approximation for the mass as Mmin (for an alternative
interpretation for the origin of Segue 1, see [44].)

4.1.2. Jeans Equation. At the next level of detail from the
dynamical perspective, an estimate for the mass of the dSphs
may be obtained by appealing to the sphericallysymmetric
jeans equation, assuming that the gravitating mass of the
system consists of both stars and dark matter. The analysis
here closely follows the treatment given in the appendix of
Strigari et al. [13] and refers to this paper for further details.
A standard discussion of the spherical jeans equations comes
from [45].

The spherical jeans equation is

r
d
(
ρ�σ2

r

)
dr

= −ρ�(r)V 2
c (r)− 2β(r)ρ�σ2

r . (8)

Here ρ� is the deprojected stellar density profile, the circular
velocity is Vc(r) = GM/r, and the parameter β(r) = 1−σ2

r /σ
2
t

characterizes the difference between the radial and tangential
velocity dispersions of the stars. Integrating σ2

r along the
line of sight gives the velocity dispersion as a function of
projected radius, R,

σ2
los(R) = 2

I(R)

∫∞
R

(
1− β

R2

r2

)
ρ�σ2

r r√
r2 − R2

dr. (9)

Here, I(R) is the projected surface density of the stellar distri-
bution, and ρ� is the three-dimensional stellar distribution.
In (9), σr depends on the parameterization of the mass dis-
tribution of the dark matter component. The stellar density

profile is taken to be fixed; for example the measurements
of the projected density profiles for many of the classical
satellites come from [46], and more updated profiles from,
for example, [35, 47–49], while measurements of the density
profiles for the ultra-faint satellite come from [34]. It is
important to note that fixing the stellar density profile may
introduce a degeneracy in determining the projected velocity
dispersion profile, particularly in the central regions [50].
However the effect on the integrated mass distributions as
considered here is less severe, motivating the assumption of
fixing ρ�, rather than marginalizing over it, in the analysis.

Given the above assumption for the velocity anisotropy
of the stars and for the shape of the dark matter profile for
the galaxy, the likelihood function can now schematically be
written as

L
[−→y , σlos

(−→
β ,
−→
Φ
)]
= p

[−→y , σlos

(−→
β ,
−→
Φ
)
| −→v

]
. (10)

For compactness, the vector −→y = (vx, vy , vz,A,φ0) has been

defined, and
−→
β and

−→
Φ are vectors that describe the stellar

velocity anisotropy and the gravitational potential of the
system, respectively. The line of sight velocity dispersion is

dependent on
−→
β and

−→
Φ through the spherical jeans equation.

The mass of the system, as well as quantities related to

the mass distribution, are determined via
−→
Φ, and thus by

integrating out the model parameters one may determine
the probability density for the mass of the system contained
within a fixed physical radius.

4.1.3. Error Projections on Mass Distribution. Before per-
forming an example calculation using (10), it is interesting
to get an idea as to how the errors on the mass distribution
depend on the physical radius within which the mass is
determined. To perform these estimates, we again appeal
to the Fisher matrix formalism outlined above. However
the analysis here is different from above in that now the

likelihood depends on the vector set of parameters
−→
β and−→

Φ in addition to −→y .
The example considered here uses the velocity data

sample from Fornax of Walker et al. [42], specifically the
stars with > 90% c.l. for membership. This gives a total
of 2409 Fornax members. The three-dimensional surface
density profile for Fornax is assumed to take the form

ρ�(r) ∝ 1

xa(1 + xb)(c−a)/b e−r
2/2r2

cut , (11)

with the parameters {a, b, c, [r0/kpc], [rcut/kpc]} = {0.3, 1.2,
3.0, 0.8, 1.1}. A profile of this form with these parameters
is consistent with the recent measurements of Fornax star
counts [49], though generally the results presented are
independent of the normalization of the surface density
profile. The stellar mass-to-light ratio is assumed to be unity,
consistent with the results presented in [49]. The dark matter
density profile is assumed to be the einasto profile

ln

[
ρ(r)
ρ−2

]
=
(
− 2
α

)[(
r

r−2

)α
− 1

]
, (12)
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and following CDM simulations, α = 0.17 [51]. The velocity
anisotropy is assumed to be of the following form

β(r) = (β∞ − β0
)
r2/
(
r2
β + r2

)
+ β0. (13)

Thus in the Fisher matrix calculation the base set of
parameters are now given by

−→
θ = {ρ−2, r−2,β0,β1, rβ} (the

rotational and geometric parameters, −→y are ignored here:
this is justified given that the Fornax data is consistent with
A = 0 and that the −→y parameters do not correlate with the
parameters that determine the mass).

Given the base set of parameters in
−→
θ used to calculate F,

the error on a derived parameter, g, is given by

σ2
g =

∑
i, j

(
∂g

∂θi

)(
F−1)

i j

(
∂g

∂θj

)
. (14)

The derived parameter specifically considered here is the log
of the mass within a given fixed physical radius (see [52]
for another example where the derived parameter considered
is the log slope of the dark matter density profile). Where
desired Gaussian priors may be taken by simply adding 1/σ2

aa

to the aa component of the Fisher matrix.
Figure 4 shows the error on the log of mass as a

function of the physical radius within which the mass is
measured. Here the fiducial baseline parameters for the
velocity anisotropy have been taken as {β0,β1, rβ/kpc} =
{−0.5, 0, 0.2}, implying slightly tangential orbits in the
central region of the halo and isotropic orbits at outer
radii. Different combinations of {ρ−2, r−2} have been taken
as indicated to represent the degeneracy between these two
parameters when fitting the data. Each of these parameters
sets, combined with an anisotropy model, produces a velocity
dispersion profile that roughly fits the profile of Fornax.
While the goal here is to not undertake a direct fit to the
data and to explore the exact degeneracy space of these
parameters, examining these three sets of fiducial parameters
gives a feel for how the constraints on the mass depend on
the fiducial parameter set. Priors on each of r−2 and rβ are
taken as 1/(5 kpc)2, while priors on β0 and β1 are taken
as 1/12. Each of these priors are motivated by the range
of these parameters scanned in the algorithm described in
following the subsection below. As is seen, for the stellar
profile considered above and the fiducial set of parameters
taken, the best-constrained mass is at a radius ∼0.6–1.0 kpc.
This best constrained radius is found to be relatively weakly
dependent on the sets of fiducial parameters, particularly
near the best constrained mass, provided that they give a
good fit to both the star count and velocity dispersion data of
Fornax. This notion that the mass is a strongly constrained
at the half-light radius is found to be a general property of
dispersion supported systems, as discussed in [53, 54].

4.1.4. Fornax Mass Distribution. The posterior probabil-
ity density for the mass distribution of Fornax is now
determined directly from the kinematic data, and com-
pared to the projected error on the mass distribution as
determined from Figure 4. As above, a metropolis hastings
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Figure 4: Projections for the error on the log of the mass within a
given physical radius for Fornax. The position and the errors on the
stars from the Walker et al. [42] data sample have been used. Each
curve assumes a different fiducial model for the einasto parameters
of the dark matter halo: ρ−2 = 2 × 107 M⊙kpc−3 and r−2 = 1 kpc
(solid black), ρ−2 = 1× 107M⊙kpc−3 and r−2 = 2 kpc (dotted red),
and ρ−2 = 0.5× 107 M⊙kpc−3 and r−2 = 5 kpc (dashed blue).

algorithm is used to determine the respective posteriors,
and the same data for both the star counts and the
line of sight velocity distribution have been used. In the
parameter scan, uniform priors have been taken on each
of the parameters over the following ranges as follows:
{log10[ρ−2/(M⊙ kpc−3)], r−2/kpc,β0,β0, rβ} = {[6 : 10], [0 :
10], [−5 : 1], [−5 : 1], [0 : 10]}.

Figure 5 shows two example probability distributions
for the Fornax mass, within 0.6 kpc (left) and within the
approximate Fornax stellar tidal radius of 3 kpc (right).
The probability distributions are seen to be slightly non-
Gaussian, particularly the M(3 kpc) distribution. Comparing
the approximate width of each of these distributions with
the errors projected in Figure 4 provides generally good
agreement, in spite of the intrinsic assumption in the Fisher
matrix formalism that the errors on the parameters are
Gaussian. Specifically for the left panel, a Gaussian fit gives
log10[M (0.6 kpc)/ M⊙] = 7.47±0.04. These results confirm
the general trend seen in Figure 4 that the error on the
integrated mass within a fixed physical radius increases at
larger radii towards outer regions of the halo.

Results of the calculations for the mass distributions of
the entire population of dSphs are presented in [13, 23, 53,
54]. These results, as well as more recent determinations,
show that the central mass distributions for the dSphs
are very similar, despite an over four order of magni-
tude variation in their luminosities. The average density
within a spherical radius of ∼0.3 kpc is ∼0.1 M⊙pc−3;
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Figure 5: The probability density for the mass of Fornax within 0.6 kpc (a) and the mass within its stellar tidal radius (b), defined here to be
3 kpc.

for the brightest satellites baryons can contribute to the
potential in this central region, while for the least luminous
satellites the potential is dominated by dark matter within
this region. Within the context of spherical models, these
constant central density results are robust to the specific
parameterization of the mass distribution, primarily due to
the fact that the integrated mass is directly constrained via
the jeans equation and the approximately similar scale for the
velocity dispersion profiles [13].

4.1.5. Model Selection. The likelihood formalism introduced
above does not give any information regarding the optimal
parameterization of the dark matter mass profile. For exam-
ple referring to the calculation above, is the einasto profile
with just two free parameters an acceptable description of
the data? Given the parameterization of the dynamics via the
spherical jeans equation, we can answer this question and
determine how many parameters are required to describe
the mass profile given the maximum likelihood formalism.
Moreover, we can determine how the parameterization of
the density profile depends on the given data sets. For
example Segue 1, with only 24 measured line of sight
velocities, may require a smaller set of parameters than
does Fornax, which has ∼2400 measured line of sight
velocities.

To specifically answer the question of how to determine
the appropriate set of parameters in maximum likelihood
theory one may appeal to the bayes evidence. For the
purposes here the evidence, E, is defined as the integral of
the likelihood in (10) over all of the model parameters. When
comparing models, the ratio of their respective evidences

gives an idea of how much more probable one model is over
another. For example if 1 < Δ lnE < 2.5, the difference
between the two models is substantial; for 2.5 < Δ lnE < 5,
the difference between the two models is strong, and for
Δ lnE > 5 the difference between the two models is decisive
[55].

As an illustration, four different dSphs that span a wide
range in their respective number of velocities are considered:
Segue 1, Sextans, Sculptor, and Fornax. These dSphs have 24,
424, 1352, and 2409 stars, respectively; for the latter three
galaxies we consider only those stars that have a probability
of >90% membership from the Walker et al. [42] sample.
For each dSph we determine how many model parameters
are necessary to describe the data, and we consider several
different models.

For the “Baseline” 3 parameter model, the following
range of parameter space is integrated over for Fornax,
Sculptor, and Sextans: log10[ρ0/M⊙kpc−3] = [6 : 10],
log10[r0/kpc] = [−1 : 1]. The velocity anisotropy is assumed
to be a constant, β, with a range given by β ≡ β0 = β1 = [−2 :
0.5]. For Segue 1 the ranges are the same except for the scale
radius, which is taken to vary over the range log10[r0/kpc] =
[−2 : 0]; this range is motivated by the likely upper limit
to the dark matter tidal radius for Segue 1 [21]. All of the
ranges above are chosen as plausible values to describe the
halos of dSphs. A flat prior is chosen over these regions; as
a further detail one may chose a prior that weights each of
these parameters differently, for by example considering the
scatter in the ρs−rs relation as seen in CDM simulations [56].
The bayes evidence for the Baseline model will be denoted as
E0.
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Table 1: Parameter ranges and evidences for various models. The
columns are for different dSphs, and the rows are for different
models as described in the text. Each entry in the table gives the
ratio of the evidence for the given model, Emodel, with respect to the
Baseline 3 parameter model, E0, defined in the text, ln(Emodel/E0).

dSph Segue 1 Sextans Sculptor Fornax

No. of stars 24 424 1352 2409

Exp 3.4 3.3 3.3 3.6−→
β 1.6 0.9 0.8 1.3−→
β + Exp 5.0 4.3 4.1 4.9

Three different models are compared to this Baseline 3
parameter model: (i) a model in which the parameter space
for α is enlarged in the range [0.14 : 0.3] (corresponding
to 1/α �[3–7]), so that central slopes that are both more
flat and more steep than the CDM value are allowed (ii) a
model with the Baseline 3-parameter ρ(r) profile, but with
a three-parameter velocity anisotropy profile which depends
on the three-dimensional physical radius as in (13), and (iii)
a model in which α = [0.14 : 0.3] and the β(r) profile in (13)
is assumed.

