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Roberto Turolla, Italy
Gary Wegner, USA
Glenn J. White, UK
Paul J. Wiita, USA



Contents

Metals in 3D: A Cosmic View from Integral Field Spectroscopy, Jorge Iglesias-Páramo
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Integral field spectroscopy (IFS) is an observational tech-
nique that has revolutionized our understanding of extended
objects in the Universe since the last decade. IFS provides
unique contributions to the study ofGalactic ionized nebulae,
extragalactic HII regions, and galaxies in the local and in the
early Universe, which in some aspects are complementary
to the high precision performance of existing wide area
photometric and single-aperture spectroscopic surveys. The
power of this technique is the possibility of gathering com-
plete spectroscopic information across the spatial extension
of astrophysical objects, thus allowing the study of physical
spatial variations of their properties, this being specially
significant for those properties related to their metal content
and star formation activity. With this special issue we want
to cover the most relevant aspects related to IFS, in order
to illustrate to the reader the wide scope opened by this
observational technique.

In what follows we present the main contents of this
special issue split by subject. Two papers of this issue
are devoted to modeling the chemical evolution of spiral
and dwarf galaxies by M. Mollá and S. Recchi. Theoretical
models are a key ingredient in order to be compared with
the observational data since either their predictions open
new observational avenues or they are constrained by new
observational results. Both aspects must walk hand in hand
to make progress in the field.

Two papers follow, dealing with the study of Galactic
objects. The one by L. López-Mart́ın mostly addresses some
aspects of the particular technical problems of IFS data
handling. A paper by A. Mesa-Delgado faces the chemical
abundance discrepancy problem applied to Galactic Herbig
Haro objects in the Orion nebula, illustrating how IFS can
help to shed light on this issue.

A set of four papers follows focused on extragalactic
studies with fiber-fed spectrographs: the first two papers,
by E. Pérez-Montero et al. and P. Lagos and P. Papaderos,
deal with the chemical properties of star-forming (HII/BCD)
dwarf galaxies and with the interplay of theWR stellar popu-
lation on the metal enrichment of the interstellar medium.
The remaining two papers of this block, by F. F. Rosales-
Ortega and S. F. Sánchez, are focused on the properties of
the HII regions in spiral galaxies and review most recent
results on chemical abundance gradients obtained from IFS
observations.

Last but not least, a set of two papers of this issue
are devoted to the description and main properties of two
ongoing experiments/instruments. One is a wide-field inte-
gral field spectrograph, by G. A. Blanc, with applications in
several astrophysical fields, in particular in the study of the
properties of nearby galaxies. The second one, by L. Drissen
et al., explains the basics of the operation of imaging Fourier
transform spectrometers (IFTS), an interesting alternative to
the traditional dispersive spectrographs due to their wide
field of view, and it shows the main goals that can be
achieved using them in the study of the chemical evolution
of astrophysical objects.

Jorge Iglesias-Páramo

Hindawi Publishing Corporation
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We summarize the updated set of multiphase chemical evolution models performed with 44 theoretical radial mass initial
distributions and 10 possible values of efficiencies to form molecular clouds and stars. We present the results about the infall rate
histories, the formation of the disk, and the evolution of the radial distributions of diffuse and molecular gas surface density, stellar
profile, star formation rate surface density, and elemental abundances of C, N, O, and Fe, finding that the radial gradients for these
elements begin steeper and flatten with increasing time or decreasing redshift, although the outer disks always show a certain
flattening for all times. With the resulting star formation and enrichment histories, we calculate the spectral energy distributions
(SEDs) for each radial region by using the ones for single stellar populations resulting from the evolutive synthesis model popstar.
With these SEDs we may compute finally the broad band magnitudes and colors radial distributions in the Johnson and in the
SLOAN/SDSS systems which are the main result of this work. We present the evolution of these brightness and color profiles with
the redshift.

1. Introduction

Chemical evolution models to study the evolution of spiral
galaxies have been the subject of a high number of works
for the last decades. From the works by Lynden-Bell [1],
Tinsley [2], Clayton [3, 4], and Sommer-Larsen and Yoshii
[5], many other models have been developed to analyze the
evolution of a disk galaxy. The first attempts were performed
to interpret the G-dwarf metallicity distribution and the
radial gradient of abundances [6–16] observed in our Milky
Way galaxy (MWG). A radial decrease of abundances was
soon observed in most of external spiral galaxies, too (see
Henry andWorthey [17] and references therein), although the
shape of the radial distribution changes from galaxy to galaxy,
at least when it is measured in dex kpc−1 (recent results seem
to indicate that the radial gradient may be universal for all
galaxies when it is measured in dex 𝑟𝑒𝑓𝑓

−1 [18], 𝑟𝑒𝑓𝑓 being
the radius enclosing the half of the total luminosity of a disk
galaxy, or with any other normalization radius, something
already suggested some years ago byGarnett [19] although the
statistics was not large enough to reach accurate conclusions).

It was early evident that it was impossible to reproduce
these observations by using the classical closed box model
[20] which relates the metallicity 𝑍 of a region with its
fraction of gas over the total mass, (stars, 𝑠, plus gas, 𝑔),
𝜇
𝑔

= 𝑔/(𝑔 + 𝑠). Therefore infall or outflows of gas in MWG
and other nearby spirals were soon considered necessary to
fit the data. In fact, such as it was established theoretically by
Goetz and Koeppen [21] and Koeppen [22] a radial gradient
of abundances may be created only by 4 possible ways: (1)
a radial variation of the initial mass function (IMF), (2) a
variation of the stellar yields along the galactocentric radius,
(3) a star formation rate (SFR) changing with the radius, and
(4) a gas infall rate variable,𝑓, with radius.Thefirst possibility
is not usually considered as probable, while the second one is
already included in modern models, since the stellar yields
are in fact dependent on metallicity. Thus, from the seminal
works from Lacey and Fall [23], Güsten and Mezger [24],
and Clayton [3] most of the models in the literature [25–32],
including themultiphasemodel used in this work, explain the
existence of this radial gradient by the combined effects of
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a SFR and an infall of gas which vary with the galactocentric
radius in the galaxy.

Most of the chemical evolution models of the literature,
included some of the recently published, are, however, only
devoted to the MWG, (totally or only for a region of it, halo
or bulge) [33–38] or to any other individual local galaxy as
M 31, M 33 or other local dwarf galaxies [35, 39–50]. These
works perform themodels in aTailor-MadeModelsway, done
by hand for each galaxy or region. There are not models
applicable to any galaxy, except our grid of models shown
in Mollá and Diaz ([51], hereinafter MD05) and these ones
from Boissier and Prantzos [32, 52], who presented a wide
set of models with two parameters, the total mass or rotation
velocity, and the efficiency to formmolecular clouds and stars
in MD05 and a angular momentum parameter in the last
authors grid.

Besides that, these classical numerical chemical evolution
models only compute the masses in the different phases
of a region (gas, stars, elements, etc.) or the different pro-
portions among them. They do not give the correspond-
ing photometric evolution, preventing the comparison of
chemical information with the corresponding stellar one.
There exist a few consistent models which calculate both
things simultaneously in a consistent way, as those from
Vazquez et al. [40], Boissier and Prantzos [52] or those
from Fritze-Von Alvensleben et al. [53], Bicker et al. [54],
and Kotulla et al. ([55], hereafter galev). The latter, galev
evolutionary synthesis models, describe the evolution of
stellar populations including a simultaneous treatment of the
chemical evolution of the gas and of the spectral evolution of
the stellar content. These authors, however, treat each galaxy
as a whole for only some typical galaxies along the Hubble
sequence and do not perform the study of radial profiles
of mass, abundances, and light simultaneously. The series
of works by Boissier and Prantzos [32, 52], Prantzos and
Boissier [56], andBoissier et al. [57] seems one of few that give
models allowing an analysis of the chemical and photometric
evolution of disk galaxies.

Given the advances in the instrumentation, it is now
possible to study high redshift galaxies as the local ones
with spatial resolution are good enough to obtain radial
distributions of abundances and of colors or magnitudes
and thus to perform careful studies of the possible evolution
of the different regions of disk galaxies. For instance to
check the existence of radial gradients at other evolutionary
times different than the present [58–61] and their evolution
with time or redshift is now possible. It is also possible to
compare these gradients with the radial distributions from
the stellar populations to study possible migration effects. It
is therefore important to have a grid of consistent chemo-
spectro-photometric models which allows the analysis of
both types of data simultaneously.

The main objective of this work is to give the spectropho-
tometric evolution of the theoretical galaxies presented in
MD05, for which we have updated the chemical evolution
models. In that work we presented a grid of chemical evo-
lution models for 440 theoretical galaxies, with 44 different
total mass, as defined by its maximum rotation velocity and
radialmass distributions, and 10 possible values of efficiencies

to form molecular clouds and stars. Now we have updated
these models by including a bulge region and by using a
different relation mass-life-meantime for stars now following
the Padova stellar tracks. These models do not consider
radial flows nor stars migration since no dynamical model
is included. The possible outflows by supernova explosions
are not included, too. We check that with the continuous star
formation histories resulting of these models, the supernova
explosions do not appear in sufficient number as to produce
the energy injection necessary to have outflows of mass.
With these chemical evolution model results, we calculate
the spectrophotometric evolution by using each time step
of the evolutionary model as a single stellar populations
at which we assign a spectrum taken from the popstar
evolutionary synthesis models [62]. Our purpose in to give as
a catalogue the evolution of each radial region of a disk and
this way the radial distributions of elemental abundances, star
formation rate, gas, and stars will be available along with the
radial profiles of broad band magnitudes for any time of the
calculated evolution.

Thework is divided as follows: we summarize the updated
chemical evolutionmodels in Section 2. Results related to the
surface densities and abundances are given in Section 3. We
describe ourmethod to calculate the SEDs of these theoretical
galaxies and the corresponding broad band magnitudes and
colors in Section 4. The corresponding spectrophotometric
results are shown in Section 5 where we give a catalog of
the evolution of these magnitudes in the rest-frame of the
galaxies. Some important predictions arise from thesemodels
which are given in the conclusions.

2. The Chemical Evolution Model Description

The models shown here are the ones from MD05 and
therefore a more detailed explanation about the computation
is given in that work. We started with a mass of primordial
gas in a spherical region representing a protogalaxy or halo.
The initial mass within the protogalaxy is the dynamical
mass calculated by means of the rotation velocity,𝑉(Radius),
through the expression [63]:

𝑀(Radius) = 𝑀
𝐻,0

= 2.32 × 10
5 Radius 𝑉2(Radius) (1)

with 𝑀 in M
⊙

, Radius in kpc, and 𝑉 in km s−1. We used the
universal rotation curve from (URC) from Persic et al. [64]
to calculate a set of rotation velocity curves 𝑉(Radius) and
from these velocity distributions we obtained the mass radial
distributions 𝑀(Radius) (see MD for details and Figure 2
showing these distributions). It was also possible to use those
equations to obtain the scale length of the disk𝑅

𝐷

, the optical
radius, defined as the one where the surface brightness profile
is 25mag arcsec−2, which, if disks follow the Freeman’s [65]
law, is 𝑅opt = 3.2𝑅

𝐷

and the virial radius, which we take as
the galaxy radius 𝑅gal. The total mass of the galaxy 𝑀gal is
taken as the mass enclosed in this radius 𝑅gal. The expression
for the URC was given by means of the parameter 𝜆 =

𝐿/𝐿
∗

, the ratio between the galaxy luminosity, 𝐿, and the
one of the MWG, 𝐿

∗

, in band I. This parameter defines the
maximum rotation velocity, 𝑉max, and the radii described
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Table 1:Theoretical galaxymodels selected to represent a simulated
Hubble sequence.

dis 𝑉max 𝑀gal Ropt 𝜏
𝑐

𝑛𝑡 𝜖
𝜂

𝜖
𝛿Km s−1 1011 M

⊙

kpc Gyr
3 48 0.3 2.3 31.6 8 0.037 2.6 10−4

10 78 1.3 4.1 15.5 7 0.075 1.5 10−3

21 122 4.3 7.1 8.1 6 0.15 1.0 10−2

24 163 9.8 10.1 5.4 5 0.30 5.0 10−2

28 200 17.9 13.0 4.0 4 0.45 1.4 10−1

35 250 33.5 16.9 2.9 3 0.65 3.4 10−1

39 290 52.7 20.6 2.3 1 0.95 8.8 10−1

above.Thus, we obtained the values of themaximum rotation
velocities and the corresponding parameters and mass radial
distributions for a set of 𝜆 values such as it may be seen in
Table 1 from MD05.