Model (i) is thus described by four parameters, while
model (ii) is described by five free parameters, and model
(iii) is described by six free parameters. In Table 1, we define
model (i) as the “Exp” model, model (ii) is denoted as the

“
−→
β ” model, and model (iii) is denoted as “

−→
β+ EXP.” These

models provide useful illustrations of the calculation of the
evidence as applied to dSphs; alternative models may of
course be defined and even larger parameter spaces may be
explored. The utility of the above models as defined allows
us to explore to what extent CDM-like inner slopes are more
favored, and to what extent an alternative parameterization
of the velocity anisotropy provides a better fit to the data as
compared to simply changing the value of the inner slope.

The results for the ratio of the bayes evidence for the
various models, relative to E0, are shown in Table 1. For each
of the galaxies, we see roughly the same pattern; as more
parameters are added, the better the model fits the data.
This result implies that models with larger sets of parameters
are favored even after penalization for the larger volume of
parameter space that is integrated over. Allowing for a larger
volume of parameter space for the dark matter density profile
affects the evidence more than simply varying the shape of
the anisotropy profile. In total, the best fitting models are
those that allow both the velocity anisotropy and the central

slope to vary freely, that is, the
−→
β+ EXP models.

The results in Table 1 indicate that for all four galaxies
variable velocity anisotropies are slightly preferred relative to
those with constant velocity anisotropy, and that central dark
matter profiles both less cuspy and more cuspy than ΛCDM-
based fits are equally acceptable. Future data sets, both line of
sight velocities and potential proper motion measurements
for stars in dSphs [52, 57, 58], will be important in narrowing
the acceptable ranges for both the velocity anisotropy and the
central slope.

5. Conclusion

This paper has discussed the analysis of kinematic data from
Milky Way dwarf spheroidals, with a primary motivation
of (1) understanding physical quantities that are well-
constrained by the data and (2) understanding the system-
atics that underly the determination of the dark matter
masses of these systems, given the simplest assumption
that the dSphs are purely pressure supported systems. Of
the possible systematics perhaps the most significant and
observationally-accessible is the determination of a velocity
gradient in the data sample, which may be indicative
of tidal disruption from the potential well of the Milky
Way. The results in the literature indicate that, based on
the kinematic data alone, velocity gradients due to tidal
disruption or rotation are not conclusively present in any
of the dSphs. This paper has provided an example, using a
simple parameterization, of how to search for rotation in the
kinematic data sets using a maximum likelihood analysis.
The kinematic sample of Sculptor was analyzed, and it was
found that the maximum likelihood rotational amplitude
is zero, with an upper limit of ∼2 km s−1 at 90% c.l. The
magnitude of these errors is consistent with the projected
magnitude of the errors from theoretical modeling.

When modeling the mass distribution of the dark matter
halos of the dSphs, degeneracies between model parameters
affect the determination of the total mass profiles, even in
the context of the simplest spherical models. To shed light
on these degeneracies, this paper has discussed a new criteria
for model selection applied to the dSph kinematic data sets,
taking a step towards determining how many parameters are
needed to describe the mass distribution of spherical halos.
For the four dSphs studied here, chosen because they have
a wide range of available line of sight velocities, it is shown
that, assuming CDM-motivated Einasto profiles for the dark
matter halos, models with variable velocity anisotropy are
slightly preferred relative to those with constant velocity
anisotropy. Further, central slopes for the dark matter profile
that are found in CDM simulations are not a unique
description of the data sets; both more cuspy and less cuspy
models are allowed for the central slope. This is primarily
due to the degeneracy between the central dark matter slope
with the central stellar profile and the velocity anisotropy
distribution [52].

Future photometric and kinematic data sets promise to
further pin down the mass distributions of the dSph dark
matter halos. Upcoming data for the ultra-faint satellites will
be particularly important and may be able to show whether
any tidal effects are present in these galaxies. Further more,
development of nonspherical distributions for both the light
and dark matters should be considered given these data sets
(for initial results along these lines see [59]). Controlling
systematics in these data sets will prove to be important step
towards further testing the currently favored ΛCDM theory
of structure formation.
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Dark Matter annihilation holds great potential for directly probing the clumpiness of the Galactic halo that is one of the key
predictions of the Cold Dark Matter paradigm of hierarchical structure formation. Here we review the γ-ray signal arising from
dark matter annihilation in the centers of Galactic subhalos. We consider both known Galactic dwarf satellite galaxies and dark
clumps without a stellar component as potential sources. Utilizing the Via Lactea II numerical simulation, we estimate fluxes for
18 Galactic dwarf spheroidals with published central densities. The most promising source is Segue 1, followed by Ursa Major II,
Ursa Minor, Draco, and Carina. We show that if any of the known Galactic satellites can be detected, then at least ten times more
subhalos should be visible, with a significant fraction of them being dark clumps.

1. Introduction

A decade has gone by since the emergence of the “Missing
Satellite Problem” [1, 2], which refers to the apparent
discrepancy between the observed number of Milky Way
satellite galaxies, 23 by latest count [3–12], and the predicted
number of dark matter (DM) subhalos that should be
orbiting in the Milky Way’s halo. The latest cosmological
numerical simulations [13–15] resolve close to 100,000
individual self-bound clumps of DM within the Galactic
virial volume—remnants of the hierarchical build-up of the
Milky Way’s DM halo. Several hundred of these may be large
enough to host a dwarf galaxy. A consensus seems to be
emerging that this discrepancy is not a short-coming of the
otherwise tremendously successful Cold Dark Matter (CDM)
hypothesis [16, 17], but instead reflects the complicated
baryonic physics that determines which subhalos are able
to host a luminous stellar component and which are not
[18–24]. If this explanation is correct, then an immediate
consequence is that the Milky Way dark halo should be
filled with clumps on all scales down to the CDM free-
streaming scale at 10−12 to 10−4 M� for cold thermal relics
(e.g., supersymmetric CDM) [25–28] or as low as∼10−20 M�
in the case of non-thermal cold axions [29–31]. At the
moment there is little empirical evidence for or against this

prediction, and this has motivated searches for new signals
that could provide tests of this hypothesis, and ultimately
help to constrain the nature of the DM particle.

One of the most promising such signals is DM anni-
hilation [32]. In regions of sufficiently high density, for
example in the centers of Galactic subhalos, the DM pair
annihilation rate might become large enough to allow for a
detection of neutrinos, energetic electrons and positrons, or
γ-ray photons, which are the by-products of the annihilation
process. This is one of the few ways in which the dark sector
can be coupled to ordinary matter and radiation amenable to
astronomical observation. Belying its commonly used name
of “indirect detection”, DM annihilation is really the only way
we can hope to directly probe the clumpiness of the Galactic
DM distribution. One could argue that it is a more “direct”
method than trying to constrain DM clumpiness from its
effects on strong gravitational lensing (see Zackrisson &
Riehm’s contribution in this special edition), or from the
kinematics of stars orbiting in DM-dominated potentials
[33], or from perturbations of cold stellar structures like
globular cluster tidal streams [34–37] or the heating of the
Milky Way’s stellar disk [38–40], although all of these are also
worthwhile approaches to take.

The only trouble with the DM annihilation signal is that
so far there have been no undisputed claims of its detection.
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Recently there have been several reports of “anomalous”
features in the local cosmic ray flux: the PAMELA satellite
reported an increasing positron fraction at energies between
10 and 100 GeV [41], where standard models of cosmic ray
propagation predict a decreasing fraction; the ATIC [42]
and PPB-BETS [43] balloon-borne experiments reported
a surprisingly large total electron and positron flux at
∼500 GeV, although recent Fermi [44] and H.E.S.S. data [45]
appear to be inconsistent with it. Either of these cosmic ray
anomalies might be the long sought after signature of local
DM annihilation. However, since the currently available data
can equally well be explained by conventional astrophysical
sources (e.g., nearby pulsars or supernova remnants), they
hardly provide incontrovertible evidence for DM annihila-
tion. The next few years hold great potential for progress,
since the recently launched Fermi Gamma-ray Space Telescope
will conduct a blind survey of the γ-ray sky at unprecedented
sensitivity, energy extent, and angular resolution. At the same
time, Atmospheric Cerenkov Telescopes, such as H.E.S.S.,
VERITAS, MAGIC, and STACEE, are greatly increasing their
sensitivity, and have only recently begun to search for a DM
annihilation signal from the centers of nearby dwarf satellite
galaxies [46–50].

The purpose of this paper is to provide an overview of the
potential DM annihilation signal from individual Galactic
DM subhalos, either as dwarf satellite galaxies or as dark
clumps. It does not cover a number of very interesting and
closely related topics, which are actively being researched and
deserve to be examined in equal detail. These include the
diffuse flux from Galactic substructure and its anisotropies
(e.g., [51–53]), the relative strength of the signal from
individual subhalos compared with that from the Galactic
Center or an annulus around it [54, 55], the effect of a nearby
DM subhalo on the amplitude and spectrum of the local high
energy electron and positron flux [56, 57], and the role of the
Sommerfeld enhancement [58] on the DM annihilation rate
and its implications for substructure signals [59–61].

This paper is organized as follows: we first review
the basic physics of DM annihilation, briefly touching on
the relic density calculation, the “WIMP miracle”, DM
particle candidates, and, in more detail, the sources of γ-
rays from DM annihilation. In the following section we
review what numerical simulations have revealed about the
basic properties of DM subhalos that are relevant for the
annihilation signal. We go on to consider known Milky Way
dwarf spheroidal galaxies as sources, using the Via Lactea
II simulation to infer the most likely annihilation fluxes
from published values of the dwarfs’ central masses. Next we
discuss the possibility of a DM annihilation signal from dark
clumps, halos that have too low a mass to host a luminous
stellar component. Lastly, we briefly discuss the role of the
substructure boost factor for the detectability of individual
DM subhalos.

2. Dark Matter Annihilation

If DM is made up of a so-called “thermal relic” particle, (An
alternative DM candidate is the axion, a non-thermal relic

particle motivated as a solution to the strong CP problem
[62]. Since it does not produce an annihilation signal today,
we do not further consider it here.) its abundance today is
set by its annihilation cross section in the early universe.
The thermal relic abundance calculation relating today’s
abundance of DM to the properties of the DM particle
(its mass and annihilation cross section) is straightforward
and elegant, and has been described in pedagogical detail
previously [63–65]. We briefly summarize the story here.

At sufficiently early times, the DM particles are in
thermal equilibrium with the rest of the universe. As long
as they remain relativistic (T � mχ), their creation and
destruction rates are balanced, and hence their comoving
abundance remains constant. Once the universe cools below
the DM particle’s rest-mass (T < mχ), its equilibrium
abundance is suppressed by a Boltzmann factor exp(−mχ/T).
If equilibrium had been maintained until today, the DM
particles would have completely annihilated away. Instead
the expansion of the universe comes to the rescue and
causes the DM particles to fall out of equilibrium once
the expansion rate (given by H(a), the Hubble constant at
cosmological scale factor a) exceeds the annihilation rate
Γ(a) = n〈σv〉, that is, when DM particles can no longer
find each other to annihilate. The comoving number density
of DM particles is then fixed at a “freeze-out” temperature
that turns out to be approximately Tf � mχ/20, with only
a weak additional logarithmic dependence on the mass and
cross section of the DM particle. A back of the envelope
calculation results in the following relation between Ωχ , the
relic mass density in units of the critical density of the
universe ρcrit = 3H2

0 /8πG, and 〈σv〉, the thermally averaged
velocity-weighted annihilation cross section:

ωχ = Ωχh
2 = 3× 10−27 cm3 s−1

〈σv〉 . (1)

Note that this relation is independent of mχ . The WMAP
satellite’s measurement of the DM density is ωχ = 0.1131 ±
0.0034 [66], implying a value of

〈σv〉 ≈ 3× 10−26 cm3 s−1. (2)

A more accurate determination of 〈σv〉 must rely on
a numerical solution of the Boltzmann equation in an
expanding universe, taking into account the full temper-
ature dependence of the annihilation rate, including the
possibilities of resonances and coannihilations into other,
nearly degenerate dark sector particles (e.g., [67, 68]). It is
a remarkable coincidence that this value of 〈σv〉 is close
to what one expects for a cross section set by the weak
interaction. This is the so-called “WIMP miracle”, and it
is the main motivation for considering weakly interacting
massive particles (WIMPs) as prime DM candidates.

The Standard Model of particle physics actually provides
one class of WIMPs, massive neutrinos. Although neutrinos
thus constitute a form of DM, they cannot make up the
bulk of it, since their small mass,

∑
mν < 0.63 eV [66],

implies a cosmological mass density of only ων = 7.1× 10−3.
Since the standard neutrino is a hot dark matter particle,
increasing its contribution to the total matter density would
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,μ+μ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of
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the relativistic electrons with magnetic fields (synchrotron
radiation), with interstellar material (bremsstrahlung), and
with the CMB and stellar radiation fields (inverse Compton
scattering). In the following we will focus on the γ-rays,
since they are likely the strongest signal from Galactic DM
substructure. γ-rays are produced in DM annihilations in
three ways (see accompanying Figure 1).

(i) Since the DM particle is neutral, there is no direct
coupling to photons. Nevertheless, copious amounts
of secondary γ-ray photons can be produced through
the decay of neutral pions, π0 → γγ, arising
in the hadronization of the primary annihilation
products. Since the DM particles are non-relativistic,
their annihilation results in a pair of monoenergetic
particles with energy equal to mχ , which fragment
and decay into π-meson dominated “jets”. In this way
a single DM annihilation event can produce several
tens of γ-ray photons. The result is a broad spectrum
with a cutoff around mχ .

(ii) An important additional contribution at high
energies (E � mχ) arises from the internal
bremsstrahlung process [69], which may occur with
any charged annihilation product. One can distin-
guish between final state radiation, in which the
photon is radiated from an external leg, and virtual
internal bremsstrahlung, arising from the exchange
of a charged virtual particle. Note that neither of
these processes requires an external electromagnetic
field (hence the name internal bremsstrahlung). The
resulting γ-ray spectrum is peaked towards E ∼ mχ

and exhibits a sharp cutoff. Although it is suppressed
by one factor of the coupling α compared to pion
decays, it can produce a distinctive spectral feature
at high energies. This could aide the confirmation of
a DM annihilation nature of any source and might
allow a direct determination of mχ .

(iii) Lastly, it is possible for DM particles to directly
produce γ-ray photons, but one has to go to loop-
level to find contributing Feynman diagrams, and
hence this flux is typically strongly suppressed by
two factors of α (although exceptions exist [70]).
On the other hand, the resulting photons would be
monochromatic, and a detection of such a line signal
would provide strong evidence of a DM annihilation
origin of any signal. While annihilations directly into
two photons, χχ → γγ, would produce a narrow
line at E = mχ , in some models it is also possible
to annihilate into a photon and a Z boson, χχ →
γZ, and this process would result in a somewhat
broadened (due to the mass of the Z) line at E ∼
mχ(1−m2

Z/4m
2
χ).

The relative importance of these three γ-ray production
channels and the resulting spectrum dNγ/dE depend on the
details of the DM particle model under consideration. For
any given model, realistic γ-ray spectra can be calculated
using sophisticated and publicly available computer pro-
grams, such as the PYTHIA Monte-Carlo event generator

[71], which is also contained in the popular DarkSUSY
package [72].

3. Dark Matter Substructure as Discrete
γ-Ray Sources

DM subhalos as individual discrete γ-ray sources hold great
potential for providing a “smoking gun” signature of DM
annihilation [32, 54, 54, 73–83]. Compared to diffuse γ-ray
annihilation signals, these discrete sources should be easier to
distinguish from astrophysical backgrounds and foregrounds
[84], since (a) typical astrophysical sources of high energy γ-
rays, such as pulsars and supernova remnants, are very rare
in dwarf galaxies, owing to their predominantly old stellar
populations, (b) the DM annihilation flux should be time-
independent, (c) angularly extended, and (d) not exhibit any
(or only very weak) low energy emission due to the absence
of strong magnetic fields or stellar radiation fields. (Inverse
Compton radiation from scattering off the CMB, however,
may be present.)

We can distinguish between DM subhalos hosting a
Milky Way dwarf satellite galaxy and dark clumps that, for
whatever reason, do not host a luminous stellar population,
or one that is too faint to have been detected up to now.
Before we go on to discuss the prospects of detecting a DM
annihilation signal from these two classes of sources, we
review the basic properties of DM subhalos common to both.

Numerical simulations have shown that pure DM
(sub)halos have density profiles that are well described by
a Navarro, Frenk & White (NFW) [85] profile over a wide
range of masses [86, 87],

ρNFW(r) = 4ρs
(r/rs)(1 + r/rs)

2 . (3)

The parameter rs indicates the radius at which the logarith-
mic slope γ(r) ≡ d ln ρ/d ln r = −2, and ρ(rs) = ρs. The
very highest resolution simulations have recently provided
some indications of a flattening of the density profile in the
innermost regions [15, 88]. In this case a so-called Einasto
profile may provide a better overall fit,

ρEinasto(r) = ρs exp
[
− 2
α

((
r

rs

)α
− 1
)]

. (4)

Here the additional parameter α governs how fast the profile
rolls over, and has been found to have a value of α ≈ 0.17 ±
0.03 in numerical simulations [88]. Note that the two density
profiles actually do not differ very much until r � rs (cf.
Figure 2(a)). Simulated DM halos are of course not perfectly
spherically symmetric, and instead typically exhibit prolate
or triaxial isodensity contours that become more elongated
towards the center [89]. The degree of prolateness decreases
with mass, and galactic subhalos have axis ratios of �0.7
[90].

The “virial” radius Rvir of a halo is defined as the radius
enclosing a mean density equal to Δvirρ0, where Δvir ≈ 389
(from a spherical collapse calculation [91]) and ρ0 is the
mean density of the universe. The corresponding virial mass
Mvir is the mass within Rvir, and a halo’s concentration
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Figure 2: A comparison of NFW and Einasto (α = 0.17) radial
profiles of density (top, dark lines, left axis), circular velocity (top,
light lines, right axis), enclosed annihilation luminosity (bottom,
dark lines, left axis), enclosed mass (bottom, light lines, right axis).
The density profiles have been normalized to have the same Vmax

and rVmax.

can then be defined as c = Rvir/rs. While these quantities
are well defined for isolated halos and commonly used in
analytic models, they are somewhat less applicable to galactic
subhalos, since the outer radius of a subhalo is set by tidal
truncation, which depends on the subhalo’s location within
its host halo. Furthermore, in numerical simulations it is
difficult to resolve rs in low mass subhalos. For this reason
we prefer to work with Vmax, the maximum of the circular
velocity curve Vc(r)2 = GM(< r)/r and a proxy for a
subhalo’s mass, and rVmax, the radius at which Vmax occurs.
These quantities are much more robustly determined for
subhalos in numerical simulations than (M, c). Note that
even (Vmax, rVmax) can be affected by tidal interactions with
the host halo, especially for subhalos close to the host halo
center. For this reason we also sometimes consider Vpeak, the
largest value of Vmax that a subhalo ever acquired during its
lifetime (i.e., before tidal stripping began to lower its Vmax)
and rVpeak, the corresponding radius.

Since DM annihilation is a two body process, its rate
is proportional to the square of the local density, and the

annihilation “luminosity” is given by the volume integral of
ρ(r)2,

L(< r) ≡
∫ r

0
ρ2dV. (5)

L has dimensions of (mass)2 (length)−3, and we express it
in units of M2

� pc−3. In order to convert to a conventional
luminosity, one must multiply by a particle physics term,

L = c2 〈σv〉
mχ

L, (6)

where c is the speed of light, mχ the mass of the DM
particle and 〈σv〉 the thermally averaged velocity-weighted
annihilation cross section discussed in the previous section.
This is the total luminosity, but we are interested here only in
the fraction emitted as γ-rays. Furthermore, a given detector
is only sensitive to γ-rays above a threshold energy of Eth and
below a maximum energy of Emax. In that case the effective
γ-ray luminosity is

Leff
γ =

[
〈σv〉
2m2

χ

∫ Emax

Eth

E
dNγ

dE
dE

]
L, (7)

where dNγ/dE is the spectrum of γ-ray photons produced in
a single annihilation event.

A comparison of the enclosed luminosity and mass
profiles is shown in the bottom panel of Figure 2. Clearly,
L is much more centrally concentrated than M:∼90% of the
total luminosity is produced within rs, compared with only
10% of the total mass. In terms of (Vmax, rVmax), the total
luminosity of a halo is given by

L = f
V 4

max

G2rVmax
, (8)

where f is an O(1) numerical factor that depends on the
shape of the density profile; for an NFW profile f = 1.227,
and for an α = 0.17 Einasto profile f = 1.735. In physical
units, the total annihilation luminosity is

L = 1.1

1.5
× 107 M2

� pc−3
(

Vmax

20 km s−1

)4
(
rVmax

1 kpc

)−1

, (9)

for NFW (top) and α = 0.17 Einasto (bottom). Note that
even though the slope of the Einasto profile is shallower than
NFW in the very center, the total luminosity exceeds that of
an NFW halo with the same (Vmax, rVmax). This is due to the
fact that the Einasto profile rolls over less rapidly than the
NFW profile, and actually has slightly higher density than
NFW between rs and a cross-over point at ∼10−3rs.

4. Milky Way Dwarf Spheroidal Galaxies

There are several advantages of known dwarf satellite
galaxies as DM annihilation sources: firstly, the kinematics
of individual stars imply mass-to-light ratios of up to several
hundred [92–95], and hence there is an a priori expectation
of high DM densities; secondly, since we know their location
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in the sky, it is possible to directly target them with sensitive
atmospheric Cerenkov telescopes (ACT) such as H.E.S.S.,
VERITAS, MAGIC, and STACEE, whose small field of view
makes blind searches impractical; lastly, our approximate
knowledge of the distances to many dwarf satellites would
allow a determination of the absolute annihilation rate,
which may lead to a direct constraint on the annihilation
cross section, if the DM particle mass can be independently
measured (from the shape of the spectrum, e.g.).

Recent observational progress utilizing the Sloan Digital
Sky Survey (SDSS) has more than doubled the number of
known dwarf spheroidal (dSph) satellite galaxies orbiting the
Milky Way [4–12], raising the total from the 9 “classical”
ones to 23. Many of the newly discovered satellites are
so-called “ultra-faint” dSph’s, with luminosities as low as
1, 000L� and only tens to hundreds of spectroscopically
confirmed member stars. Simply accounting for the SDSS
sky coverage (about 20%), the total number of luminous
Milky Way satellites can be estimated to be at least 70.
Taking into account the SDSS detection limits [96] and a
radial distribution of DM subhalos motivated by numerical
simulations, this estimate can grow to several hundreds of
satellite galaxies in total [97, 98].

In order to assess the strength of the DM annihila-
tion signal from these dSph’s, it is necessary to have an
estimate of the total dynamical mass, or at least Vmax, of
the DM halo hosting the galaxies. Owing to the extreme
faintness of these objects and their lack of a detectable
gaseous component [99], it has been very difficult to obtain
kinematic information that allows for such measurements.
Progress has been made through spectroscopic observations
of individual member stars, whose line-of-sight velocity
dispersions have confirmed that these objects are in fact
strongly DM dominated [92–95]. Such data best constrain
the enclosed dynamical mass within the stellar extent, which
on average is about 0.3 kpc for current data sets. A recent
analysis has determined M0.3 ≡ M(< 0.3 kpc) for 18 of the
Milky Way dSph’s, and found that, surprisingly, they all have
M0.3 ≈ 107 M� to within a factor of two [33]. At present
the physical meaning of this mass scale is unclear, but it may
provide a clue to the nature of the baryonic processes that
govern dwarf galaxy formation.