To the radial distributions of disks calculated by means
of (1) described above, we have added a region located at the
center (𝑅 = 0) to represent a bulge.The totalmass of the bulge
is assumed as a 10% of the total mass of the disk. The radius
of this bulge is taken as 𝑅

𝐷

/5. Both quantities are estimated
from the correlations found by Balcells et al. [66] among the
disk and the bulges data.

2.1.The Infall Rate: Its Dependence on theDynamicalMass and
on the Galactocentric Radius. We assume that the gas falls
from the halo to the equatorial plane forming out the disk in a
scenario ELS [67]. The time-scale of this process, or collapse-
time scale 𝜏gal,𝑐, characteristic of every galaxy, changes with
its total dynamical mass 𝑀gal, following the expression from
Gallagher III et al. [68]:

𝜏gal,𝑐∝𝑀gal
−1/2

𝑇, (2)

where 𝑀gal is the total mass of the galaxy and 𝑇 is its age.
We assume that all galaxies begin to form at the same time
and evolve for a time of 𝑇 = 13.2Gyr. We use the value of
13.8 Gyr, given by the Planck experiment [69] for the age of
the Universe and therefore galaxies start to form at a time
𝑡start = 0.6Gyr.

Normalizing to MWG, we obtain

𝜏gal,𝑐 = 𝜏MWG,𝑐√
𝑀MWG
𝑀gal

, (3)

where 𝑀MWG ∼ 1.8 × 10
12M
⊙

is the total mass of MWG
and 𝜏MWG,𝑐 = 4Gyr (see details in the next paragraph) is the
assumed characteristic collapse-time scale for our galaxy.

The above expression implies that galaxies more massive
than MWG form in a shorter time-scale, that is more rapidly,
than the least massive galaxies which will need more time to
form their disks. This assumption is in agreement with the
observations from Jimenez et al. [70], Heavens et al. [71], and
Pérez et al. [72]which find that themostmassive galaxies have
their stellar populations in place at very early times while the
less massive ones formmost of their stars at 𝑧 < 1.This is also

in agreement with self-consistent cosmological simulations
which show that a large proportion of massive objects are
formed at early times (high redshift), while the formation of
less massive ones is more extended in time, thus simulating a
modern version of the monolithic collapse scenario ELS.

The calculated collapse-time scale 𝜏gal,𝑐 is assumed that
corresponds to a radial region located in a characteristic
radius, which is 𝑅

𝑐

= 𝑅opt/2∼ 6.5 kpc for the MWG model
which uses the distribution with 𝜆 = 1.00 and number 28,
with a maximum rotation velocity 𝑉max = 200 km s−1. The
value 𝜏MWG,𝑐 = 4Gyr was determined by a detailed study of
models for MWG.We performed a large number of chemical
evolution models changing the inputs free-parameters and
comparing the results with many observational data [27, 28]
to estimate the best value. Similar characteristic radii (all
these radii and values are related to the stellar light and not
to the mass, but we clear that we do not use them in our
models except to define the characteristic radius 𝑅

𝑐

for each
theoretical mass radial distribution. The free parameters are
selected for the region defined by this 𝑅

𝑐

but taking into
account that we normalize the values after a calibration with
the solar neighborhood model, a change of this radius would
not modify our model results) for our grid of models were
given in Table 1 from MD05 too, with the characteristic 𝜏

𝑐

(from now we will use the expression 𝜏
𝑐

for 𝜏gal,𝑐 for the sake
of simplicity) obtained for each galaxy total mass 𝑀gal.

By taking into account that the collapse time scale
depends on the dynamical mass and that spiral disks show
a clear profile of density with higher values inside than in
the outside regions, we may assume that the infall rate, and
therefore the collapse time scale 𝜏coll, has a radial dependence,
too. Since themass density seems to be an exponential inmost
of cases, we then assumed a similar expression:

𝜏coll (Radius) = 𝜏
𝑐

exp
(Radius − 𝑅

𝑐

)

𝜆
𝐷

, (4)

where 𝜆
𝐷

is the scale-length of the collapse time-scale,
taken as around half of the scale-length of surface density
brightness distribution, 𝑅

𝐷

; that is 𝜆
𝐷

= 0.15𝑅opt ∼ 0.5𝑅
𝐷

.
Obviously the collapse time scale for the bulge region is

obtained naturally from the above equation with Radius =

0. We show in Figure 1(a) the collapse time scale 𝜏coll, in
natural logarithmic scale, as a function of the galactocentric
radius, for seven radial distributions of total mass, as defined
by their maximum rotation velocity, 𝑉max, and plotted with
different colors, as labeled. These seven theoretical galaxies
are used as examples and their characteristics are summarized
in Table 1, where we have the number of the distribution,
dis, corresponding to column 2 from Table 1 in MD05 in
column 1, the maximum rotation velocity, 𝑉max, in km s−1, in
column 2, the total mass, 𝑀gal, in 10

11M
⊙

units, in column
3, the theoretical optical radius 𝑅opt, following Persic et al.
[64] equations, in kpc, in column 4, the collapse time scale in
the characteristic radius, 𝜏

𝑐

, in Gyr in column 5, the value 𝑛𝑡
which defines the efficiencies (see Equation (7) in Section 2.2)
in column 6, and the values for these efficiencies in columns
7 and 8.
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Figure 1: (a) Dependence of the collapse time scale, 𝜏coll, in natural logarithmic scale, (in Gyr) on the galactocentric radius, Radius, in kpc.
Each line represents a given maximum rotation velocity, 𝑉max, or radial mass distribution as labeled. The dashed (gray) and dotted (black)
lines show the time corresponding to 2 and 5 times, respectively, the age of the Universe, 𝑇UNIVERSE = 13.8Gyr. (b) Comparison of the radial
dependence of the collapse time scale, 𝜏coll, in natural logarithmic scale, for our MWG model, corresponding to 𝑉max = 200 km s−1, shown
by the solid red line, with the radial functions used by Chang et al. [73], Boissier and Prantzos [32], Chiappini et al. [74], Renda et al. [75],
Carigi and Peimbert [76], and Marcon-Uchida et al. [35] labeled CHA99, BP99, CHIA01, REN05, CAR08, and MAR10, respectively.

The red line corresponds to a MWG-like radial distribu-
tion. The long-dashed black line shows the time correspond-
ing to 2 times the age of the Universe. Such as wemay see, the
most massive galaxies would have the most extended disks,
since the collapse timescale is smaller than the age of the
universe for longer radii, thus allowing the formation of the
disk until radii as larger as 20 kpc, while the leastmassive ones
would only have time to form the central region, smaller than
1-2 kpc, as observed. The dashed (gray) lines show the time
corresponding to 2 times the age of the Universe,𝑇UNIVERSE =

13.8Gyr. The dotted black line defines the collapse time scale
for which the maximum radius for the disk of the MWG
model would be 13 kpc, the optical radius, and it corresponds
to a collapse time scale of 5 times the age of the Universe.

Other authors have also included a radial dependence for
the infall rate in their models [23, 26, 27, 52, 80] with different
expressions. In fact this dependence, which produces an in-
out formation of the disk, is essential to obtain the observed
density profiles and the radial gradient of abundances, such
as it has been stated before [26, 28, 52]. In Figure 1(b) we
show the collapse time scale 𝜏coll, in natural logarithmic scale,
assumed in different chemical evolution models of MWG,
as a function of the galactocentric radius. The red solid line
corresponds to our MWG model (𝜆 = 1.00 and number 28
of the mass distributions of Table 1) from MD05. The other
functions, straight lines, are those used by Chang et al. [73],
Boissier and Prantzos [32], Chiappini et al. [74], Renda et
al. [75], Carigi and Peimbert [76], and Marcon-Uchida et al.
[35], as labeled. Since they use straight lines the collapse time

scale for our model results shorter for the inner disk regions
(except for the bulge region 𝑅 < 3-4 kpc) and longer for the
outer ones, than the ones used by the other works. This will
have consequences in the radial distributions of stars and
elemental abundances as we will see.

2.2. The Star Formation Law in Two-Steps: The Formation of
Molecular Gas Phase. Thestar formation is assumed different
in the halo than in the disk. In the halo the star formation
follows a Kennicutt-Schmidt law. In the disk, however, we
assume a more complicated star formation law, by creating
molecular gas from the diffuse gas in a first step, again by
a Kennicutt-Schmidt law. And then stars from the cloud-
cloud collisions.There is a secondway to create stars from the
interaction of massive stars with the surrounding molecular
clouds.

Therefore the equation system of our model is

𝑑𝑔
𝐻

𝑑𝑡

= − (𝜅
1

+ 𝜅
2

) 𝑔
𝑛

𝐻

− 𝑓𝑔
𝐻

+𝑊
𝐻

𝑑𝑠
1,𝐻

𝑑𝑡

= 𝜅
1

𝑔
𝑛

𝐻

− 𝐷
1,𝐻

𝑑𝑠
2,𝐻
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Figure 2: The evolution of the infall gas rate along the redshift 𝑧 for
all radial regions of our 44 galaxy mass values represented by the
shaded zone. The solid lines show the evolution of the whole infall
rate of the same 7 theoretical galaxies shown in Figure 1 with the
same color coding. The higher the total mass, the higher the infall
rate. Dashed purple and yellow lines represent the prescriptions
from Dekel et al. [77] and Faucher-Giguère et al. [78], respectively.
The dotted purple lines are the Dekel et al. [77] prescriptions for
masses 2 × 10

12M
⊙

and 3 × 10
11M
⊙

, while the red hexagon in the
present time is the estimated value given by Sancisi et al. [79].
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(5)

These equations predict the time evolution of the different
phases of themodel: diffuse gas, 𝑔, molecular gas, 𝑐, lowmass
stars, 𝑠

1

, and intermediate mass and massive stars, 𝑠
2

, and
stellar remnants, 𝑟, (where letters 𝐷 and 𝐻 correspond to
disk and halo, resp.). Stars are divided in 2 ranges, 𝑠

1

being
the low mass stars and 𝑠

2

the intermediate and massive ones,

considering the limit between both ranges stellar a mass𝑚 =

4M
⊙

. 𝑋
𝑖

are the mass fractions of the 15 elements consid-
ered by the model: 1H, D, 3He, 4He, 12C, 16O, 14N, 13C,
20Ne, 24Mg, 28Si, 32S, 40Ca, and 56Fe and the rich neutron
isotopes created from 12C, 16O, 14N, and 13C.

Therefore we have different processes defined in the gal-
axy as follows,

(i) Star formation by spontaneous fragmentation of gas
in the halo:∝ 𝜅

1,2

𝑔
𝑛

𝐷

, where we use 𝑛 = 1.5.
(ii) Clouds formation by diffuse gas: ∝ 𝜂𝑔

𝑛

𝐷

with 𝑛 = 1.5

too.
(iii) Star formation due to cloud collision:∝ 𝛿

1,2

𝑐
2

𝐷

.

(iv) Diffuse gas restitution due to cloud collision:∝ 𝛿


𝑐
2

𝐷

.
(v) Induced star formation due to the interaction

between clouds and massive stars:∝ 𝛼
1,2

𝑐
𝐷

𝑠
2,𝐷

.
(vi) Diffuse gas restitution due to the induced star forma-

tion: 𝛼𝑐
𝐷

𝑠
2,𝐷

.
(vii) Galaxy formation by gas accretion from the halo or

protogalaxy: 𝑓𝑔
𝐻

,

where 𝛼, 𝛿, 𝜂, and 𝜅 are the proportionality factors of the stars
and cloud formation and are free input parameters (since
stars are divided in two groups: those with 𝑠

1

and 𝑠
2

, the
parameters are divided in the two groups too; thus,𝜅 = 𝜅

1

+𝜅
2

,
𝛿 = 𝛿
1

+ 𝛿
2

, 𝛼 = 𝛼
1

+ 𝛼
2

).
Thus, the star formation law in halo and disk is

Ψ
𝐻

(𝑡) = (𝜅
1

+ 𝜅
2

) 𝑔
𝑛

𝐻

.