State-of-the-art cosmological numerical simulations of
the formation of the DM halo of a Milky Way scale
galaxy, such as those of the Via Lactea Project [13, 80] and
the Aquarius Project [14], have now reached an adequate
mass and force resolution to directly determine M0.3 in
their simulated subhalos. This makes it possible to infer
the most likely values of (Vmax, rVmax) for a Milky Way
dSph of a given M0.3 and Galacto-centric distance D, by
identifying all simulated subhalos with comparable M0.3 and
D and averaging over their (Vmax, rVmax). This analysis was
performed for the 9 “classical” dwarfs using the Via Lactea
I simulation [22], and we extend it here to all 18 dwarfs
published in [33] and with the more recent and higher
resolution Via Lactea II (VL2) simulation.

For each of the Milky Way dSph’s studied in [33]
we created a list of all VL2 subhalos with numerically
determined M0.3 within the published 1 − σ error bars

and distances within 40% of the measured distance of the
given dSph. The distances were calculated for 100 random
observer locations 8kpc from the host halo center. We
then determined the median value and the 16th and 84th
percentiles of (Vmax, rVmax) and (Vpeak, rVpeak) of the subhalos
associated with each dSph. These values are given in Table 1.
The median values of Vmax range from 5.0 km s−1 (Leo IV)
to 19 km s−1 (Draco, Leo I), and of Vpeak from 6.7 km s−1

(Leo IV) to 30 km s−1 (Ursa Minor, Carina). Note that, as
expected, dSph’s closer to the Galactic Center typically show
a larger reduction from Vpeak to Vmax, sometimes by more
than a factor of 2.

In the same fashion, we then determine the most likely
annihilation luminosities for the 18 dSph’s by using (9) for an
NFW profile to calculate the total luminosity Ltot for every
simulated subhalo. Additionally, we also determine L0.3,
the luminosity within 0.3 kpc from the center, motivated
by the fact that we only have dynamical evidence for a
DM dominated potential out to this radius. Lastly we also
consider two measures of the brightness of each halo: Ftot =
Ltot/4πD2, the total expected flux from the dSph, and Fc,
the flux from a central region subtending 0.15◦, which is
comparable to the angular resolution of Fermi above 3 GeV.
Fc thus corresponds to the brightest “pixel” in a Fermi γ-ray
image of a subhalo. These numbers are given in Table 2.

4.1. Current Observational Constraints. Several ACT have
performed observations of a handful of dSph’s.

(i) The H.E.S.S. array (consisting of four 107 m2 tele-
scopes with a 5◦ field of view and an energy threshold
of 160 GeV [100]) has obtained an 11 hour exposure
of the Sagittarius dwarf galaxy. No γ-ray signal
was detected, resulting in a flux limit of 3.6 ×
10−12 cm−2 s−1 (95% confidence) at E > 250 GeV,
and a corresponding limit on the cross section of
〈σv〉 � 10−23 cm3 s−1 for an NFW profile and 〈σv〉 �
2 × 10−25 cm3 s−1 for a cored profile (for a mχ =
100 GeV−1 TeV higgsino-type neutralino) [46]. Note
that the Sagittarius dwarf is undergoing a strong tidal
interaction with the Milky Way galaxy [101], and no
confident determination of M0.3 has been possible.

(ii) The VERITAS array (consisting of four 144 m2

telescopes with a 3.5◦ field of view and an energy
threshold of 100 GeV [102]) has conducted a 15
hours observation of Willman 1 and 20 hour obser-
vations each of Draco and Ursa Minor [47]. No γ-
ray signal was detected at a flux limit of ∼1% of
the flux from the Crab Nebula, corresponding to a
limit of 2.4 × 10−12 cm−2 s−1 (95% confidence) at
E > 200 GeV [103].

(iii) Additionally the MAGIC [48, 49] and STACEE [50]
telescopes have reported observations of Willman 1
and Draco, resulting in comparable or slightly higher
flux limits.

To convert the values of Fc in Table 2 into physical fluxes
that can directly be compared to these observational limits,
it would be necessary to obtain values of the particle
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Table 1: The properties of likely DM subhalos of the 18 Milky Way dSph galaxies for which M0.3 values (column 3) have been published
[33]. Vmax and rVmax are the maximum circular velocity and its radius, Vpeak and rVpeak the largest Vmax a subhalo ever acquired and its
corresponding radius. The first number is the median over all Via Lactea II subhalos matching the dSph’s distance and M0.3, the numbers in
parentheses the 16th and 84th percentiles (see text for details).

Name
D M0.3 Vmax rVmax Vpeak rVpeak

[kpc] [107 M�] [km s−1] [kpc] [km s−1] [kpc]

Segue 1 23 1.58+3.30
−1.11 10

( 17

8.4

)
0.43

( 0.89

0.29

)
26
( 55

13

)
2.4

( 33

1.4

)

Ursa Major II 32 1.09+0.89
−0.44 13

( 17

11

)
0.59

( 0.89

0.31

)
27
( 33

17

)
3.3

( 14

2.4

)

Wilman 1 38 0.77+0.89
−0.42 8.3

( 11

7.5

)
0.38

( 0.62

0.29

)
15
( 27

10

)
2.0

( 3.9

0.90

)

Coma Berenices 44 0.72+0.36
−0.28 9.1

( 12

8.2

)
0.42

( 0.62

0.31

)
15
( 25

11

)
1.9

( 3.4

0.97

)

Ursa Minor 66 1.79+0.37
−0.59 18

( 21

15

)
0.81

( 1.8

0.61

)
30
( 56

21

)
3.8

( 9.7

2.8

)

Draco 80 1.87+0.20
−0.29 19

( 22

17

)
0.86

( 2.4

0.81

)
28
( 37

26

)
3.8

( 32

2.4

)

Sculptor 80 1.20+0.11
−0.37 13

( 15

12

)
0.64

( 1.0

0.54

)
20
( 25

16

)
2.9

( 5.6

1.6

)

Sextans 86 0.57+0.45
−0.14 9.7

( 12

8.5

)
0.52

( 0.89

0.37

)
14
( 19

11

)
1.6

( 3.0

0.97

)

Carina 101 1.57+0.19
−0.10 17

( 22

16

)
1.00

( 2.3

0.69

)
30
( 42

24

)
3.8

( 32

3.3

)

Ursa Major I 106 1.10+0.70
−0.29 14

( 17

13

)
0.84

( 1.3

0.61

)
20
( 30

16

)
3.2

( 6.8

1.6

)

Fornax 138 1.14+0.09
−0.12 15

( 16

14

)
1.1

( 1.3

0.64

)
20
( 24

18

)
3.0

( 6.1

1.9

)

Hercules 138 0.72+0.51
−0.21 11

( 14

9.4

)
0.69

( 1.1

0.45

)
14
( 20

12

)
1.9

( 3.8

1.2

)

Canes Venatici II 151 0.70+0.53
−0.25 11

( 13

8.9

)
0.67

( 1.1

0.44

)
14
( 19

11

)
1.8

( 3.7

1.1

)

Leo IV 158 0.39+0.50
−0.29 5.0

( 7.2

4.2

)
0.35

( 0.57

0.22

)
6.7

( 10

5.0

)
0.84

( 1.7

0.48

)

Leo II 205 1.43+0.23
−0.15 18

( 21

16

)
1.5

( 2.1

0.93

)
24
( 28

19

)
4.1

( 8.2

2.4

)

Canes Venatici I 224 1.40+0.18
−0.19 18

( 20

16

)
1.5

( 2.1

1.0

)
22
( 29

18

)
2.9

( 6.1

2.1

)

Leo I 250 1.45+0.27
−0.20 19

( 21

17

)
1.7

( 3.1

1.1

)
25
( 27

19

)
2.9

( 6.3

2.1

)

Leo T 417 1.30+0.88
−0.42 16

( 21

13

)
1.2

( 2.4

0.85

)
19
( 26

17

)
2.4

( 6.1

1.6

)

physics term of (7) by performing a scan of the DM model
parameter space. This is beyond the scope of this work, but
a similar analysis has been performed by others [83, 103–
106]. Current ACT observations of dSph’s are beginning to
directly constrain DM models, and future longer exposure
time observations of additional dSph’s (in particular Segue 1
and Ursa Major II) with a lower threshold energy hold great
potential. We also eagerly await the first Fermi data on fluxes
from the known dSph galaxies.

5. Dark Clumps

An annihilation signal from dark clumps not associated
with any known luminous stellar counterpart would provide
evidence for one of the fundamental implications of the
CDM paradigm of structure formation: abundant Galactic
substructure. Barring a serendipitous discovery with an ACT,

the discovery of such a source will have to rely on all-sky
surveys, such as provided by Fermi. Of course even a weak
and tentative identification of a dark clump with Fermi could
be followed up with an ACT.

Unlike for known dSph galaxies, for which we at least
have some astronomical observations to guide us, we must
rely entirely upon numerical simulations to quantify the
prospects of detecting the annihilation signal from dark
clumps. Recent significant progress [107] notwithstanding, it
is at present not yet possible to perform realistic cosmological
hydrodynamic galaxy-formation simulations, which include,
in addition to the DM dynamics, all the relevant baryonic
physics of gas cooling, star formation, supernova and AGN
feedback, and so forth. that may have a significant impact
on the DM distribution at the centers of massive halos.
Instead we make use of the extremely high resolution,
purely collisionless DM-only Via Lactea II (VL2) simulation
[13], which provides an exquisite view of the clumpiness
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Table 2: Estimated luminosities and fluxes for the 18 dSph from Table 1. Ltot is the total luminosity and L0.3 the luminosity from within
the central 0.3 kpc. Ftot = Ltot/4πD2 is the total flux and Fc the flux from a central region subtending 0.15◦ (about the angular resolution of
Fermi above 3 GeV). The first number is the median over all subhalos matching the dSph distance and M0.3, the numbers in parentheses are
the 16th and 84th percentiles. The table is ordered by decreasing Ftot.

Name
D Ltot L0.3 Ftot Fc

[kpc] [106 M2
� pc−3] [106 M2

� pc−3] [10−5 M2
� pc−5] [10−5 M2

� pc−5]

Segue 1 23 2.8
( 7.2

0.93

)
2.5

( 6.1

0.89

)
41
( 110

14

)
12
( 34

5.6

)

Ursa Major II 32 3.5
( 7.2

2.8

)
3.1

( 6.1

2.5

)
28
( 56

21

)
9.5

( 18

7.7

)

Ursa Minor 66 6.2
( 9.4

5.1

)
4.7

( 7.3

3.1

)
11
( 17

9.3

)
5.2

( 8.4

2.5

)

Draco 80 7.0
( 9.9

6.0

)
5.6

( 8.2

3.1

)
8.8

( 12

7.4

)
4.3

( 6.4

1.7

)

Carina 101 7.0
( 9.4

4.8

)
5.6

( 7.3

3.5

)
5.5

( 7.3

3.7

)
3.1

( 3.8

1.6

)

Wilman 1 38 0.88
( 2.9

0.55

)
0.85

( 2.7

0.53

)
4.9

( 16

3.0

)
2.6

( 6.4

1.5

)

Coma Berenices 44 1.2
( 2.8

0.78

)
1.1

( 2.5

0.70

)
4.8

( 11

3.2

)
2.5

( 5.1

1.6

)

Sculptor 80 2.9
( 3.7

2.3

)
2.5

( 3.3

2.0

)
3.7

( 4.6

2.8

)
2.0

( 2.8

1.6

)

Ursa Major I 106 3.3
( 5.4

2.3

)
2.5

( 4.5

1.9

)
2.3

( 3.8

1.6

)
1.3

( 2.4

0.91

)

Fornax 138 3.5
( 4.4

3.0

)
2.9

( 3.3

2.3

)
1.4

( 1.8

1.3

)
1.00

( 1.2

0.74

)

Sextans 86 1.2
( 2.0

0.77

)
1.1

( 1.8

0.69

)
1.3

( 2.1

0.83

)
0.86

( 1.4

0.55

)

Leo II 205 4.6
( 6.5

3.8

)
3.1

( 4.7

2.1

)
0.88

( 1.2

0.73

)
0.55

( 0.85

0.37

)

Canes Venatici I 224 4.6
( 7.9

3.8

)
3.1

( 5.0

2.3

)
0.73

( 1.3

0.60

)
0.48

( 0.79

0.35

)

Leo I 250 5.2
( 7.9

3.9

)
3.2

( 5.4

2.3

)
0.66

( 1.0

0.50

)
0.41

( 0.73

0.31

)

Hercules 138 1.4
( 2.6

0.94

)
1.2

( 2.2

0.80

)
0.57

( 1.1

0.39

)
0.42

( 0.74

0.28

)

Canes Venatici II 151 1.2
( 2.5

0.79

)
1.1

( 2.0

0.68

)
0.44

( 0.88

0.27

)
0.33

( 0.59

0.21

)

Leo T 417 3.5
( 8.2

2.4

)
2.2

( 4.1

1.7

)
0.16

( 0.38

0.11

)
0.12

( 0.24

0.093

)

Leo IV 158 0.14
( 0.43

0.063

)
0.13

( 0.39

0.060

)
0.043

( 0.14

0.020

)
0.039

( 0.12

0.018

)

of the Galactic DM distribution, but at the expense of not
capturing all the relevant physics at the baryon-dominated
Galactic center. For the abundance, distribution, and internal
properties of the DM subhalos that are the focus of this work,
the neglect of baryonic physics is less of a problem, since they
are too small to allow for much gas cooling and significant
baryonic effects (this is supported by the high mass-to-light
ratios observed in the Milky Way dSph’s), although tidal
interactions with the Galactic stellar and gaseous disk might
significantly affect the population of nearby subhalos.

With a particle mass of 4, 100 M� and a force softening
of 40 pc, the VL2 simulation resolves over 50,000 subhalos
today within the host’s r200 = 402 kpc (the radius enclosing
an average density 200 times the mean matter value).
Above ∼200 particles per halo, the differential subhalo mass
function is well-fit by a single power law, dN/dM ∼ M−1.9,
and the cumulative Vmax function is N(> Vmax) ∼ V−3

max

[13]. The radial distribution of subhalos is “antibiased” with
respect to the host halo’s density profile, meaning that the
mass distribution becomes less clumpy as one approaches the
host’s center [13, 90]. Similar results have been obtained by
the Aquarius group [14, 88]. Typical subhalo concentrations,
defined as ΔV = 〈ρ(< rVmax)〉/ρcrit, grow towards the center,
owing to a combination of earlier formation times [108,
109] and stronger tidal stripping of central subhalos: VL2
subhalos on average have a 60 times higher ΔV at 8 kpc
than at 400 kpc [13]. Note that this also implies ∼7 times
higher annihilation luminosities for central subhalos, since
L ∼ V 4

max/rVmax ∼ V 3
max

√
ΔV . The counter-acting trends

of decreasing relative abundance of subhalos and increasing
annihilation luminosity towards the center makes it more
difficult for (semi-)analytical methods to accurately assess
the role of subhalos in the Galactic annihilation signal,
and motivate future, even higher resolution, numerical
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Figure 3: The annihilation flux Ftot from subhalos in the Via Lactea II simulation versus their M0.3, Vmax, and Vpeak. The gray shaded
areas indicate regions containing subhalos with Ftot as least as high as the fifth-brightest Milky Way dSph galaxy (Carina), but with M0.3 <
5 × 106 M�, Vmax < 8 km s−1, and Vpeak < 14 km s−1, that is, probable dark clumps. Only one of the 100 random observer locations used in
the analysis is shown here. The number Ndark in the top left refers to the number of “dark clumps” for this particular observer location.

simulations of the formation and evolution of Galactic DM
(sub-)structure. A direct analysis of the VL2 simulations in
terms of the detectability with Fermi of individual subhalos
was performed by [82]. They found that for reasonable
particle physics parameters a handful of subhalos should be
able to outshine the astrophysical backgrounds and would be
detected at more than 5σ significance over the lifetime of the
Fermi mission.

As discussed in the previous section, we have directly
calculated the annihilation luminosities for all VL2 subhalos
using (9) and assuming an NFW density profile. The
luminosities would be ∼40% higher if an Einasto (α =
0.17) profile had been adopted instead. We then converted
these luminosities to fluxes by dividing by 4πD2, where
the distances D were determined for 100 randomly chosen
observer locations 8 kpc from the host halo center. The
resulting values of Ftot are plotted in Figure 3, for just one
of the 100 observer positions, as a function of the subhalos’
M0.3, Vmax, and Vpeak. Although the distributions show quite
a bit of scatter, in all three cases a clear trend is apparent
of more massive subhalos having higher fluxes. This trend
could simply be the result of the higher luminosities of
more massive halos, but one might have expected smaller
mass subhalos to be brighter, since their greater abundance
should result in lower typical distances and hence higher
fluxes. This latter effect could be artificially suppressed in
the numerical simulations, if smaller mass subhalos, whose
dense centers are not as well resolved, were more easily tidally
disrupted closer to the Galactic Center, or if the subhalo
finding algorithm had trouble identifying low mass halos in
the high background density central region. In Figure 4 we
plot the subhalos’ Vmax against their distance to the host
halo center D̂. There appears to be a dearth of the lowest
Vmax subhalos (Vmax � 2 km s−1) at small distances, but at
the moment it is not clear whether this suppression is a real
effect or a numerical artifact. It is also worth noting that such
small subhalos might be more susceptible to disruption by
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m
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)

10 100
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Figure 4: VL2 subhalo Vmax versus distance to host halo D̂.

interactions with the Milky Way’s stellar and gaseous disk. At
any rate, we can obtain an analytic estimate of the scaling
of the typical subhalo flux with Vmax by noting that the
luminosity scales as L ∼ V 3

max

√
ΔV and the typical distance

as D ∼ n−1/3 ∼ V 4/3
max (since dn/dVmax ∼ V−4

max). The typical

flux should thus scale as F ∼ L/D2 ∼ V 1/3
max

√
ΔV , and would

be higher for more massive subhalos at a fixed ΔV . Actually
lower Vmax subhalos might be expected to have higher ΔV

due to their earlier formation times, but it remains to be seen
to what degree this expectation is borne out in numerical
simulations.

The points in Figure 3 can be directly compared with the
values for the known Milky Way dSph’s in Tables 1 and 2:



10 Advances in Astronomy

1

10

102

103

N
(>

F
to

t)
,N

(>
F
c)

0.1 1 10 102

F (10−5M2� pc−5)

Ftot

Fc

(a)

0

0.2

0.4

0.6

0.8

1

f d
ar

k
(>

F
to

t)

0.1 1 10 102

F (10−5M2� pc−5)

M0.3

Vmax

Vpeak

(b)

Figure 5: (a) The cumulative number of subhalos with flux
exceeding Ftot, Fc. (b) The fraction of dark clumps, that is, subhalos
likely not hosting any stars and defined by M0.3 < 5 × 106 M�,
Vmax < 8 km s−1, or Vpeak < 14 km s−1, as a function of limiting
flux Ftot. These distributions are averages over 100 randomly chosen
observer locations 8 kpc from the host halo center.

it appears that there are many DM subhalos at least as
bright as the known Milky Way dSph’s. This impression is
confirmed by the top panel of Figure 5, in which we show
the cumulative number of subhalos with fluxes greater than
Ftot and Fc. These distributions were obtained by averaging
over 100 randomly chosen observer locations 8 kpc from the
host halo center. The mean number of DM subhalos with Ftot

greater than that of (Carina, Draco, Ursa Minor, Ursa Major,
Segue 1) is (90+4

−5, 54+3
−3, 43+3

−3, 17+1
−1, 13+1

−1) where the sub- and
superscripts refer to the 16th and 84th percentile. The corre-
sponding numbers for Fc are (96+4

−6, 62+5
−4, 49+3

−2, 24+2
−3, 19+3

−3).
This demonstrates that if a DM annihilation signal from

any of the known Milky Way dSph’s is detected, then many
more DM subhalos should be visible. The plot also implies
that Segue 1, the dSph with the highest Ftot and Fc of the
currently known sample, is unlikely to be the brightest DM
subhalo in the sky. Of course some of these additional bright
sources could very well have stellar counterparts that have
simply been missed so far, due to the limited sky coverage
of current surveys or insufficiently deep exposures. To assess
what fraction of high flux sources are likely to be genuinely
dark clumps without any stars, we split the sample by a
limiting value of M0.3 = 5 × 106 M�, Vmax = 8 km s−1,
and Vpeak = 14 km s−1. We assume that DM subhalos below
these limits are too small to have been able to form any
stars, and hence are truly dark clumps. Of the known dSph’s
listed in Table 1 only Leo IV falls below these limits. In the
bottom panel of Figure 5 we plot fdark(> Ftot), the fraction
of subhalos without stars, as a function of the limiting
annihilation flux Ftot. fdark falls monotonically with Ftot,
which makes sense given that higher flux sources are typically
more massive and hence more likely to host stars. Between
30% and 40% of all DM subhalos brighter than Carina are
expected to be dark clumps. This fraction drops to 10% for
subhalos brighter than Segue 1.

5.1. Boost Factor? The analysis presented here so far has
been limited to known dSph galaxies and clumps resolved
in the VL2 simulation, whose resolution limit is set by the
available computational resources, and has nothing to do
with fundamental physics. Indeed, the CDM expectation is
that the clumpiness should continue all the way down to
the cutoff in the matter power spectrum, set by collisional
damping and free streaming in the early universe Green2005,
Loeb2005. For typical WIMP DM, this cutoff occurs at
masses of m0 = 10−12 to 10−4 M� [27, 28], some 10 to
20 orders of magnitude below VL2’s mass resolution. Since
the annihilation rate goes as ρ2 and 〈ρ2〉 > 〈ρ〉2, this sub-
resolution clumpiness will lead to an enhancement of the
total luminosity compared to the smooth mass distribution
in the simulation.

The magnitude of this so-called substructure boost factor
depends sensitively on the properties of subhalos below the
simulation’s resolution limit, in particular on the behavior
of the concentration-mass relation. A simple power law
extrapolation of the contribution of simulated subhalos to
the total luminosity of the host halo leads to boosts on order
of a a few hundred [55]. More sophisticated (semi-)analytical
models, accounting for different possible continuations of
the concentration-mass relation to lower masses, typically
find smaller boosts of around a few tens [81, 82, 105, 110].

More importantly, this boost refers to the enhancement
of the total annihilation luminosity of a subhalo, but this
is not likely the quantity most relevant for detection.
At the distances where subhalos might be detectable as
individual sources, their projected size exceeds the angular
resolution of today’s detectors. The surface brightness profile
from annihilations in the smooth DM component would
be strongly peaked towards the center (yet probably still
resolved by Fermi [82]), owing to the ρ(r)2 dependence



Advances in Astronomy 11

of the annihilation rate. The luminosity contribution from
a subhalo’s sub-substructure population (i.e., its boost),
however, is much less centrally concentrated: at best it follows
the subhalo mass density profile ρ(r), although it might very
well even be antibiased. This implies that substructure would
preferentially boost the outer regions of a subhalo, where
the surface brightness typically remains below the level of
astrophysical backgrounds and hence does not contribute
much to the detection significance. In other words, the boost
factor might apply to Ftot, but much less (or not at all) to
Fc; yet it is Fc that is likely to determine whether a given
subhalo can be detected with Fermi or an ACT. It thus seems
unlikely that the detectability of Galactic subhalos would be
significantly enhanced by their own substructure. (This is in
contrast to many previous claims in the literature, including
some by the present author (e.g., [82]). A re-analysis of
that work (in progress) with an improved treatment of the
angular dependence of the substructure boost, indeed finds
that the boost only weakly increases the number of detectable
subhalos.) On the other hand, a substructure boost could be
very important for diffuse DM annihilation signals, either
from extragalactic sources, where the boost would simply
increase the overall amplitude [111], or from Galactic DM,
where the boost could affect the amplitude and angular
profile of the signal, as well as the power spectrum of its
anisotropies [51–53, 55, 81, 82].

Note also that local substructure boost factors of up
to several hundreds, which have been invoked to explain
the PAMELA satellite’s measurement of an anomalously
rising positron fraction at energies above 10 GeV as a DM
annihilation signal, appear to be inconsistent with the results
from high resolution numerical simulations like VL2 and
Aquarius.