Ψ
𝐷

(𝑡) = (𝜂
1

+ 𝜂
2

) 𝑐
2

𝐷

+ (𝛼
1

+ 𝛼
2

) 𝑐
𝐷

𝑠
2𝐷

(6)

Although the number of parameters seems to be large,
actually not all of them are free. For example, the infall rate,
𝑓, is the inverse of the collapse time 𝜏coll, as we described in
the above section. Proportionality factors 𝜅, 𝜂, 𝛿, and 𝛼 have a
radial dependence, as we show in the study of MWG Ferrini
et al. [28], whichmay be used in all disks galaxies through the
volumeof each radial region and someproportionality factors
called efficiencies.These efficiencies or proportionality factors
of these equations have a probability meaning and therefore
their values are in the range [0, 1].The efficiencies are then the
probability of star formation in the halo, 𝜖

𝜅

, the probability of
cloud formation, 𝜖

𝜂

, cloud collision, 𝜖
𝛿

, and the interaction
between massive stars 𝜖

𝛼

. This last one has a constant value
since it corresponds to a local process. The efficiency to form
stars in the halo is also assumed constant for all of them.Thus,
the number of free parameters is reduced to 𝜖

𝜂

and 𝜖
𝛿

.
The efficiency to form stars in the halo, 𝜖

𝜅

, is obtained
through the selection of the best value 𝜅 to reproduce the SFR
and abundances of the Galactic halo (see Ferrini et al. [28],
for details). We assumed that it is approximately constant for
all halos with a value 𝜖

𝜅

∼ 1.5–6 × 10−3. The value for 𝜖
𝛼

is
also obtained from the best value 𝛼 for MWG and assumed
as constant for all galaxies since these interactions massive
stars-clouds are local processes. The other efficiencies 𝜖

𝜂

and
𝜖
𝛿

may take any value in the range [0-1]. From our previous
models calculated for external galaxies of different types [81],



6 Advances in Astronomy

we found that both efficiencies must change simultaneously
in order to reproduce the observations, with higher values
for the earlier morphological types and smaller for the later
ones. InMD05 there is a clear description about the selection
of values and the relation 𝜖

𝜂

− 𝜖
𝛿

. As a summary, we have
calculated these efficiencies with the expressions:

𝜖
𝜂

=exp 𝑛𝑡

20

,

𝜖
𝛿

= exp 𝑛𝑡

8

,

(7)

selecting 10 values 𝑛𝑡 between 1 and 10 (we suggest to
select a value 𝑛𝑡 similar to the Hubble type index to obtain
model results fitting the observations).The efficiencies values
computed for the grid fromMD05 are shown in Table 2 from
that work.

2.3. Stellar Yields, Initial Mass Function, and Supernova Ia
Rates. The selection of the stellar yields and the IMF needs
to be done simultaneously since the integrated stellar yield for
any element, which defines the absolute level of abundances
for a given model, depends on both ingredients. In this work
we used the IMF from Ferrini et al. [82] with limits 𝑚low =

0.15 and 𝑚up = 100M
⊙

. The stellar yields are from Woosley
and Weaver [83] for massive stars (𝑚 ≥ 8M

⊙

) and from
Gavilán et al. [84, 85] for low and intermediate mass stars
(0.8M

⊙

< 𝑚 ≤ 8M
⊙

). Stars in the range 0.15M
⊙

< 𝑚 <

0.8M
⊙

have no time to die, so they still live today and do not
eject any element to the interstellarmedium.Themean stellar
lifetimes are taken from the isochrones from the Padova
group [86–89] instead of using those from the Geneva group
Schaller et al. [90]. This change is done for consistency since
we use the Padova isochrones on the popstar code that we
will use for the spectrophotometric models. The supernova
Ia yields are taken from Iwamoto et al. [91]. The combination
of these stellar yields with this IMF produces the adequate
level of CNO abundances, which is able to reproduce most of
observational data in the MWG galaxy [84, 85], in particular
the relative abundances of C/O, N/O, and C/Fe, O/Fe, N/Fe.
The study of other combinations of IMF and stellar yields will
be analyzed in Mollá et al. [92]. The supernova type Ia rates
are calculated by using prescriptions from Ruiz-Lapuente et
al. [93].

3. Results: Evolution of Disks with Redshift

Thechemical evolutionmodels are given inTables 2 and 3.We
show as an example some lines corresponding to the model
𝑛𝑡 = 4 and dis = 28, the whole set of results will be given in
electronic format as a catalogue. In Table 2 we give the type of
efficiencies 𝑛𝑡 and the distribution number dis in columns 1
and 2, the time inGyr in column 3, the corresponding redshift
in column 4, the radius of each disk region in kpc in column
5, and the star formation rate in the halo and in the disk, in
M
⊙

yr−1, in columns 6 and 7. In next columns 8 and 9 we have
the total mass in the halo and in the disk. In columns 10 to 16
we show the mass in each phase of the halo, diffuse gas, low-
mass stars, massive stars, and mass in remnants (columns 10

to 13) and of the disk, diffuse and molecular gas, low-mass
stars, massive stars, and mass in remnants (columns 14 to 18).

We will give the results obtained for our grid of models
by showing the corresponding ones to the galaxies from
Table 1 as a function of the redshift or of the galactocentric
radius. When the radial distributions are plotted, we do
that for several times or values of redshifts. We assume
that each time in the evolution of a galaxy corresponds to
a redshift. To calculate this redshift, we use the relation
redshift-evolutionary time given byMacDonald [94] with the
cosmological parameters from the same PLANK experiment
[69] (Ω

𝜆

= 0.685, 𝐻
0

= 67.3), and this way the time assumed
for the beginning of the galaxy formation, 𝑡start = 0.6Gyr,
corresponds to a redshift 𝑧 = 7.

3.1. The Formation of the Disk. The process of infall of gas
from the protogalaxy to the equatorial plane depends on
time since the mass remaining in the protogalaxy or halo is
decreasing with time. In Figure 2 we represent the resulting
total infall of mass for our 44 radial distributions of mass
as a function of the redshift 𝑧. Since this process is defined
by the collapse time-scale, the total infall rate for the whole
galaxy only depends on the total mass, and therefore there
would be only 44 possible results, one for each maximum
rotation velocity or mass of the theoretical galaxy. However,
since we have assumed an infall rate variable with the radius,
each radial region of a galaxy has a different infall rate. We
show as a shaded region the locus where our results for all
radial regions of the whole set of models fall. Over this region
we show as solid lines the results for the whole infall of the
same 7 theoretical galaxies as in the previous Figure 1, and
with the same color coding, as labeled. The dashed purple
and yellow lines correspond to the prescriptions given by
Dekel et al. [77] and Faucher-Giguère Maciel et al. [78] for
the infall of gas as obtained by their cosmological simulations
to form massive galaxies. In both cases these expressions
depend on the dynamical halo mass, so we have shown
both lines for 𝑀dyn = 10

12M
⊙

which will be compared
to our most massive model which is on the top (black
line) and which has a similar total mass. There are some
differences with the results from cosmological simulations
for the lowest redshifts, for which our models have lower
infall rates than these cosmological simulations. However
we remind that these simulations prescriptions are valid for
spheroidal galaxies. We show as dotted purple lines 2 other
lines following Dekel et al. [77] prescriptions but for masses
2 × 10

12M
⊙

and 3 × 10
11M
⊙

, above and below the standard
dashed line, checking that this last one is very similar to our
cyan line. Therefore to decrease the infall rate for the most
recent times is probably a good solution to obtain disks. In
fact all our models for 𝑉max > 120 km s−1—the green line—
(i.e., all lines except the orange and magenta ones) coincide
in the same locus for the present time and reproduce well the
observed value given by Sancisi et al. [79] and represented by
the red full hexagon.

As a consequence of this infall of gas scenario, the disk
is formed. The proportion of mass in the disk compared
with the total dynamical mass of the galaxy is, as expected,
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Table 2: Evolution of different phases along the time/redshift for the grid of models. We show as an example the results for the present time
of a MWG-like model (𝑛𝑡 = 4, dis = 28). The complete table will be available in electronic format.

(a)

𝑛𝑡 dis 𝑡

𝑧

Radius Ψ
𝐻

Ψ
𝐷

𝑀
𝐻

𝑀
𝐷

Gyr kpc M
⊙

yr−1 M
⊙

yr−1 109 M
⊙

109 M
⊙

4 28 1.3201𝑒 + 01 0.00 0 1.5431𝑒 − 05 4.9526𝑒 − 02 1.0337𝑒 + 00 8.4818𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 2 2.5875𝑒 − 10 2.1748𝑒 − 02 9.7257𝑒 − 03 4.2363𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 4 2.9111𝑒 − 08 5.7276𝑒 − 02 6.4913𝑒 − 02 9.7481𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 6 2.1827𝑒 − 04 1.8737𝑒 − 01 3.7799𝑒 − 01 1.2042𝑒 + 01

4 28 1.3201𝑒 + 01 0.00 8 9.6978𝑒 − 03 4.7546𝑒 − 01 2.8732𝑒 + 00 9.6868𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 10 3.4321𝑒 − 02 3.8606𝑒 − 01 6.6828𝑒 + 00 5.0472𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 12 4.9261𝑒 − 02 1.8346𝑒 − 01 8.7949𝑒 + 00 2.0751𝑒 + 00

4 28 1.3201𝑒 + 01 0.00 14 5.2833𝑒 − 02 7.0495𝑒 − 02 9.5228𝑒 + 00 7.8723𝑒 − 01

4 28 1.3201𝑒 + 01 0.00 16 5.2396𝑒 − 02 2.2987𝑒 − 02 9.7360𝑒 + 00 2.9398𝑒 − 01

4 28 1.3201𝑒 + 01 0.00 18 5.1446𝑒 − 02 5.7661𝑒 − 03 9.8290𝑒 + 00 1.1004𝑒 − 01

4 28 1.3201𝑒 + 01 0.00 20 5.0964𝑒 − 02 9.0888𝑒 − 04 9.9186𝑒 + 00 4.1360𝑒 − 02

4 28 1.3201𝑒 + 01 0.00 22 5.1061𝑒 − 02 7.9634𝑒 − 05 1.0014𝑒 + 01 1.5583𝑒 − 02

4 28 1.3201𝑒 + 01 0.00 24 5.1747𝑒 − 02 4.7257𝑒 − 06 1.0104𝑒 + 01 5.8713𝑒 − 03

(b)

𝑔
𝐻

𝑠
1,𝐻

𝑠
2,𝐻

rem
𝐻

𝑔
𝐷

𝑐
𝐷

𝑠
1,𝐷

𝑠
2,𝐷

rem
𝐷

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

109 M
⊙

2.9016𝑒 − 03 8.6815𝑒 − 01 1.2048𝑒 − 05 1.6259𝑒 − 01 2.7416𝑒 − 02 1.4705𝑒 + 00 7.1689𝑒 + 00 3.3978𝑒 − 04 1.2371𝑒 + 00

1.3879𝑒 − 05 8.1686𝑒 − 03 1.7090𝑒 − 07 1.5430𝑒 − 03 1.4016𝑒 − 02 1.4705𝑒 + 00 3.5667𝑒 + 00 1.5015𝑒 − 04 6.2852𝑒 − 01

4.0674𝑒 − 04 5.4436𝑒 − 02 4.7128𝑒 − 07 1.0070𝑒 − 02 4.1804𝑒 − 02 1.4705𝑒 + 00 8.2575𝑒 + 00 3.9145𝑒 − 04 1.3868𝑒 + 00

1.7779𝑒 − 01 1.7061𝑒 − 01 2.0974𝑒 − 06 2.9597𝑒 − 02 1.3955𝑒 − 01 1.4705𝑒 + 00 1.0242𝑒 + 01 1.2864𝑒 − 03 1.5234𝑒 + 00

2.4434𝑒 + 00 3.7340𝑒 − 01 6.7054𝑒 − 05 5.6303𝑒 − 02 3.5938𝑒 − 01 1.4705𝑒 + 00 8.0530𝑒 + 00 3.2457𝑒 − 03 1.0218𝑒 + 00

6.0752𝑒 + 00 5.3545𝑒 − 01 2.3428𝑒 − 04 7.1939𝑒 − 02 3.9304𝑒 − 01 1.4705𝑒 + 00 3.9522𝑒 + 00 2.6251𝑒 − 03 4.4801𝑒 − 01