6. Summary and Conclusions

In this work we have reviewed the DM annihilation signal
from Galactic subhalos. After going over the basics of the
annihilation process with a focus on the resulting γ-ray
output, we summarized the properties of DM subhalos
relevant for estimating their annihilation luminosity. In
the remainder of the paper we used the Via Lactea II
simulation to assess the strength of the annihilation flux
from both known Galactic dSph galaxies as well as from
dark clumps not hosting any stars. By matching the distances
D and central masses M0.3 of simulated subhalos to the
corresponding published values of 18 known dSph’s, we were
able to infer most probable values, and the 1-σ scatter around
them, for Vmax and rVmax, and hence for the annihilation
luminosity L and flux F of all dwarfs. According to this
analysis, the recently discovered dSph Segue 1 should be the
brightest of the known dSph’s, followed by Ursa Major II,
Ursa Minor, Draco, and Carina. Further, we showed that
if any of the known Galactic dSph’s are bright enough to
be detected, then at least 10 times more subhalos should
appear as visible sources. Some of these would be as-of-
yet undiscovered luminous dwarf galaxies, but a significant
fraction should correspond to dark clumps not hosting

any stars. The fraction of dark clump sources is 10% for
subhalos at least as bright as Segue 1 and grows to 40% for
subhalos brighter than Carina. Lastly, we briefly considered
the role that a substructure boost factor should play in the
detectability of individual Galactic dSph’s and other DM
subhalos. We argued that any boost is unlikely to strongly
increase their prospects for detection, since its shallower
angular dependence would preferentially boost the outer
regions of subhalos, which typically do not contribute much
to the detection significance.

Several caveats to these findings are in order. Probably the
most important of these is that our simulation completely
neglects the effects of baryons. Gas cooling, star formation,
and the associated feedback processes are unlikely to strongly
affect most subhalos, owing to their low masses. However,
tidal interactions with the baryonic components of the Milky
Way galaxy might do so. The Sagittarius dSph, for example,
is thought to be in the process of complete disruption from
tidal interactions with the Milky Way. A second caveat is
that our analysis is based on only one, albeit very high
resolution, numerical simulation, and so we cannot assess
the importance of cosmic variance, or the dependence on
cosmological parameters such as σ8 and ns. Other work has
found considerable halo-to-halo scatter [14, 112, 113], with
a factor of ∼2 variance in the total subhalo abundance, for
example.

These caveats motivate further study and future, higher
resolution numerical simulations, including the effects of
baryonic physics. The characterization of the Galactic DM
annihilation signal is of crucial importance in guiding
observational efforts to shed light on the nature of DM. We
are hopeful that in the next few years the promise of a DM
annihilation signal will come to fruition, and will help us to
unravel this puzzle.
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“Significant gamma lines from inert higgs dark matter,”
Physical Review Letters, vol. 99, no. 4, Article ID 041301, 4
pages, 2007.

[71] T. Sjöstrand, “High-energy-physics event generation with
PYTHIA 5.7 and JETSET 7.4,” Computer Physics Communi-
cations, vol. 82, no. 1, pp. 74–89, 1994.
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MOND is a phenomenological modification of Newton’s law of gravitation which reproduces the dynamics of galaxies, without the
need for additional dark matter. This paper reviews the basics of MOND and its application to dwarf galaxies. MOND is generally
successful at reproducing stellar velocity dispersions in the Milky Way’s classical dwarf ellipticals, for reasonable values of the stellar
mass-to-light ratio of the galaxies; two discrepantly high mass-to-light ratios may be explained by tidal effects. Recent observations
also show MOND describes tidal dwarf galaxies, which form in complex dynamical environments. The application of MOND to
galaxy clusters, where it fails to reproduce observed gas temperatures, is also reviewed. Relativistic theories containing MOND in
the non-relativistic limit have now been formulated; they all contain new dynamical fields, which may serve as additional sources
of gravitation that could reconcile cluster observations with MOND. Certain limits of these theories can also give the accelerating
expansion of the Universe. The standard dark matter cosmology boasts numerous manifest triumphs; however, alternatives should
also be pursued as long as outstanding observational issues remain unresolved, including the empirical successes of MOND on
galaxy scales and the phenomenology of dark energy.

1. Why MOND?

In 1983, Mordehai Milgrom published a set of three papers
in the Astrophysical Journal postulating a fundamental
modification of either Newton’s Law of Gravitation or
Newton’s Second Law [1–3]. This modification was designed
to explain the Tully-Fisher relation for spiral galaxies,
which relates luminosity to rotational velocity, without using
dark matter. Unlike many other proposed modifications of
gravity, Milgrom’s is not at a particular length or energy
scale, but rather at an acceleration scale a0 = 1.2 ×
10−10 m/s2. This is a very small acceleration, which makes any
laboratory-based probes nearly impossible; the consequences
of Milgrom’s modification manifest themselves only on
astronomical scales. In particular, Milgrom aimed to address
the phenomenology of dark matter: are the departures from
Newtonian gravitation we see in galaxies actually due to some
breakdown of Newton’s Law of Gravitation, rather than due
to the action of otherwise undetected dark matter obeying
the standard gravitational law?

For spiral galaxies, redshift measurements reveal how
rapidly stars and neutral hydrogen gas in the disk are rotating
around the center of the galaxy. It has been known since

the early 1970’s that the overwhelming majority of spiral
galaxies have flat rotation curves: the rotational velocity
v(R) at a radius R from the center of the galaxy becomes
independent of R past a certain radius. (A small fraction
of galaxies have rotation curves which are still increasing
with R at the largest-radius data point. Only a few exhibit
any significant decrease; see, [4] for an example.) This
behavior is impossible to reconcile with the Newtonian
gravitational field produced by the visible matter in the
galaxy. At large distances, beyond the majority of the galaxy’s
visible mass, the Newtonian gravitational field from the
visible matter begins to approximate the field from a point
mass, so that rotational velocities due to the visible matter
alone would drop like v(R) ∝ R−1/2, as with planetary
orbital velocities in the solar system. No known spiral
galaxy exhibits this behavior in its rotation curve, even
though many have rotation curves probed well beyond the
bulk of the visible matter via neutral hydrogen clouds. We
have only two possible logical explanations: either a large
amount of unseen dark matter is present to increase the
gravitational field over the Newtonian value, or Newton’s
Law of Gravitation does not hold on the scales of spiral
galaxies.
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From the beginning, dark matter was considered as
almost certainly the explanation for galaxy observations,
buttressed by candidate dark matter particles which arise
naturally in many extensions of the standard model of
particle physics, particularly in supersymmetry. The dark
matter hypothesis has been extremely successful at explain-
ing a wide range of cosmological observations, including
the growth of large-scale structure and gravitational lensing.
Many experimental groups are in hot pursuit of the direct
detection of dark matter particles, under the assumption
that they interact via the weak nuclear force. Large cos-
mological N-body simulations have converged on detailed
predictions for the distribution of dark matter on scales
ranging from superclusters down to dwarf galaxies, and a
large subfield of cosmology is devoted to figuring out the
relationship between the theoretical dark matter distribution
and the observed visible matter distribution, using a range
of observations, simulations, and models. Certainly dark
matter cosmology has been highly successful in explaining
a wide range of observations and in providing a compelling
theoretical framework for the standard cosmological model.

Is there a viable alternative? Milgrom considered the
following ad hoc modification to the Newtonian law for
gravitational force on a mass m due to another mass M at
a distance r:

F =
⎧⎨
⎩
maN , aN � a0,

m(aNa0)1/2, aN � a0,
(1)

where aN = GM/r2 is the usual Newtonian acceleration due
to gravity, and some smooth interpolating function between
the two limits is assumed. If the Newtonian gravitational
force on an object results in an acceleration greater than a0,
the Milgrom gravitational force is proportional to r−2, the
same as the Newtonian force, but if the Newtonian force
gives an acceleration smaller than a0, then the Milgrom
gravitational force is larger than the corresponding Newto-
nian force, dropping off like r−1. Remarkably, this simple
modification is highly successful at reproducing the rotation
curves of spiral galaxies from the visible matter distribution
alone, that is, without dark matter, under the assumption
that stars in disk galaxies follow circular orbits around the
center of the galaxy. Many rotation curves have been fit
this way; see, for example, [5–9]. Some galaxy rotation
curves are not fit by this formula, but these are generally
galaxies which visually appear to be out of dynamical
equilibrium or which possess strong bars or other features
departing from circular symmetry, and thus likely violate the
assumption that stars follow circular orbits. Milgrom dubbed
this force law modification MOND, for MOdified Newtonian
Dynamics. A large literature has developed about MOND.
This paper aims to give a brief introduction to the current
state of the topic with useful points of entry to the literature,
but is not a complete review of the literature or the science.

A cursory analysis of the force law in (1) reveals a
fundamental shortcoming: it does not conserve momentum
[10]. It is simple to construct a situation with two different
masses where the force of the small mass on the large mass
is not the same as the force of the large mass on the small

mass. Shortly after Milgrom’s original papers, Bekenstein and
Milgrom proposed a generalization of the Poisson equation,
instead of the Newtonian force law, which overcomes this
difficulty [11]:

∇ · [μ(|∇Φ|/a0)∇Φ] = 4πGρ, (2)

where Φ is the physical gravitational potential, ρ is the
baryonic mass density, and μ(x) is some smooth function
with the asymptotic forms μ ∼ x, x � 1 and μ ∼ 1,
x � 1. (The precise form of μ(x) makes little difference
in the resulting phenomenology; commonly μ(x) = x/(1 +
x2)1/2 is used. But see also [5], which claims that μ(x) =
x/(1 + x) gives a more realistic estimate for the visible disk
mass in high surface-brightness spirals.) Note that in the
regime where |∇Φ| � a0 this equation becomes the usual
Poisson equation. One particular feature of this equation
which differs from the usual Newtonian equation is that it
is not linear: the gravitational force on an object cannot
be obtained simply by adding the gravitational forces of all
objects acting on it. One implication is the external field
effect: a galaxy will behave according to the MOND force law
with the mass of the galaxy providing the source term only as
long as the internal accelerations in the galaxy are larger than
the local acceleration coming from the gravitational field of
external objects. This behavior was postulated in the original
Milgrom papers to explain why open star clusters within our
galaxy do not display MOND-like behavior, and to give a
consistent explanation of how to reconcile the MOND-like
behavior of different objects. The modified Poisson Equation
in (2) automatically incorporates this behavior, given an
arbitrary mass distribution.

Milgrom’s modified force law not only explains spiral
galaxy rotation curves, but also can explain a number
of other phenomenological successes. It predicts that the
amount of inferred dark matter in a bound system is not
a function of the size of the system, but rather of the
characteristic acceleration. This matches what we observe:
the solar system, globular clusters, and some elliptical
galaxies appear to have little or no dark matter, while dwarf
galaxies and large spirals have large amounts of dark matter.
But the characteristic acceleration scale of these systems
successfully sorts them by dark matter content. The Milgrom
force law also contains the observed Tully-Fisher Relation
(luminosity scaling like the fourth power of the asymptotic
rotation velocity) in spiral galaxies as a special case, implies
Freeman’s Law for spirals (upper limit on surface brightness),
and implies the Fish Law (constant surface brightness)
and the Faber-Jackson relation (luminosity scaling with the
fourth power of the velocity dispersion) in elliptical galaxies.
Milgrom also predicted that low surface brightness galaxies
should be dark matter dominated at all radii, which was later
confirmed. See [12] for an excellent review discussing the
range of MOND phenomenology.

What is the effectiveness of the Milgrom force law telling
us? In his original papers, Milgrom advocated that the
force law is the actual fundamental force law of nature,
suggesting that it either shows a modification of the law
of gravity in the weak gravity regime, or a modification
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of Newton’s second law connecting force and acceleration.
Despite observational successes, most physicists dismiss this
possibility. But regardless of its fundamental status, the
Milgrom force law can be viewed as an effective force law for
gravitation in galaxies: if dark matter is causing the excess
forces we observe, it must arrange itself in a way so that (1)
represents the total gravitational force due to the combined
visible and dark matter. It is not at all clear in the standard
cosmological model why this should be. (Unfortunately, the
immediate assertion in the original Milgrom papers that
(1) represents a fundamental modification of physics caused
many cosmologists to ignore the whole business. All cold
dark matter advocates should still have the Milgrom Relation
as part of their suite of known facts about galaxies, like
the Tully-Fisher Relation; requiring dark matter models to
reproduce this phenomenology might give interesting clues
about the nature of the dark matter or galaxy dynamics.)