8.1503𝑒 + 00 5.7161𝑒 − 01 3.3513𝑒 − 04 7.2706𝑒 − 02 2.8478𝑒 − 01 1.4705𝑒 + 00 1.4482𝑒 + 00 1.2453𝑒 − 03 1.5079𝑒 − 01

8.9024𝑒 + 00 5.5139𝑒 − 01 3.5900𝑒 − 04 6.8586𝑒 − 02 1.7444𝑒 − 01 1.4705𝑒 + 00 4.4266𝑒 − 01 4.7796𝑒 − 04 4.2150𝑒 − 02

9.1454𝑒 + 00 5.2546𝑒 − 01 3.5588𝑒 − 04 6.4789𝑒 − 02 9.5622𝑒 − 02 1.4705𝑒 + 00 1.1078𝑒 − 01 1.5556𝑒 − 04 9.4763𝑒 − 03

9.2582𝑒 + 00 5.0801𝑒 − 01 3.4936𝑒 − 04 6.2419𝑒 − 02 4.6570𝑒 − 02 1.4705𝑒 + 00 2.0439𝑒 − 02 3.8890𝑒 − 05 1.5411𝑒 − 03

9.3567𝑒 + 00 5.0019𝑒 − 01 3.4607𝑒 − 04 6.1374𝑒 − 02 2.1461𝑒 − 02 1.4705𝑒 + 00 2.3765𝑒 − 03 6.0946𝑒 − 06 1.5895𝑒 − 04

9.4528𝑒 + 00 4.9999𝑒 − 01 3.4672𝑒 − 04 6.1317𝑒 − 02 1.0009𝑒 − 02 1.4705𝑒 + 00 1.7210𝑒 − 04 5.3111𝑒 − 07 1.0686𝑒 − 05

9.5352𝑒 + 00 5.0643𝑒 − 01 3.5137𝑒 − 04 6.2099𝑒 − 02 4.4897𝑒 − 03 1.4705𝑒 + 00 9.3097𝑒 − 06 3.1422𝑒 − 08 5.5691𝑒 − 07

dependent on this totalmass. In Figure 3we show the fraction
𝑀gal/𝑀𝐷, where 𝑀

𝐷

is the mass in the disk resulting from
the applied collapse time scale prescriptions, as a function
of the final mass in the disk. These results, shown as red
points, are compared with the line obtained by Mateo [95]
for galaxies in the local group, solid cyan line, and with the
ratio by Shankar et al. [96] calculated through the halo and
the stellar mass distributions in galaxies, solid black line.
We also plot the results obtained by Leauthaud et al. [97]
from cosmological simulations for three different ranges in
redshift, such as those labeled in the figure. Our results have
a similar slope to the one from Mateo [95], but the absolute
value given by this author is slightly lower, which is probably
due to a different value 𝑀

∗

/𝐿 to transform the observations
(luminosities) in stellar masses. Our results are close to the
ones predicted by Shankar et al. [96] and Leauthaud et al. [97]
obtainedwith different techniques.These authors find in both
cases an increase for high diskmasses which, obviously, is not

apparent in our models, since we have assumed a continuous
dependence of the collapse time scale with the dynamical
mass. Shankar et al. [96] analyzed the luminosity function
of halos and determine the relation with the mass formed
there, while Leauthaud et al. [97] compute cosmological
simulations and obtain the relation between the dynamical
mass and the final mass in their disks. As we say before,
disks obtained in simulations are smaller than observed what
increases the ratio𝑀gal/𝑀𝐷. Moreover the change of slope in
these curves defines the limit in which the elliptical galaxies
begin to appear, shown by the dotted black line as given by
González Delgado et al. [98]. Therefore it is possible that
these authors include some spheroids and galaxies SO in their
calculations which are not computed in our models. It is
necessary say, however, that the MWG value in this plot is
slightly above this limit, and just where the Shankar et al. [96]
line change the slope. Taking into account that spirals more
massive thanMWG there exist,maybe this limits is not totally
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Figure 3: The ratio 𝑀gal/𝑀𝐷 as a function of the mass in the disk
𝑀
𝐷

. Our models results are the solid red dots. The cyan and black
lines are the results obtained by Mateo [95] and Shankar et al. [96]
from observations of the local group of galaxies and from halo data,
respectively. Magenta, blue, and green dashed lines are results from
Leauthaud et al. [97] for different ranges of redshift as labeled. The
MWG point is represented by a blue full triangle and the dotted
black linemarks the limit between disk and spheroidal galaxies from
González Delgado et al. [98].

correct, and that, instead a sharp cut, there is amix of galaxies
in this zone of the plot.

3.2. The Relation of the SFR with the Molecular Gas. Since
the formation of molecular gas is a characteristic which dif-
ferentiates our model from other chemical evolution models
in the literature, we would like to check if our resulting star
formation is in agreementwith observations.We compare the
efficiency to form stars from the gas in phase H

2

, measured
as SFR/𝑀H

2

, with data in Figure 4. In Figure 4(a) we show
the results for a galaxy like MWG, where each colored line
represents a different radial region: solid red, yellow,magenta,
blue, green, and cyan lines, correspond to radial regions
located at 2, 4, 6, 8, 10, and 12 kpc of the Galactic center in
the MWG model. In Figure 4(b) solid black, cyan, red, blue,
green, orange, and magenta lines correspond to the galaxies
of different dynamical masses and efficiencies given in Table 1
and taken as examples. Observations at intermediate-high
redshift by Daddi et al. [99] and Genzel et al. [100] are shown
as cyan dots and blue triangles, respectively, while the green
squares refer to the local Universe data obtained by Leroy et
al. [101]. The red star marks the average given by Sancisi et al.
[79].

3.3. Evolution with Redshift of the Radial Distributions in
Disks. In the next figures we show the results corresponding
to the seven theoretical galaxies used as examples and whose
characteristics are given inTable 1.Wehave selected 7 galaxies
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Figure 4:The efficiency to form stars frommolecular gas, SFR/𝑀H2 ,
in logarithmic scale, as a function of redshift 𝑧 for our grid of
models.The evolutionwith redshift for all radial regions and galaxies
is shown by the shaded zone, while solid black points represent
the grid results for 𝑧 = 0. (a) Solid black, red, yellow, magenta,
blue, green, and cyan lines, correspond to radial regions located
at 0, 2, 4, 6, 8, 10, and 12 kpc of the Galactic center in the MWG
model. In (b) solid black, cyan, blue, red, green, orange, andmagenta
lines correspond to galaxies of different dynamical masses and
efficiencies (see Table 1). In (a) and (b) observations at intermediate-
high redshift fromDaddi et al. [99] andGenzel et al. [100] are shown
as cyan dots and blue triangles, respectively, while the green squares
refers to the local Universe data obtained by Leroy et al. [101]. The
red star marks the average given by Sancisi et al. [79].

which simulate galaxies along the Hubble sequence. They
have different masses and sizes and we have also selected
different efficiencies to form stars in order to compare with
real galaxies. In the next figures we will show our results
for 7 values of evolutionary times or redshifts: 𝑧 = 5, 4,
3, 2, 1, 0.4, and 0, with colors purple, blue, cyan, green,
magenta, orange, and red, respectively. The resulting radial
distributions in disks for diffuse and molecular gas, stellar
mass, and star formation rate for the galaxies from Table 1 are
shown in Figure 5. In this figure we show a galaxy in each
column and a different quantity in each row. Thus top, top-
middle, and bottom-middle panels show the diffuse gas, the
molecular gas, and the stellar surface densities, respectively,
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Figure 5: Evolutionwith redshift of the surface density of diffuse gas,ΣHI, molecular gas,ΣH2 , and stellarmass,Σ
∗

, in M
⊙

pc−2, in top,middle-
top, and middle-bottom rows, and the star formation rate, Ψ, in M

⊙

Gyr−1 pc−2, in the bottom one. All in logarithmic scale. Each column
shows the results for a theoretical galaxy of the Table 1, from the galaxy, with𝑉max = 78 km s−1, to themost massive one for𝑉max = 290 km s−1.
Each line corresponds to a different redshift: purple, blue, cyan, green, magenta, orange, and red for 𝑧 = 5, 4, 3, 2, 1, 0.4, and 0, respectively.

all inM
⊙

pc−2 units and in logarithmic scale, while the bottom
panel corresponds to the surface density of the star formation
rate in M

⊙

Gyr−1 pc−2.
The radial distributions of diffuse gas density ΣHI show

a maximum in the disk. The radius of the maximum is near
the center of the galaxy for 𝑧 = 5 and move outwards with
the evolution, reaching a radius ∼2/3𝑅opt kpc for the present,
that is, 1.3 times 𝑅

𝑐

, and ∼2 the effective radius in mass or
radius enclosed the half of the stellarmass of the disk (see next
section). The density ΣHI in this maximum reaches values ∼
50M
⊙

pc−2 in early times or high redshift. For the present,
the maximum density is ∼10M

⊙

pc−2, very similar in most of
theoretical galaxies.These radial distributions reproduce very
well the observations ofHI.The radial distribution for regions
beyond this point shows an exponential decrease but flatter
now than that in the high-redshift distributions.

The radial distributions of molecular gas density ΣH
2

show basically the same behavior, with a maximum in the
disks too. In each galaxy, however, this maximum is located
slightly closer to the center than the one from the HI
distribution. They show an exponential function too, after
this maximum. These radial distributions seem more to be
an exponential shape with a flattening at the center than the
ones fromHI which show a clearer maximum, mainly for the
least massive galaxies.

The stellar profiles, Σ
∗

, show the classical exponential
disks. The size of these stellar disks and the scale length of

these exponential functions are in agreement with observa-
tions. However they present a decreasing or flattening in the
inner regions in most cases, although some of them have
an abrupt increase just in the center. It is necessary to take
into account that these models are calculated to model spiral
disks, and the bulges are added by hand without any density
radial profile. Probably this produces a behavior not totally
consistent with observations at the center of galaxies.

In these three panels we show the results only for densities
higher than 0.1M

⊙

pc−2, which corresponds to an atomic
density 𝑛 ∼ 0.1 cm−2 which we consider as a lower limit for
observations.

The star formation radial distributions show similar
shapes asΣH

2

andΣ
∗

, a similar decreasing in the inner regions
of disks, too. Although these decreases have been observed in
a large number of spiral disks for ΣH

2

and SFR distributions
[102–104], we think, however, that they are stronger than
observed.

From all panels we may say that spiral disks would have a
more compact appearance at high redshift with higher values
maximum and smaller physical sizes, as correspond to an
inside-out disk formation as assumed. The present radial
distributions show flatter shapes, with smaller values in the
maximum and in the inner disks and higher densities in the
outer regions.

The star formation is around 2 orders of magnitude larger
at 𝑧 = 5 than now for the massive galaxies, in agreement with
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that estimated of the star formation in the Universe [105],
while for the smaller galaxies the maximum value is low and
very similar then than now.

In Figure 8 panel (a), we show the same four radial
distributions for the lowest mass galaxy in our grid with a
maximum rotation velocity of 𝑉max ∼ 50 km s−1. In this
case and taking into account the limit of the observational
techniques, we see that the galaxy will be only detected in
the region around 1 kpc and only for redshift 𝑧 < 2 since for
earlier times than this the galaxy will be undetected.

3.4. The Half Mass Radii. Since we know the mass of the
disk and the corresponding one to each phase we may follow
the increase of the stellar mass in each radial region and
calculate for each evolutionary time of redshift the radius
for which the stellar mass is the half of the total of the
mass in stars in the galaxy, 𝑅𝑒𝑓𝑓mass. This radius obviously
will evolve with time and since we have assumed an in-
out scenario of disk formation, it must increase with it. We
show this evolution in Figure 6, where we plot with different
colors the evolution of different efficiencies models: black,
gray, green, red, orange, magenta, purple, cyan, and blue for
sets 𝑛𝑡 = 1 to 9, respectively, for mass distributions from
number 10 to 44, which correspond to maximum rotation
velocities in the range 𝑉max ∼ 80 to 400 km s−1. The lowest
mass galaxies, with 𝑉max < 78 km s−1 (or those for which
efficiencies correspond to 𝑛𝑡 = 10) are not shown since, as we
will show in Figure 8, they only would have a visible central
region. It is evident that the effective radius increases, being
smaller to high redshift, this increase begins later for the later
types of smaller efficiencies than for the earlier ones or with
high efficiencies. Blue and cyan points are below 1 kpc for
redshifts higher than 1, while the others begin to increase
already at 𝑧 = 5-6. Moreover a change of slope with an
abrupt increase in the size occurs at 𝑧 ∼ 3 until 𝑧 ∼ 2,
for 𝑛𝑡 < 5, when the star formation suffers its maximum
value in most of these galaxies which is in agreement with
the data. Intermediate galaxies, as magenta and purple dots,
which correspond to irregular galaxies show this change of
the slope at 𝑧 < 2.