2. MOND and Dwarf Galaxies

As dwarf galaxies (particularly dwarf spheroidals) exhibit the
largest discrepancies between visible matter and gravitational
field of any known bound systems, they are important labo-
ratories for testing both the dark matter and the modified
gravity hypotheses. On the other hand, local dwarfs are usu-
ally irregular or spheroidal, and thus do not present an easily-
measured rotation curve. Generally, redshift measurements
of individual stars in dwarf spheroidals give an estimate of
velocity dispersion as a function of the angular distance
from the dwarf center, along with the dwarf ’s overall line-
of-sight velocity. These measurements provide two possible
probes of MOND: are internal dynamics of dwarf galaxies
consistent with the MOND force law, and are the motions of
dwarf galaxies around their parent galaxies consistent with
the MOND force law? We briefly consider both questions
here.

2.1. Internal Dynamics of Dwarfs. MOND was originally
formulated to fit measured rotation curves of spiral galaxies.
Extrapolating from the force law in (1) led to the prediction
that low surface-brightness galaxies should have rotation
curves which implied dark matter domination at all radii
from the center; this prediction was eventually born out
by later observations. Extending this analysis to dwarf
spheroidal galaxies, which also have low surface brightness,
Milgrom also predicted “. . . when velocity-dispersion data is
available for the (spheroidal) dwarfs, a large mass discrep-
ancy will result when the conventional dynamics is used to
determine the masses.” The dynamically determined mass is
predicted to be larger by a factor of order 10 or more than
that which is accounted for by stars [2]. This prediction was
of course ultimately born out, with dwarf galaxies having the
largest mass-light ratios of any known systems.

The lack of linearity in (1) implies that the gravitational
force on an object is not determined solely by the mass
that it orbits, but also depends on the external gravitational
field. As Milgrom explained in detail [2, 11], for an object
like a dwarf galaxy orbiting the Milky Way, orbits of stars

within the dwarf are governed by (1), with the mass M
equal to the dwarf baryonic mass within the star’s orbital
radius, as long as the internal gravitational acceleration ain

of the star due to the dwarf mass is larger than the external
gravitational acceleration aex of the dwarf as it orbits the
Milky Way. Otherwise, the dwarf is in the so-called “quasi-
Newtonian regime,” in which case the dwarf dynamics are
nearly Newtonian with an effective gravitational constant. If
the internal accelerations in the dwarf are small compared
to a0, then G → G/μ(aex/a0), and the MOND value for
the baryonic M/L ratio is simply the Newtonian value time
μ(aex/a0). When analyzing dwarf galaxy dynamics in the
context of MOND, care must be taken to determine whether
the gravitational acceleration is dominated by the internal or
external field.

For the quasi-Newtonian regime, estimators for the
dwarf mass based on the stellar velocity dispersion are
textbook formulas. In the opposite limit, where the external
gravitational field is negligible (the “isolated” regime), (2)
leads to the relation M = 9σ4

3 /(4Ga0) for the mass M of a
stationary, isolated system with ain � a0 [13], where σ3 is
the three-dimensional velocity dispersion of the system. We
cannot directly measure σ3, but if the system is statistically
isotropic (having the same line-of-sight velocity dispersion
σ in all directions), then σ3 = √

3σ . Effects which can
give significant departures from this simple mass estimator
include anisotropy in the velocity dispersion for systems
which are not spherically symmetric and coherent velocities
due to tidal effects. These are potentially visible with
sufficiently sensitive photometry and spectroscopy. Brada
and Milgrom (2000) analyzed these effects in more detail
in the context of MOND, showing, for example, that dwarfs
are more susceptible to tidal disruption than for Newtonian
gravity with dark matter haloes [14] (see also [15] for a more
detailed analysis).

Stellar population studies strongly suggest that the
baryonic mass-light ratio Υ for dwarf satellites of the Milky
Way should be in the range 1 < Υ < 3 (see, e.g., [16, 17]);
these satellites generally have negligible gas contribution
to their baryonic mass. A total dwarf mass derived from
MOND should give a value of Υ in this range, by comparing
with the measured luminosity. Gerhard and Spergel [18]
and Gerhard [19] analyzed seven dwarf spheroidals using
MOND and claimed values for Υ ranging from around 0.2
for Fornax to around 10 for Ursa Minor and Leo II. However,
in a paper whimsically entitled “MOND and the Seven
Dwarfs” [20], Milgrom persuasively argued that published
uncertainties in the measurements of velocity dispersion
used by Gerhard and Spergel were sufficient to explain the
anomalous baryonic M/L ratios. He also noted how difficult
it is to determine the photometric structural parameters
of dwarfs, including central surface brightness, core radius,
tidal radius, and total luminosity. Using measurements of
dwarf parameters from Mateo (1994) [21] plus several
subsequent measurements, Milgrom found that MOND was
completely consistent with reasonable values for Υ between
1 and 3 for all seven dwarf spheroidals considered (Sculptor,
Sextans, Carina, Draco, Leo II, Ursa Minor, and Fornax).
This analysis estimates the mass using only the central
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velocity dispersion σ for each dwarf, and computes M in
either the quasi-Newtonian or the isolated limit.

The most detailed analysis of the classical dwarf galax-
ies has been done by Angus (2008), incorporating many
improvements in observed dwarf properties over the pre-
vious decade, and also using measured variations of the
velocity dispersion with radius in each dwarf for which it
is measured [22]. This analysis thus provides a substantially
more stringent test of MOND compared to the Seven
Dwarfs paper. Angus finds best-fit values and errors for Υ,
plus two parameters describing possible velocity dispersion
anisotropy, Of the eight dwarfs considered, six (Sculptor,
Carina, Leo I, Leo II, Ursa Minor, and Fornax) are consistent
with a reasonable value of Υ. for the stellar content. Sextans
and Draco both give discrepantly high values for Υ, but
within 2σ of the accepted range. Draco has been previously
known to present a problem for MOND [23, 24], and the
problem is worse for different measurements of velocity
dispersions [25] than Angus uses. Angus notes that distance
and velocity dispersion uncertainties for these two dwarfs
may have a significant impact, and that possible tidal effects
introduce uncertainties which are large enough to explain
Angus’ marginally high values of Υ for these two dwarfs.
However, Draco in particular shows no morphological
evidence of tidal disruption. Angus speculates that it could
be in the early stages of tidal heating peculiar to MOND
[14] as it approaches the Milky Way. Numerical simulations
would be required to decide whether this explanation is
plausible. An alternate explanation is that the stellar samples
are contaminated with unbound stars which are not part of
the dwarf galaxy. These can inflate the inferred line-of-sight
velocities in the stellar sample, leading to systematically high
values for Υ. (An anonymous referee for this paper claims
that this is a particular issue for Sextans and Carina, while
data for Draco and Ursa Minor are not yet public.)

A provocative comparison between dark matter and
MOND has recently been performed using tidal dwarfs.
Bournaud and collaborators [26] have measured rotational
velocities for three gas-rich dwarfs forming from collisional
debris debris orbiting NGC5291. Using the VLA, they
obtained rotation curves from the 21 cm gas emission. The
stellar mass in these systems is a small fraction of the
gas mass, so the total mass can be determined with little
uncertainty. The rotation curves are symmetric, implying
that the systems are rotationally supported and in equilib-
rium. It is straightforward to derive mass estimates based on
Newtonian gravity: the total mass in the systems is about
three times the observed baryonic mass. The authors claim
that this is a problem based on numerical dark matter
simulations showing that gaseous dwarfs condensing out of
tidal debris should contain very little dark matter [27, 28].
Tidal dwarfs have complex dynamical histories and a range
of baryonic effects are important, so it is hard to know
whether the comparison with simulations really is a problem.
On the other hand, Milgrom [29] and Gentile et al. [30]
have both shown that the tidal dwarfs are well accounted
for with MOND, with no free parameters. This consistency
is very difficult to explain in dark matter models, as tidal
dwarfs form from tumultuous dynamical processes with

strong dependence on initial conditions while being affected
by numerous baryonic processes. Why should their dark
matter content be precisely that needed to make them land
right on the MOND force law? Clearly a larger sample of
these very interesting dynamical systems is an observational
priority.

A recent interesting set of observations has been per-
formed on the distant and diffuse globular cluster Palomar
14 [31], among other applications of MOND to distant
globular clusters (e.g., [32–34]). The radial velocities of
17 red giant stars in the cluster have been measured
with the VLT and Keck telescopes, giving an estimate
of the line-of-sight velocity dispersion. This dispersion is
consistent with Newtonian gravity, even though the globular
cluster should be well within the MOND regime, and
the authors claim the observations taken at face value
rule out MOND. However, the paper also constructs a
scenario where the stellar velocities could still be consistent
with MOND if it were on a highly elliptical orbit in the
Milky Way potential, passing in and out of the MOND
regime as the external gravitational field changes. This
picture is related to tidal shocking [35, 36] which can
decrease the stellar velocity dispersion for dwarfs with
Newtonian gravity. The cluster is very distant and faint,
so prospects for obtaining a proper velocity on the sky,
and thus a clearer characterization of the cluster’s recent
orbital history around the Milky Way, is likely remote. Mass
segregation of the red giants in the cluster may also be an
issue. But these systems put some significant pressure on
MOND.

The other smaller Milky Way dwarfs which have recently
been discovered in Sloan Digital Sky Survey data (see, e.g.,
[37, 38]) have even higher ratios of visible mass to inferred
dark matter mass than the classical dwarf spheroidals,
presenting another stringent test of MOND in galactic
systems down to still smaller scales than have been so far
analyzed. Sanchez-Salcedo and Hernandez [15] performed
a preliminary analysis concluding that the required MOND
value for Υ increases at low luminosities and is too high to
be realistic. This is a consequence of these dwarf spheroidals
being consistent with a universal central velocity disper-
sion. This provocative conclusion clearly warrants further
study. Systematic effects related to a host of assumptions
about the Milky Way gravitational potential, tidal effects
in the dwarfs, stellar interlopers in the data, and other
considerations can dominate the uncertainties in these
calculations.

2.2. Can a Dwarf Galaxy Rule Out MOND? The results
described in the previous section raise a tricky question
for MOND. On one hand, the theory is in principle more
predictive than dark matter: the gravitational field of a
distribution of visible matter is completely determined
given the baryonic mass-light ratio Υ and the distance,
which sets the length scale in (1). Both of these numbers
can be determined or constrained by other observations.
(In practice, Υ is usually left as a free parameter, and
then its MOND-derived value is compared to the stellar
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population to determine whether it is reasonable.) On
the other hand, the gravitational field is probed via the
dynamics of test objects, generally the motions of stars
in the galaxy. We generally do not have available the full
velocity vector or velocity dispersion, but only the line-
of-sight components. The transverse components contain
crucial information about the full dynamical state of the
dwarf: did its past trajectory create tidal heating or dis-
ruption? To what extent is its internal velocity dispersion
anisotropic? How rapidly is the external gravitational field
varying? Without this information, a range of gravitational
potentials are consistent with the current dynamical state
of any galaxy. In the absence of other difficult obser-
vations (like proper motions, which allow reconstructing
the actual galaxy trajectory), we must settle for deter-
mining whether the observed galaxy dynamics requires
only believable additional assumptions about unobservable
effects.

This is the same issue facing MOND fits of large galaxies
as well. Large galaxies tend to have much less significant
external gravitational field effects than dwarfs, leaving less
freedom to explaining marginal MOND fits. The remarkable
point about MOND is that, despite the limited freedom the
model provides in fitting galaxy dynamics, very few galaxies,
ranging over several orders of magnitude in mass and more
than an order of magnitude in size, provide a true challenge
for MOND.

In contrast, the dark matter situation is more forgiving.
The standard cosmology in principle is completely determin-
istic, once the properties of dark matter are specified. Small
initial density perturbations, specified by measurements of
the cosmic microwave background temperature anisotropies,
evolve according to completely specified equations of cos-
mological evolution. However, we are not yet able to make
detailed ab initio predictions for the dark matter halo asso-
ciated with a particular class of galaxies. Since the baryonic
mass is coupled gravitationally to the dark matter, a complete
understanding of the dark matter distribution today requires
detailed knowledge of the history of the baryon distribution,
and this in turn is shaped by complex baryonic physics,
including heating, cooling, star formation and evolution, and
energy feedback from stars and quasars. This is not simply
an academic point: most of the outstanding issues with dark
matter involve small scales, where the baryon densities can
be comparable to the dark matter densities. Eventually, our
modeling and computations may reach the point where we
can simulate the evolution of realistic galaxies starting only
from cosmological initial conditions, but this prospect is
many years away. Until then, visible galaxies’ rotation curves
or velocity dispersions are generally fit using a parameterized
model for the dark matter halo, and we have few constraints
on the halo parameters for an individual galaxy. So for an
individual galaxy, fitting a dark matter halo provides more
freedom than fitting a MOND value for Υ.