3.5. Evolution of Elemental Abundances. The resulting ele-
mental abundances are given in Table 3. For each type of
efficiencies 𝑛𝑡 and mass distribution dis and columns 1 and
2, we give the time 𝑡 in Gyr in column 3, the corresponding
redshift 𝑧 in column 4, and the Radius in Kpc in column 5.
The elemental abundances for H, D, 3He, 4He, 12C, 13C, N,
O, Ne, Mg, Si, S, Ca, and Fe are in columns 6 to 19 as fraction
in mass.

The radial distributions of elemental abundances are
shown in Figure 7. There we have for the same 6 galaxies of
Figure 5 from the left to the right column, the abundance
evolution for C, N, O, and Fe, as 12 + log(𝑋/𝐻) from top
to bottom panels. In each panel, as before, we represent the
radial distributions for 7 different redshifts, 𝑧 = 5, 4, 3, 2, 1, 0.4,
and 0, with the same color coding. The well-known decrease
from the inner to the outer regions, called the radial gradients
of abundances, appear in the final radial distributions for the

present time in agreement with data. However the slope is
not unique in most of cases. The radial distribution for any
element, 12+log(𝑋/𝐻), is not a straight line but a curvewhich
is flatter in the central region and also in the outer disk in
agreement with the most recent observations [18].

The distributions of abundances change with the level of
evolution of a galaxy. A very evolved galaxy, that is, as the
one for the most massive ones, and/or those with the highest
efficiencies to form stars show flatter radial gradients than
those which evolve slowly, which have steeper distributions.
There exists a saturation level of abundances, defined by
the true yield and given by the combination of stars of a
certain range of mass and the production of elements of these
stars. For our combination of stellar yields fromWoosley and
Weaver [83], Gavilán et al. [84], and Gavilán et al. [85] and
IMF from Ferrini et al. [82], this level is 12 + log(𝑋/𝐻) ∼

8.8, 8.0, 9.0 and 8.2 dex for C, N, O, and Fe, respectively. As
the galaxy evolves the saturation level is reached in the outer
regions of galaxy, thus flattening the gradient.

The radial gradient flattens with the evolutionary time
or redshift, mainly in the most massive galaxies, although
it maintains a similar value for the smallest galaxies. The
extension in which the radial gradient appears, changes,
however, with time. At the earliest time the radial gradient
appears only for the central regions, until 1 kpc in the left
column galaxy, while it does until 22 kpc in the right one
with a change of slope at around 8 kpc. For the radial regions
out of this limit, it shows a flat distribution. At the present,
this gradient appears until a extended radius, 28 kpc, in our
most massive galaxy, while it is only in the inner 4 kpc in
the smallest one. If we analyze the results for the lowest
mass galaxy in Figure 8, we see that abundances show a very
uniform distribution along the galactocentric radius for all
elements, with a slight increase at the center for all redshifts
that may be considered as a nonexistent radial gradient,
within the usual errors bars.

The flat radial gradient in the lowest mass galaxies, as
shown in Figure 8, as this one of the most distant regions of
the disk in the massive galaxies at the highest redshifts, must
be considered as a product of the infall of a gas more rich
that this one of the disk. It is necessary to take into account
that the halo is forming stars too. When the collapse time is
longer, as occurs in the outer regions of disks, there is more
time and more gas in the halo to form stars and increase its
abundances. Thus, the gas infalling is, even at a very low level
(12 + log(𝑋/𝐻) ∼ 4-5), more enriched than the gas of the
disk.

4. The Photometric Model Description

It is well known that galaxies have SEDs depending on
their morphological type [106]. These SEDs and other data
related to the stellar phase are usually analyzed through
(evolutionary) synthesis models (see [107], for a recent and
updated review about thesemodels), based on SSPs created by
an instantaneous burst of star formation (SF). The synthesis
models began calculating the luminosity (in a broad band
filter or as a SED, 𝐹

𝜆

(𝜆) or by using the spectral absorption
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Figure 7: Evolution with redshift of radial distributions of elemental abundances, C, N, O, and Fe from top to bottom. Each column shows
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at the right. In each panel distributions for 7 redshifts are shown, with the same color coding as in Figure 5.

indices) for a generation of stars created simultaneously,
(therefore, with a same age, 𝜏, and with a same metallicity,
𝑍), that is, the so-called single stellar population (SSP). The
evolutionary codes compute the corresponding colors, sur-
face brightness, and/or spectral absorption indices emitted
by a SSP from the sum of spectra of all stars created and
distributed along a Hertzsprung Russell diagram, weighted
with an IMF.This SED, given 𝜏 and𝑍, is characteristic of each

SSP. This way it is possible to extract some information of the
evolution of galaxies by using evolutionary synthesis models
in comparison with spectrophotometric observations. This
method has been very useful for the study of elliptical
galaxies, for which it was developed, with the hypothesis that
they are practically SSPs and allowed to advance very much
in the knowledge of these objects, determining their age and
metallicity with good accurate [86, 108–113].
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Figure 8: (a) Radial distributions of the surface density of diffuse gas, ΣHI, molecular gas, ΣH2 , and stellar mass, Σ
∗

, in M
⊙

pc−2, and the
star formation rate surface density, ΣSFR, in M

⊙

yr−1 pc−2, all in logarithmic scale, for the least massive galaxy of our example table, with
𝑉max = 48 km s−1. (b) Evolution with redshift of radial distributions of elemental abundances, C, N, O, and Fe of the same galaxy.

Star formation history, however, does not always take
place in a single burst, as occurs in spiral and irregular
galaxies where star formation is continuous or in successive
bursts. Since in these galaxies the star formation does not
occur in a single burst the SSP SEDs are not good repre-
sentative of their luminosity. In this case it is necessary to
perform a convolution of these SEDs with the star formation
history (SFH) of the galaxy, Ψ(𝑡). Thus, spectral evolution
models of galaxies predict colors and luminosities of a galaxy

as a function of time, as for example Bruzual and Charlot
([114, 115], hereafter galaxev), or the ones from Fioc and
Rocca-Volmerange [111], and Le Borgne et al. ([116], hereafter
pegase 1.0 and 2.0, resp.), from the SEDs calculated for the
SSPs and also for some possible combinations of them by
following a given SFH. Usually some hypotheses about the
shape and the intensity of the SFH are assumed; for example,
an exponentially decreasing function of time is normally
used. However an important point, usually forgotten when
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this technique is applied is that 𝑆
𝜆

(𝜏, 𝑍(𝑅)) = 𝑆
𝜆

(𝜏, 𝑍(𝑅, 𝑡


));
that is, the metallicity changes with time since stars form and
die continuously. It is not clear which 𝑍 must be selected at
each time step without knowing this function 𝑍(𝑡). Usually,
only one𝑍 is used for the whole integration which may be an
oversimplification.

Besides the fact thatmost of thesemodels do not compute
the chemical evolution that occurs along the time (or do it in
a very simple way), the star formation histories are assumed
as inputs. In our approach we may take advantage from the
results of the chemical evolution models section, which give
us as outputs the SFH and the AMR, and use them as inputs
to compute the SED of each galaxy or radial region. For
each stellar generation created in the time step 𝑡, a SSP-SED,
𝑆(𝜏, 𝑍(𝑅, 𝑡)), from this set, is chosen taking into account its
age, 𝜏 = 𝑡 − 𝑡

, from the time 𝑡
 in which it was created

until the present 𝑡 and the metallicity 𝑍(𝑅, 𝑡) reached by the
gas. After convolution with the SFH, Ψ(𝑅, 𝑡), the final SED,
𝐹
𝜆

(𝜆, 𝑅, 𝑡), is obtained for each region.This way in a region of
each galaxy, the final SED,𝐹

𝜆

, corresponds to the light emitted
by the successive generations of stars. It may be calculated
as the sum of several SSP SEDs, 𝑆

𝜆

, being weighted by the
created stellar mass in each time step, Ψ(𝑅, 𝑡). Thus, for each
radial region:

𝐹
𝜆

(𝑅, 𝑡) = ∫

𝑡

0

𝑆
𝜆

(𝜏, 𝑍 (𝑅, 𝑡


))Ψ (𝑅, 𝑡


) 𝑑𝑡


, (8)

where 𝜏 = 𝑡 − 𝑡
.

The set of SSP’s SEDs, 𝑆
𝜆

(𝜏, 𝑍) used are those from the
popstar evolutionary synthesis code [62]. The isochrones
used in that work are those from Bressan et al. [117] for six
different metallicities:𝑍 = 0.0001, 0.0004, 0.004, 0.008, 0.02,
and 0.05, updated and computed for that particular piece of
work. The age coverage is from log 𝜏 = 5.00 to 10.30 with
a variable time resolution which is Δ(log 𝜏) = 0.01 in the
youngest stellar ages, doing a total of 106 ages. The WC and
WN stars are identified in each isochrone according to their
surface abundances. The grid is computed for six different
IMFs. Here we have used the set calculated with the IMF
from Ferrini et al. [82] to be consistent with the one used
in the chemical evolution models grid. To each star in the
HR diagram a stellar model is assigned based on the effective
temperature and gravity. Stellar atmosphere models are taken
from Lejeune et al. [118], due to their expansive coverage
in effective temperature, gravity, and metallicities, for stars
with 𝑇eff ≤ 25000K. For O, B, and WR stars, the NLTE
blanketed models of Smith et al. [119] (for metallicities 𝑍

= 0.001, 0.004, 0.008, 0.02, and 0.04) are used. There are 110
models forO-B stars, calculated by Pauldrach et al. [120], with
25000K < 𝑇eff ≤ 51500K and 2.95 ≤ log

𝑔

≤ 4.00, and 120
models for WR stars (60WN and 60WC), from Hillier and
Miller [121], with 30000K ≤ 𝑇

∗

≤ 120000K and 1.3R
⊙

≤

𝑅
∗

≤ 20.3R
⊙

for WN, and with 40000K ≤ 𝑇
∗

≤ 140000K
and 0.8R

⊙

≤ 𝑅
∗

≤ 9.3R
⊙

for WC. 𝑇∗ and 𝑅
∗ are the

temperature and the radius at a Roseland optical depth of 10.
The assignment of the appropriate WR model is consistently
made by using the relationships between opacity, mass loss,

and velocity wind, as described in Mollá et al. [62]. For post-
AGB and planetary nebulae (PN) with 𝑇eff between 50000K
and 220000K, the NLTE models from Rauch [122] are taken.
For higher temperatures, popstar uses black-bodies.The use
of these latter models modifies the resulting intermediate age
SEDs. The range of wavelengths are the same as the one from
Lejeune et al. [118], from 91 Å to 160 𝜇m.

5. Spectrophotometric Results

5.1. Spectral Energy Distributions. As an example of the tech-
nique described in the above section, we show the star
formation history Ψ(𝑡) and the age metallicity distributions
𝑍(𝑡), as [Fe/H](𝑡), for the characteristic radius, 𝑅

𝑐

, regions
of the galaxies of Table 1 in Figure 9. By using these histories
we obtain the resulting 𝐹

𝜆

(𝜆, 𝑡) for these regions which
reproduce reasonably well the SEDs of the sampled galaxies.
We have compared our resulting spectra after a time 13.2 Gyr
of evolution for the models for galaxies from Table 1 with the
known templates for the different morphological types from
Coleman et al. [106], Buzzoni et al. [124], and Boselli et al.
[125], such as can be seen in Figure 9 where we compared
our results with Buzzoni [124]. We have represented galaxies
ordered by the galactic mass, with the most massive in the
top of the graph and each SED is shifted 2 dex compared
with the previous one for the sake of clarity of the figure.
There are some differences that probably are related to the
fact that we are comparing a whole galaxy SED with the
one modeled for a given radial region. With this we try to
check that our resulting SEDs are in reasonable agreement
with observations. A more detailed comparison with data
for different radial regions of disks using both types of
information, this one proceeding from the gas, the present
state of disks, and the one coming from the stellar populations
and represented by the brightness profiles in different broad
bands are beyond the scope of this work and will be the
objects of the next publication.

In order to use our model grid, we may therefore select
the best model able to fit a given observed SED and then see
if the corresponding SFH and the AMR of this model are
also able to reproduce the present time observational data of
SFR and metallicity of the galaxy or of the radial region. We
have a SED for each radial region, so we may compare the
information coming from different radial regions with our
models. When only a spectrum is observed for one galaxy, it
is possible to compare with the characteristic radius region or
to add all spectra of a galaxy. For dwarf galaxies bothmethods
give equivalent results since only central regions have suffered
star formation enough to create visible stellar populations.We
show an example of this method in Figure 10(a), where three
SEDs from Hunt et al. [123] of BCD galaxies are compared
with the characteristic region spectrum of the best model
chosen for each one of them. In (b) of the same figure we
show the corresponding SFH, Ψ(𝑡), and AMR, [Fe/H](𝑡),
with which the modeled SEDs were computed. The final
values are within the error bars of observations for these
galaxies, compiled by the same authors. Since each SED iswell
fitted and, simultaneously, the corresponding present-time
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Table 1. (b) The resulting spectral energy distributions, 𝐹
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Figure 10: (a) The resulting spectral energy distributions—red solid lines—obtained to reproduce the observations from Hunt et al. [123]—
blue open squares—for three BCD galaxies. (b) The star formation history and age-metallicity relation with which we obtain the SEDs which
best fit observed spectra.

data of the galaxy by the same chemical evolution model, we
may be confident that these SFH and AMR give us a reliable
characterization of the evolutionary history of each galaxy.

It is clear that spiral and irregular galaxies are systems
more complex than those represented by SSP’s, and that,

in particular, their chemical evolution must be taken into
account for a precise interpretation of the spectrophotometric
data. On the plus side for these objects the gas phase data are
also available andmay be used as constraint.What is required
then is to determine the possible evolutionary paths followed
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by a galaxy that arrive at the observed present state, while,
simultaneously, reproducing the average photometric prop-
erties defined by the possible underlying stellar populations.

5.2. Broad-Band Magnitudes and Color-Color Diagrams.
Once the SEDs are obtained for all times/redshifts and radial
regions of our whole grid of models, we may calculate the
magnitudes in the usual broad-band filters. In this case we
have computed these ones in the Johnson and SDSS/SLOAN
systems by following the prescriptions given in Girardi
et al. [126, 127]. For Johnson-Cousins-Glass magnitudes𝑈𝑉

1

,
𝑈𝑉
2

, 𝑈, 𝐵, 𝑉, 𝑅, 𝐼, 𝐽, 𝐻, 𝐾, and 𝐿 are computed using
the definition suitable for photon counting devices [126].
Absolute magnitudes in the AB-SDSS photometric system
have been calculated following Girardi et al. [127] and Smith
et al. [128]. See more details about this in the refereed works
or in Mollá et al. [62] where the magnitudes were obtained
for the SSP-SEDs.

The results are absolute magnitudes in the rest-frame of
an observed located at distance 𝑑 = 10 pc. Therefore we
have not used the distance at which a galaxy given redshift
must be nor The results are absolute magnitudes of the
wavelength. These effects must be taken into account when
observational apparent magnitudes are calculated. In that
case it is necessary to calculate the decreasing of the flux
due to the distance, to include the 𝐾-correction and the
wavelength redshift.

These absolute magnitudes are given in Table 4, where
for each set of efficiencies, defined by 𝑛𝑡 in column 1, and
for each radial mass distribution, defined by the number
given in Table 1 from MD05, dis, in column 2, we have the
evolutionary time, 𝑡 in Gyr, in column 3, and the associated
redshift 𝑧, in column 4, the radius of each radial region,
Radius in kpc, in column 5, and the corresponding disk area,
Area, in kpc2, in column 6. Then, we have two ultraviolet
from the Hubble telescope, and the classical Johnson system
magnitudes, 𝑈𝑉

1

, 𝑈𝑉
2

, 𝑈, 𝐵, 𝑉, 𝑅, 𝐼, 𝐽, 𝐻, 𝐾, and 𝐿, and
the SLOAN/SDSSmagnitudes in the AB system, named 𝑢sdss,
𝑔sdss, 𝑟sdss, 𝑖sdss, and 𝑧sdss.

We may check that our results for the whole grid are
reasonable when comparing them with color-color diagrams
as is shown in Figure 11. Colors 𝑈-𝐵 versus 𝐵-𝑉, 𝑈-𝐵 versus
𝐵-𝑅, 𝑉-𝑅 versus 𝑉-𝐼, 𝐵-𝐾 versus 𝐵-𝑅, 𝐵-𝐼 versus 𝑉-𝑅, and
𝑉-𝐾 versus 𝐵-𝑉 are represented as blue dots for all regions
and galaxies modeled in this works and compared with
observational data from Buta and Williams [129] in panel
𝑉-𝑅 versus 𝑉-𝐼, from Peletier and Balcells [130] in panel
𝐵-𝐾 versus 𝐵-𝑅, and from de Jong [131] in 𝐵-𝐼 versus 𝑉-𝑅
and 𝑉-𝐾 versus 𝐵-𝑉. The standard values for typical galaxies
along the Hubble sequence as Sa, Sb, Sc, and Sd taken from
Poggianti [132] are also shown, labeled in magenta. In panel
𝑈-𝐵 versus 𝐵-𝑉 the yellow line corresponds to data from
Vitores et al. [133]. Green squares are from Buzzoni [124].
The cyan ones are the results corresponding to the galaxies
from Table 1. In fact the dispersion of data is quite large,
in particular in the two bottom panels. Probably due to the
contribution of the emission lines, which move the points
of the standard locus for galaxies in a orthogonal way, such

as we have demonstrated in Mart́ın-Manjón et al. [134] and
Garćıa-Vargas et al. [135], where we added the contribution
of the emission lines to the broad band colors in single stellar
populations and in star-forming galaxies models.

5.3. Brightness and Color Radial Profiles of Disks. As we
known the luminosity of each radial region, we may compute
the surface brightness as mag arcsec−2. By assuming that our
theoretical galaxies are located at 10 pc, the brightness is

𝜇 = 𝑀 + 21.57 + log Area, (9)

where Area is the area of each radial region in pc2 and the
constant value 21.57 is 2.5× log Fcon, where Fcon is the factor
to convert pc to arcsec.

As said before, we have not computed apparent mag-
nitudes in each redshift and then the relation luminosity
distance-redshift is not necessary and the redshift of the
wavelength is not taken into account.

Brightness radial profiles are shown in Figure 12 for the
same 6 galaxies of Table 1 as shown in Figures 6 and 8. Each
column represents a galaxy, from the smallest one (𝑉max =

78 km s−1) at the left, to themostmassive (𝑉max = 290 km s−1)
at the right. Brightness in bands 𝑈, 𝐵, 𝑉, 𝑅, 𝐼, 𝐽, 𝐻, and 𝐾 of
the Johnson system are given from top to bottom. In Figure 13
we show similar radial profiles brightness radial profiles for
bands 𝑢sdss, 𝑔sdss, 𝑟sdss, 𝑖sdss, and 𝑧sdss in the SDSS/SLOAN
system. In each panel the same 7 redshifts as in previous
Figures 6 and 8 are shown with the same color coding. The
profiles show the usual exponential shapes except for the
central/inner regions where a flattening is evident.The results
for the disks at 𝑧 = 0 are similar to the observed ones. The
value of 𝜇 = 21-22mag arcsec−2 observed as a common value
in the center of most galaxies [65] is found with our models.
Profiles are steeper for the highest redshifts, being galaxies
less luminous, and disks smaller. As the galaxy evolves, more
stellar mass appears andmore extended in the disk, doing the
profiles more luminous and extended. Thus, in 𝐾-band, the
radius 𝑅

25

, defined as this one where 𝜇 = 25mag arcsec−2, is
in the most massive galaxy, ∼18 kpc for 𝑧 = 5, and is >30 kpc
for the present time. While for the left column galaxy, 𝑅

25

∼1
kpc for 𝑧 = 3 and 𝑅

25

∼ 4 kpc for 𝑧 = 0 but the brightness do
not reach this level at higher redshifts than 3.

Again we show separately in Figure 14 the surface bright-
ness profiles for the lowest mass galaxy of our Table 1. It has a
very low luminosity in all bands and surface brightness that
are difficult to observe even in the local Universe. Only the
region around 1 kpc of distance might be observed for 𝑧 < 2.

The radial profiles for some colors are shown in Figures
15 and 16 with similar columns for the same 6 galaxies from
table examples as before, the lowest mass at left and the most
massive one to the right. These radial distributions do not
show uniform evolution doing evident that not all bands
evolve equally. Thus, colors V-R, B-K in Figure 15 or 𝑟sdss-
𝑖sdss and 𝑖sdss-𝑧sdss in Figure 16 show at 𝑧 = 2-3 an increase
their radial distributions located in some place along the disk
which varies with the redshift.
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Table 4: Absolute magnitudes evolution along the time/redshift for the grid of models in Johnson and SDSS/SLOAN system.

(a)

𝑛𝑡 dis 𝑡 𝑧 Radius Area UV
1

UV
2

𝑈 𝐵 𝑉

4 28 13.201 0.00 0.0 19 −18.920 −18.115 −17.796 −18.015 −18.827
4 28 13.201 0.00 2.0 13 −18.151 −17.351 −17.130 −17.322 −18.112
4 28 13.201 0.00 4.0 25 −19.109 −18.301 −18.021 −18.228 −19.034
4 28 13.201 0.00 6.0 38 −19.953 −18.920 −18.602 −18.749 −19.491
4 28 13.201 0.00 8.0 50 −20.669 −19.358 −18.983 −19.016 −19.618
4 28 13.201 0.00 10.0 63 −20.368 −18.970 −18.578 −18.561 −19.092
4 28 13.201 0.00 12.0 75 −19.554 −18.117 −17.733 −17.691 −18.183
4 28 13.201 0.00 14.0 88 −18.561 −17.088 −16.727 −16.661 −17.112
4 28 13.201 0.00 16.0 100 −17.443 −15.922 −15.580 −15.495 −15.894
4 28 13.201 0.00 18.0 110 −16.149 −14.502 −14.091 −13.969 −14.354
4 28 13.201 0.00 20.0 139 −14.297 −12.508 −11.986 −11.827 −12.212
4 28 13.201 0.00 22.0 140 −11.665 −9.836 −9.223 −9.054 −9.435
4 28 13.201 0.00 24.0 150𝐸 −8.545 −6.786 −6.154 −5.971 −6.321

(b)

𝑅 𝐼 𝐽 𝐻 𝐾 𝐿 𝑢sdss 𝑔sdss 𝑟sdss 𝑖sdss 𝑧sdss

19.476 −20.100 −20.726 −21.295 −21.526 −21.673 −16.963 −18.537 −19.135 −19.486 −19.720
18.748 −19.353 −19.959 −20.516 −20.741 −20.885 −16.292 −17.832 −18.412 −18.749 −18.969
19.679 −20.295 −20.911 −21.476 −21.704 −21.849 −17.188 −18.747 −19.340 −19.686 −19.914
20.103 −20.700 −21.307 −21.867 −22.095 −22.241 −17.776 −19.235 −19.775 −20.097 −20.316
20.155 −20.701 −21.277 −21.819 −22.041 −22.187 −18.161 −19.429 −19.852 −20.117 −20.310
19.585 −20.096 −20.647 −21.174 −21.392 −21.536 −17.757 −18.938 −19.296 −19.526 −19.700
18.650 −19.136 −19.664 −20.175 −20.386 −20.528 −16.912 −18.050 −18.371 −18.577 −18.734
17.548 −18.005 −18.507 −19.000 −19.204 −19.342 −15.901 −17.000 −17.278 −17.460 −17.598
16.294 −16.718 −17.186 −17.647 −17.836 −17.969 −14.745 −15.807 −16.036 −16.188 −16.304
14.753 −15.151 −15.582 −15.990 −16.151 −16.270 −13.254 −14.269 −14.498 −14.638 −14.728
12.623 −13.018 −13.442 −13.834 −13.985 −14.096 −11.157 −12.122 −12.364 −12.511 −12.592
−9.872 10.303 −10.750 −11.184 −11.358 −11.478 −8.399 −9.346 −9.600 −9.781 −9.884
−6.757 −7.202 −7.658 −8.119 −8.308 −8.435 −5.333 −6.247 −6.482 −6.674 −6.786