2.3. Dwarfs as Dynamical Tracers. The motions of dwarf
galaxies themselves as they orbit around their parent galaxy
can also be used as a test of MOND. Typically, for large

elliptical galaxies, satellite galaxies are observable to much
larger radii than the stars in the central galaxy, so the
satellites probe the gravitational field over a larger region.
However, any individual galaxy has a relatively small num-
ber of observable satellites, making gravitational potential
constraints inconclusive. To get around this, Klypin and
Prada [39] have used a sample of 215,000 red galaxies with
redshifts between z = 0.010 and z = 0.083 from the Sloan
Digital Sky Survey Data Release 4. From this catalog, they
select a set of satellites according to the criteria that the
satellite is at least a factor of four fainter than its host,
has a projected distance from its host of less than 1 Mpc,
and has a velocity difference from its host of less than
1500 km/s. This results in about 9500 satellites around 6000
host galaxies. They then form a composite satellite velocity
dispersion as a function of radius for a number of bins
in host galaxy luminosity by stacking all of the satellites
and using a maximum-likelihood estimator. A homogeneous
background level, reflecting random alignments of unrelated
galaxies, is subtracted to give a final velocity dispersion for
each luminosity bin.

Klypin and Prada compare this velocity dispersion
with circular dark matter velocities around large isolated
haloes drawn from N-body simulations, and find very good
agreement. They make the assumption that the density of
dwarf galaxies traces the dark matter density, which holds
in dark matter simulations [40]. They further claim that
velocity dispersions derived by solving the Jeans equation
with the MOND gravitational potential in (2) can only fit the
data using highly contrived forms for the velocity dispersion
anisotropy, corresponding to highly elliptical stellar orbits.
This conclusion has been disputed by Angus and McGaugh
[41], who claim that the same anisotropy is actually very
reasonable, based on numerical simulations of elliptical
galaxy formation in MOND [42]. The two papers also
disagree on a number of other points, including whether
gravitational fields external to the SDSS galaxies should be
relevant and what constitutes reasonable mass-light ratios
for the host galaxies. Further independent analysis of this
interesting data set is clearly warranted.

3. Galaxy Clusters and MOND

While the Milgrom force law, (1), and its generalization to
the modified Poisson equation in (2), is a highly successful
phenomenological description of galaxies ranging from the
smallest dwarfs to the largest spirals, and over the full range
of observed surface brightness, its efficacy does not extend to
the larger scales of galaxy clusters. A typical galaxy cluster
must contain a total mass several times its visible gas and
stellar mass for its gas temperatures and galaxy velocities
to be explained by the Milgrom force law [43]. Simply
postulating an increased cluster value for the baryonic mass-
light ratio Υ is not realistic, since the baryonic mass is
dominated by gas and does not have the intrinsic uncertainty
in Υ that stellar populations do. In the absence of large
systematic errors in the cluster data, we have several choices
for explaining galaxy clusters.
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(1) MOND is simply not a fundamental theory, but only
a phenomenological relationship for the distribution
of dark matter in galaxies, inapplicable to larger
bound systems.

(2) MOND does represent a fundamental force law, but
clusters contain additional dark matter while galaxies
do not.

(3) MOND represents a fundamental force law for
galaxies, but this force law gets modified on larger
scales.

The first possibility is widely accepted: galaxy clusters
simply rule out MOND as a modification of gravity. The
second possibility is not as outlandish as it appears at
first glance. If dark matter were in the form of light
neutrinos with a mass of around 2 eV, for example, which
had relativistic velocities at the time of their decoupling,
they would not be gravitationally bound in galaxies, but
could be bound in the much larger and more massive
clusters [44, 45]. Current best limits on neutrino masses
come from cosmology, but these assume the standard cos-
mological model, which may be modified if MOND actually
represents a fundamental force law. Angus [46] postulates a
slightly heavier (11 eV) sterile neutrino, which a numerical
calculation shows can reproduce the acoustic peaks in the
microwave background assuming that early-universe physics
is not affected by MOND effects. Producing the forced
acoustic oscillations revealed by precision measurements of
the microwave background power spectrum is an important
challenge for any cosmology with different dark matter or
gravitation from the standard cosmology. Dynamical analysis
shows that such a neutrino can reproduce observed galaxy
cluster phenomenology while not affecting galaxy rotation
curves [47]. Pressure is put on these models from analyses
of gravitational lensing [48–50], although these all make
specific assumptions about lensing in MOND, which is not
uniquely determined without the context of a relativistic
theory.

The most relevant observations for MOND are the
gravitational lensing observations of the famous “bullet”
cluster 1E 0657-558 [51] and the cluster MACS J0025.4-1222
[52]. In these systems of two merging galaxy clusters, the
peak of the gravitational potential, revealed by weak lensing,
is offset from the peak of the mass distribution, visible in
hot gas. This offset is consistent with the clusters containing
substantial dark matter; when the clusters merge, the dark
matter, which is assumed to be collisionless, continues to
move unimpeded, while the gas composing the bulk of the
visible matter is slowed via shock heating. The offset is NOT
consistent with MOND, or with any modified gravity theory
where the gravitational field is generated solely by the visible
matter: the geometry of the gravitational field is different
from the geometry of the visible matter [53]. The merging-
cluster observations decisively demonstrate that (2) cannot
by itself describe gravitation. This is consistent with the
earlier observations showing the inferred cluster dark matter
content is discrepant with the MOND force law prediction,
but further rules out the discrepancy being due to additional
modifications of the gravitational force law on cluster scales

(case 3 above). Unlike individual galaxies, galaxy clusters
must possess some source of gravitation in addition to that
provided by the visible matter (i.e., dark matter!).

4. Relativistic MOND and Dark Matter

Many people felt relieved that the cluster lensing results
meant they could finally stop hearing about all of this
pesky MOND business. However, option 2 above is still
viable, although most cosmologist view it as an unnaturally
complicated theoretical possibility. As mentioned above,
clusters could contain hot dark matter, like light neutrinos,
which would be sufficient to explain the observed gravita-
tional and gas morphology of the merging clusters. While
this solution invokes two separate pieces of new physics
(sufficiently massive neutrinos and a MOND force law), it
is not immediately obvious how much more speculative this
should be considered than standard dark matter models,
given that neutrinos are already known to have non-zero
masses from neutrino oscillation observations. But the most
interesting option for MOND may come from a different
direction.

Two years before the bullet cluster observations showed
that the gravitational field must be generated by more
than just the visible matter, Jacob Bekenstein published
a relativistic gravitation theory which reduced to MOND
in the point-source limit [54]. For many years, the fact
that MOND had no relativistic basis was often cited as a
compelling argument against the idea. (I sometimes joked
that people claimed a relativistic MOND extension was ruled
out by the Bekenstein Theorem. This theorem stated that
Bekenstein had tried to do it and failed, so therefore it
was not possible. Later, Bekenstein told me that he had
actually never put much effort into the problem.) With a
full relativistic theory of gravitation, diverse observations
ranging from solar system constraints on post-Newtonian
parameters to gravitational lensing, cosmological structure
formation, and the expansion history of the universe, can
be addressed. All of these areas were speculated about using
the MOND force law or modified Poisson equation, and
reasoning by analogy with general relativity. But this is
clearly an unsatisfactory approach: any results contradicting
observations can simply be explained away as the result of an
insufficiently sophisticated theory.

Several variations on the Bekenstein proposal are now
on the table [55, 56]. These theories all share the common
element of additional dynamical fields which act as gravi-
tational sources. The most elegant scheme so far has been
dubbed Einstein Aether gravity [57]. A dynamical time-like
vector field Aμ with AμAμ = −1 is incorporated into gravity
by adding a term F (K) to the Einstein-Hilbert gravitational
action, where F is a function to be determined and

K ∝ c1∇μAν∇μAν + c2(∇μA
μ)2 + c3∇μA

ν∇νA
μ (3)

with c1, c2, and c3 undetermined constants. This is an
unusual theory because the time-like vector field picks out a
preferred frame at each point in spacetime (in which the time
coordinate direction aligns with A) and thus violates local
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Lorentz invariance. But if this symmetry breaking is small
enough it would be below the level of current experimental
bounds. This class of theories has a line of theoretical
precedents (see, e.g., [58–60]).

Remarkably, the constants in K and the function F
can be chosen so that the nonrelativistic limit of the theory
reduces to a modified Poisson equation of the form (2): the
MOND limit can be reproduced in this class of relativistic
models. Much analysis has yet to be performed, but it is at
least plausible that the excess gravitational forces induced by
the vector field Aμ could match the departures from MOND
seen in galaxy clusters. Relativistic MOND theories involving
extra dynamical fields are, in some sense, an abdication of the
original MOND philosophy that the visible matter creates all
of the observed gravitational force in the universe; but we
are forced into this by observations. The physical content of
these theories is quite different from traditional models; the
“dark sector” is governed by physics different from particle
dark matter.

5. Challenges

Relativistic extensions of MOND have not been widely
explored, in contrast to the overwhelming amount of work
on the standard cosmological model. So it is simply not yet
known whether particular relativistic MOND theories can
reproduce all known gravitational phenomena, including
gravitational lensing, post-Newtonian constraints from the
solar system and binary pulsars, tidal streams, galaxy cluster
gravitational potentials, and the observed dynamics of merg-
ing galaxy clusters. All of these phenomena are successfully
explained by the standard dark matter cosmology, and
represent a tall order for any new gravitational theory.
Relativistic MOND theories also must be nonlinear, since
MOND itself is, making these analyses challenging. However,
relativistic MOND theories hold the promise of explaining
two observations that the standard cosmology cannot: (1)
the effectiveness of the Milgrom force law, equation (1), and
related phenomenology of galaxy dynamics, and remarkably,
(2) the accelerating expansion of the Universe.

Milgrom immediately realized that the MOND accelera-
tion scale a0 is the same order as cH0 and thus also the same
order as cΛ1/2, where H0 is the Hubble parameter andΛ is the
cosmological constant which would explain the accelerating
expansion of the universe. It is difficult to see how a0, which
manifests itself on scales of dwarf galaxies, can be related to
either H0 or Λ in the standard cosmological model, but a
relativistic basis for MOND may provide insight. Reference
[57] discusses conditions under which the additional vector
field in Einstein Aether gravity will influence the expansion
rate of the Universe. In fact, they display a choice of F
which gives a late-time expansion history identical to that
of general relativity with a cosmological constant. This is
highly provocative: could a conceptually simple modification
of relativistic gravitation explain the phenomenology of
both dark matter and dark energy? The particular theory
considered in [57] has substantial freedom in it, and is also
challenging to analyze because it is nonlinear. But substantial

effort in this direction is clearly warranted, as the theory
easily reproduces MOND-like behavior and accelerating
cosmological expansion with different choices of the free
parameters and the free function.

Most cosmologists pay little attention to the highly
successful galaxy phenomenology of MOND, even though
they should, because they do not believe in MOND as a
fundamental theory. The merging galaxy cluster observations
have now ruled out the possibility that (2) applied to visible
matter represents the entire fundamental theory of grav-
itation, while dark matter cosmology has had remarkable
success in explaining the growth of structure in the Universe
and providing a simple standard cosmological model which
explains most observations. On the other hand, dark matter
cosmology still faces some serious issues, mostly related to
reproducing this MOND phenomenology (with the obvious
exception of dark energy). The recent observation implying
tidal dwarfs obey MOND [30] is one intriguing example. We
should not allow the successes of our leading theories to blind
us to other possibilities.

The discovery of the accelerating expansion of the
Universe changed the playing field for cosmology. Prior
to the late 1990’s, many established cosmologists would
greet any suggestion of a modification of gravity as the
explanation for observed gravitational force excesses with
contempt. Today, some of these same scientists author
papers advocating a modification of gravity as a possible
explanation for the observed accelerating expansion. Until
the predominant picture of dark matter cosmology can
explain all of the observations, other competing ideas should
be pursued, either as a way of sharpening the case for
dark matter cosmology, or, perhaps, uncovering an eventual
replacement.
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