6. Discussion

One of the things which arises from these models is that
elemental abundances do not show exponential radial dis-
tributions and therefore it is not easy to fit a straight line
in the logarithmic scale and to obtain a radial gradient. The
distributions are always flatter on the inner regions than in
the disk. It is in the disk region between the bulge and the
optical radius (around 2 times the effective radius) where
a radial gradient may actually be well defined. In the outer
regions of the disk the distributions are flatter again, which
is in agreement with recent observations from the CALIFA
survey [18]. This flattening is more evident, at shorter radii,
for early times or highest redshifts. By taking into account that
at these same time/redshifts the stellar profiles continue being
steep; it is evident that the abundances do not proceed from
the stellar production in the disk. Since the radial gradient
is created by the ratio Ψ/𝑓, one possibility is that the infall
causes en enrichment in the outer parts of the disks. Wemust
remember that in our models the halos create stars too, with
an efficiency 𝜖

𝜅

= 0.003. With this value it is possible to

reproduce the star formation history and the age-metallicity
relation of the Galactic halo. Since the infall rate is very
high in the inner regions of the disk, the star formation in
the inner halo occurs during a very short time, and then
the gas falls towards the disk, and the star formation in the
halo stops. Thus, stars in the halo will be old and with low
metallicities, as observed. On the contrary, the infall of gas
takes places during a longer time in the outer disk, and
therefore the corresponding halo maintains a quantity of gas
which allows us to have a star formation rate at a certain
level along the galaxy life. Thus the gas infalling in the outer
disk may be enriched, in a relative term, compared with the
extremely low abundances of the outer disk. In order to check
this possibility we have computed a model for a theoretical
galaxy similar to MWG, which would be the same as the
number 5 in Table 1, without star formation rate, that is, with
𝜖
𝜅

= 0. Resulting radial distributions for both cases may be
compared in Figure 17. In (a) we show the standard results,
already shown in Figure 8 with the other galaxy examples. In
(b) we have the same model with 𝜖

𝜅

= 0. In the first case
the flattening of the radial distributions for the outer disk is
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Figure 11: Color-color diagrams. Colors𝑈-𝐵 versus 𝐵-𝑉,𝑈-𝐵 versus 𝐵-𝑅, 𝑉-𝑅 versus 𝑉-𝐼, 𝐵-𝐾 versus 𝐵-𝑅, 𝐵-𝐼 versus 𝑉-𝑅, and 𝑉-𝐾 versus
𝐵-𝑉 are represented as blue dots and compared with observational data. The standard values for typical galaxies along the Hubble sequence
as Sa, Sb, Sc, and Sd are taken from Poggianti [132] and shown as in magenta letters. In the panel𝑈-𝐵 versus 𝐵-𝑉, the yellow line corresponds
to data from Vitores et al. [133], the red dots are from Buta and Williams ([129], BW95) in 𝑉-𝑅 versus 𝑉-𝐼, from Peletier and Balcells ([130],
PEL96) in panel 𝐵-𝐾 versus 𝐵-𝑅, and from de Jong ([131], dJvK96) in 𝐵-𝐼 versus 𝑉-𝑅 and 𝑉-𝐾 versus 𝐵-𝑉 panels The green full squares are
from [124].

evident for all redshifts, although more clearly in the highest
ones, while in the bottom panel no flattening in this region
appears. The flattening in the inner disk is similar in both
cases.

The second result is that radial gradient flattens with the
evolution for all galaxies. However the rate with which this
occurs is not the same for all of them.Massive galaxies evolve
more rapidly flattening very quickly their radial distributions
of abundances. Low mass galaxies on the contrary maintain
a steep radial gradient for a longer time. On the other hand,

this is a generic result when all radial range of the disk is used
to compute the radial gradient. By taking into account that
the distributions of abundances do not have a unique slope, as
we have explained above, we might select different ranges to
compute this gradient. That is if we calculate the gradient for
all the spatial range, we obtain the red dashed line in Figure 18
for a MWG-like model, similar to our results in Mollá and
Diaz [51]. The radial gradient decreases with the evolution.
The radial gradient decreases with the evolution. If we select
a restricted radial range, computing it only for Radius < 𝑅opt



Advances in Astronomy 19

0 2 4 6 0 5 10 0 10 0 10 20 00 2020 40

Radius (kpc)

30

20

30

20

30

20

30

20

30

20

30

20

30

20

30

20

K

H

J

I

R

V

B

U
𝜇

(m
ag

 ar
cs

ec
−
2
)

Figure 12: Evolution with redshift of surface brightness profiles in𝑈,𝐵,𝑉,𝑅, 𝐼, 𝐽,𝐻, and𝐾 bands. Each row shows the results for a theoretical
galaxy of the Table 1, from the galaxy, with 𝑉max = 78 km s−1, to the most massive on the bottom for 𝑉max = 290 km s−1. Lines purple, blue,
cyan, green, magenta, orange, and red are for 𝑧 = 5, 4, 3, 2, 1, 0.4, and 0, respectively.

(which increases with redshift decreasing), then we obtain
the solid line results which show a smaller absolute value and
less evolution along redshift. It is necessary to remember that
other galaxies will have their own radial gradient evolution
since each galaxy may evolve in a different way.

We may compare these results with observational data
which are nowbeing published.Wedo that in Figure 18where
data from Maciel et al. [136], Rupke et al. [137], Stanghellini
et al. [138], Cresci et al. [58], Yuan et al. [59], Queyrel et al.
[60], Jones et al. [61], and Maciel and Costa [139] are shown.
It is evident that not all of them give the same result. Some
authors claim that the radial gradient is steeper for early
evolutionary times, while others found flat or even positive
radial gradient and try to interpret these results with generic
scenarios about the formation of galaxies. It is necessary to
say again that not all galaxies evolve in the same way, and,
furthermore, not all the observationsmeasure the same thing.
The radial range of the measurements is important as we

have shown before. There are other important observational
effects, such as the angular resolution, the signal to noise,
or the annular binning that may change the obtained radial
gradient, such as it is demonstrated in Yuan et al. [143]. It
is necessary to take care of how using these high redshift
observations before to extract conclusions. Maybe a method
more sure than to estimate oxygen abundance for high
redshift is to study planetary nebula (PN), such as Maciel et
al. [136],Maciel and Costa [139], and their group do, since PN
give to us the radial gradient that a galaxy had some time ago.

7. Conclusions

We have shown a complete grid of chemo-spectro-photo-
metric evolution models calculated for spiral and irregular
galaxies.The evolutionwith redshift is given in the rest-frame
of galaxies. We obtain the evolution of the radial gradient of
abundances with higher abundances in the inner regions of
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Figure 14: Evolution of surface brightness profiles for Johnson (𝑈, 𝐵, 𝑉, 𝑅, 𝐼, 𝐽, 𝐻, and 𝐾) and SDSS/SLOAN (𝑢sdss, 𝑔sdss, 𝑟sdss, and 𝑖sdss)
magnitudes radial distributions for the least massive galaxy of Table 1 with 𝑉max = 48 km s−1.

disks than in the outer ones. These radial gradients flatten
with decreasing redshifts, but always there are some outer
regions that show no radial gradient, or it is flatter than in the
inner disk.These regions are located increasingly far from the
center as the evolution takes place. We have also presented
the photometric evolution for this same set of theoretical

galaxies, given the surface brightness profiles at different
evolutionary times or redshifts. Using the surface density
of atomic, molecular, or stellar masses, and these surface
brightness profiles we may predict observational limits for
these quantities for different redshifts. We may also check
that the flat radial gradients of abundances in the outer
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Figure 18: Evolution of the radial gradient of oxygen abundance
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disks do not correspond to a similar flattening of the surface
brightness profiles, and therefore the abundances in these
regions do not arise by the stellar populations in the disk.
We suggest that they are the result of the infall of gas coming
from a halo that is in that moment more enriched than
the one in the disk. This indicates that the infall law of

gas which forms-out the disk has important consequences
in the predicted observational characteristics of galaxies at
high redshift. Therefore analyzing other possible infall laws
is essential and we will do that in the future.
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Imaging Fourier transform spectroscopy (iFTS) is a promising, although technically very challenging, option for wide-field
hyperspectral imagery. We present in this paper an introduction to the iFTS concept and its advantages and drawbacks, as well as
examples of data obtained with a prototype iFTS, SpIOMM, attached to the 1.6m telescope of the Observatoire duMont-Mégantic:
emission line ratios in the spiral galaxy NGC 628 and absorption line indices in the giant ellipticalM87.We conclude by introducing
SpIOMM’s successor, SITELLE, which will be installed at the Canada-France-Hawaii Telescope in 2014.

1. Introduction

The vast majority of astronomical imaging spectrometers
(or integral field spectrographs) are based on dispersive
approaches. We present in this paper the most recent techni-
cal developments and some scientific results based on another
approach, imaging Fourier transform spectroscopy (iFTS),
which has been given a strong boost during the past decade,
mostly because of enormous improvements in digital imaging
capabilities, computer power, and servo control systems. A
large number of research programswill certainly benefit from
an instrument capable of simultaneously obtaining spatially
resolved spectra on extended areas (∼10 arcminutes) with
a 100% filling factor, seeing-limited spatial resolution, and
a flexible spectral resolution up to 𝑅 ∼ 104, and iFTS is
very promising in that regard. Single-pixel FTS has been in
regular use in commercial applications, remote sensing of the
Earth’s atmosphere, and astronomy, mostly in the infrared
and sub-mm domain. However, by using appropriate optical
configurations, fast readout CCD detectors, and especially
improved metrology and servo systems, it is possible to

transform the traditional one-pixel infrared FTS into a truly
integral field spectrometer for the visible range.

The most noteworthy scientific result from the use of
the FTS approach in astronomy is the accurate measurement
of the cosmic microwave background radiation spectral
distribution, by the FIRAS instrument on the COBE satellite
[1] and the COBRA rocket experiment [2]. On a completely
different field, high resolution spectra of late-type stars were
obtained on a regular basis with the FTS at Kitt Peak’s
Mayall telescope [3, 4]. A high-resolution FTS was one of
the first instruments to be attached to the Canada-France-
Hawaii Telescope and was widely used on a large variety
of planetary and stellar programs [5, 6]. Combined with an
imaging system in the early 1990s, it was renamed BEAR
[7] and provided integral field spectra of a variety of objects
such as planetary nebulae, massive star clusters, and star-
forming regions in a 24-arcsecond field of view [8]. More
recent examples include SPIRE-FTS, one of three instruments
to fly on ESA’s Herschel Space Observatory [9], a far-infrared
FTS on the Japanese satellite AKARI, a mid-IR FTS (CIRS)
on the Cassini spacecraft, and, for the near IR, PFS on Mars
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Express with a copy on Venus Express. The development
of imaging FTS in astronomy was given a strong incentive
during the early definition phases of the NGST (now known
as the James Webb Space Telescope): astronomers supported
by the three participating space agencies (NASA, ESA, and
the Canadian Space Agency) presented studies of imaging
FTS at the NGST Instrumentation meeting in Hyannis in
1999 [10–12]. None of these concepts however was included in
the final instrument suite of the telescope. Our involvement
in the iFTS endeavour is a direct consequence of thismeeting.
More recently, Boulanger et al. [13] proposed the design
of a 1.2m space telescope, H2EX, equipped with a wide-
field imaging FTS specifically aimed at studying molecular
hydrogen in the Universe. The advantages and disadvantages
of the imaging FTS technique, as well as the relative merit of
different approaches to 3D imagery, are discussed by Bennett
[14]. An earlier version of the present paper, more complete
in terms of technical explanations, is presented by Drissen et
al. [15]. A recent review of the imaging FTS concept, with
some historical perspective, a detailed comparison between
the various imaging spectroscopy concepts and technical
details not discussed in the present paper, is presented by
Maillard et al. [16].

2. The iFTS Concept

An astronomical imaging Fourier transform spectrometer
is basically a Michelson interferometer inserted into the
collimated beamof an astronomical camera system, equipped
with two detectors. The Michelson interferometer consists
of a beamsplitter used to separate the incoming beam into
two equal parts, two mirrors on which the halves of the
original beam are reflected back, a moving mechanism to
adjust the position and orientation of one of the mirrors
(the other mirror is fixed), and a metrology system (IR
laser and detector) to monitor the mirror alignment. All
wavelengths from the field are simultaneously transmitted to
either one or both of the interferometer outputs in which
the array detectors sit. By moving one of its two mirrors,
the interferometer thus configured therefore modulates the
scene intensity between the two outputs instead of spectrally
filtering it.This configuration results in a large light gathering
power since no light is lost except through items common to
any optical design: substrate transmission, coatings efficiency,
and quantum efficiency of the detectors. All photons from
the source can hence be recorded at each exposure provided
that both complementary outputs of the interferometer are
recorded. This requires a modification to the “standard”
Michelson configuration in which half the light goes back
to the source: the incoming light enters the interferometer
at an angle allowing the two output beams to be physically
separated. A CCD detector is then attached to each of the two
output optics collecting the light from the interferometer (see
Figure 6 in [15]).

While in most FTSs targeting very bright sources the
interferometer’s mirror is moved at a regular, servoed speed,
the weak signal from astronomical sources requires a step-
scan approach. The interferogram cube is obtained through

the acquisition of a series of short exposure images with
the two CCDs. At each step, one of the two mirrors in the
interferometer is moved by a very short distance (between
175 nm and ∼5 𝜇m, depending on the spectral resolution and
waveband chosen).The signal at each pixel is modulated, as a
function of the mirror position, by a pattern which depends
on the spectral content of the source; each of the detec-
tors’pixels is recording at each step a signal complementary
to the corresponding pixel on the other detector. The vector
composed of such a pixel recording is called an interferogram
and is uniquely determined by the spectral content of the
incoming light. The sum of the two images acquired at each
step by the two detectors is then identical to a single image
obtained with a “normal” camera. Spectral information for
every pixel is recovered through aDiscrete Fourier Transform
(DFT or FFT) through the interferogram cube which can
at any time during acquisition be turned into a spectral
cube since each image contains information covering the
whole waveband. The inclusion of additional exposures to
an interferogram cube simply refines the meshing of the
output spectra (spectral resolution). Thus, with an iFTS,
spectral resolution is proportional to the total optical path
difference (OPD) between the two arms of the interferometer
scanned between the first and the last image of the data
cube; this OPD needs to be properly sampled through a
series of mirror displacementsat predetermined sequential
interference positions. Once the data cube has been obtained
and its individual images corrected for instrumental artifacts
(bias, Flatfield, like for any imager), the Fourier transform of
each pixel’s interferogram produces a wavelength-calibrated
data cube. A by-product of the spectral data cubes is therefore
a deep panchromatic image (within the limits of the filter
used—see below) of the targets. Figure 1 summarizes the
data acquisition with an iFTS and Figure 2 shows a tangible
example.

2.1. Technical Challenges. Like every imager, an iFTS must
include high transmission optics producing high quality
panchromatic images across the entire waveband covered
by the instrument. But this does not translate alone into a
good spectroscopic performance. In order to perform well
on this aspect, a good modulation efficiency is also required.
The performance of an FTS is thus characterized by its
modulation efficiency (ME), that is, the capability of the
interferometer to modulate the incident light:

ME =
𝐼 (modulated light)
𝐼 (incoming light)

. (1)

The modulation efficiency can be viewed as an analog to the
grating efficiency in dispersive spectrographs. In the worst
case scenario, where the modulation efficiency is zero, the
light from the source is recorded on the detector but the
interferogram is a straight line and no spectral information
can be extracted from it.

This efficiency depends on amultitude of factors, themost
technically challenging being the following.

(1) The surface quality of the optical components in the
interferometer (mirrors and beamsplitter): at a given



Advances in Astronomy 3

Detector

Beamsplitter

OPD

Idet ∝ |E0|
2
(1 + cos(

2𝜋

𝜆
Δz))

Δz

(a)

SIISII

NII

NII

Step

In
te

ns
ity

 (o
ne

 g
iv

en
 p

ix
el)

Data reduction
(pixel by pixel)

Fourier transform

500

400

300

200

100

655 660 565 670 675

(nm)

D
at

a v
al

ue

H𝛼

F(k) = ∫
∞

−∞
f(x)e

ikx
dx

(b)

[SII]6717

[NII]6583

[OIII]5007

H𝛼

𝜆

(c)

Figure 1: Data acquisitionwith an imaging FTS. (a) By scanning theOptical PathDifference (OPD) of the interferometer and taking images at
every step, one gets a datacube composed of one interferogram for every pixel. (b) For a given pixel, the recorded intensity varies as a function
of the OPD with a pattern that depends on the spectral content of the source; for example, a monochromatic laser beam would produce a
sinusoidal pattern. A Fourier transform of the signal produces a spectrum for every pixel in the image. (c) After Fourier transforming every
interferogram, one gets a spectral datacube from which monochromatic images corresponding to the emission lines of interest are extracted.

wavelength, ME is lowered by a decreased surface
quality; it is therefore more and more difficult to
obtain a goodME as wemove from the infrared to the
ultraviolet (most FTSs available today indeed work
at infrared and sub-mm wavelengths); the number
of reflections within the interferometer plays a major
role in the global ME. Mirrors with a surface quality
of 𝜆/20 (peak-to-valley) are commercially available
for a reasonable price, but large 𝜆/30 mirrors must be
custommade and are thereforemuchmore expensive.
In the case of a flat mirror design such as SpIOMM
(see below), the ME at 350 nm doubles (from 35%
to 70%) as the mirror and beamsplitter surface
quality improves from 𝜆/20 to 𝜆/30; at 800 nm,

the improvement is not as large (from 85% to 92%).
Moreover, even if the mirror substrate is of high
enough quality, any error in the coating deposit or
any tension caused by the mechanical parts used to
maintain the mirror within the interferometer can
ruin the initial surface figure and dramatically reduce
the modulation efficiency, especially in the blue part
of the spectral range.

(2) The mirror alignment and the stability of the OPD
during an exposure: both crucially depend on the
quality of the metrology and the servo system, which
represents the highest technical challenge a visible-
band iFTS faces. In order for the beams from the two
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Figure 2: (a) Series of 12 × 12 images from a raw data cube (only one camera is shown). The target is a section of NGC 6992 (Cygnus
Loop), obtained through a 650–680 nm filter with SpIOMM (Section 2.3). Notice the fringes, moving from one frame to the next, caused by a
combination of night sky (OH) and nebular (H𝛼, [NII], [SII]) emission lines. (b) Images from the raw data cube can be co-added to provide
a deep, panchromatic image (within the limits of the filter). (c) This image is obtained after Fourier transforming the original data cube and
extracting the H𝛼 (red) and [NII] 6584 (blue) images. (d) Spectrum from a group of 2 × 2 pixels in the same cube. Doppler maps of the field
can also be extracted for each line from the ∼400000 spectra in this cube.

arms to interfere properly, the two mirrors need to be
verywell aligned.The smallest deviation, in any direc-
tion, from the correct angle between the two mirrors
reduces the spatial coherence (interference) of the two
beams as they recombine. Again, this effect is more
obvious at short wavelengths. A deviation of only
1.5 microradian from perfect alignment can decrease
the ME by up to 25% at 350 nm. The DFT assumes
that all data points of the interferogram vector are
acquired at equidistant OPD intervals. Deviations
from this assumption result in an increased noise level
or artifacts in the resulting spectra. Even if the mirror
steps are perfectly equidistant, a jitter of the OPD
during an exposure, with a standard deviation as low
as 10 nm (caused, e.g., by telescope vibrations trans-
mitted through the structure of the instrument and
uncompensated by the servo system) also decreases
theME by a significant amount, especially in the near
UV. Therefore, monitoring the distance between the
twomirrors as well as their alignmentmany thousand
times per second, combined with a fast correction of

any deviation, is required to ensure a constant, high
modulation efficiency.

Another factor that must be taken into account is the
dead time due to the CCD readout. Since an interferogram
is acquired through a series of a few hundred short exposure
images, the time required to read the CCD (typically 10 s
in the case of SpIOMM) lowers the global efficiency of the
instrument. Recent improvement inCCD technology reduces
this dead time to a minimum, ∼2 s. Typical exposure times
vary between 15 s for bright Galactic targets in the red to
120 s for galaxies in the blue. CCD readout noise (∼3–10 e) is
usually unimportant as the photon noise from the source or
the night sky background dominates.

2.2. Use of Filters with an iFTS. A spectrum of an extended
source covering the entire visible range (say, 350–700 nm)
could be obtained with an iFTS without the use of a filter,
the only constraints being the optics transmission and the
detector’s quantum efficiency (which, in this wavelength
range, are both excellent). However, two properties of this
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instrument favor the use of filters: the need to properly sample
the interferogram to reach the required spectral resolution,
and the distributed photon noise.

As mentioned above, the spectral resolution of a data
cube is set by the maximum distance travelled by the moving
mirror of the interferometer between the first and the last
image of the cube. But one cannot simply take an image at
a given mirror position and then move the mirror far from
its initial position and hope to get a good resolution. The
total optical path difference needs to be properly sampled,
the step size being determined by the shortest wavelength
and the total wavelength range to be covered by the cube.
Using filters to restrict the total wavelength range and spectral
folding (or aliasing) techniques allows increasing the mirror
step length and thus the number of mirror steps for a given
spectral resolution, at the expense of the total wavelength
coverage. A simplistic example will help clarify this: say that
we would like to use the bright lines H𝛽, [OIII] 4959, 5007,
H𝛼, [NII] 6548, 6584 and [SII] 6717, and 6731 to characterise
an HII region. The minimum spectral resolution required in
the red (𝑅 ∼ 1200) is set by the need to separate the [SII]
doublet and in the blue (𝑅 ∼ 200) to separate H𝛽 from [OIII].
Getting 𝑅 = 1200 with an unfiltered cube covering the entire
range allowed by a visible-band iFTS would require ∼1500
mirror steps, which would limit the individual exposures to
∼6 seconds for a 4-hour integration (taking the CCD readout
time into account). Using two filters to isolate the blue and red
line groups with the same spectral resolution requires only
120 steps and therefore allowsmuch deeper individual images
at each step for the same total time spent on the target.

The second reason to use filters is to reduce photon noise,
caused by the well-known multiplex disadvantage of the FTS
[16], which, in some cases, counterbalances its clearmultiplex
advantage. With a dispersive spectrograph, photon noise at a
given wavelength is only due to the total number of photons
(from the source and the sky) at this particular wavelength.
But with an iFTS (this is also the case for traditional, single-
pixel FTS), photons from the entire wavelength range allowed
by the optics are detected at each step (wavelengths are not
filtered, but modulated) and distributed equally amongst all
wavelengths after the Fourier transform. In an iFTS cube of
an HII region, photon noise from a bright [OI] 5577 night-
sky line affects the much fainter nebular [NII] 5755 or HeI
6678 lines, which is not the case for a spectrum of the same
object obtained with a dispersive spectrograph. This also
explains why an iFTS is at its best targeting emission-line
objects, for which the continuum is rather low compared
to the strengths of the emission lines. In some cases (very
low surface brightness features such as the ionized stripping
tails in galaxy clusters, distant Ly𝛼 galaxies), the night sky
continuum sets the detection limit.

Within the limits imposed by the compromise between
spectral coverage and resolution, once a filter has been
selected the user can choose its preferred spectral resolution,
from 𝑅 = 1 (panchromatic image, which is anyway a by-
product of all data cubes) to the maximum limit imposed by
the interferometer’s architecture (typically a few times 104),
and tailor it for each object.

2.3. SpIOMM, an iFTSPrototype. In order to demonstrate the
capabilities of a wide-field iFTS working in the visible band,
our group has designed and built SpIOMM (Spectromètre
Imageur de l’Observatoire du Mont Mégantic) at Univer-
sité Laval [18] in close collaboration with ABB-Analytical
(formerly Bomem), a Québec City-based company, and the
Institut National d’Optique (INO). The primary objective of
any astronomical instrument development being to address
a science case, the design of SpIOMM was optimized to feed
our science projects on the interstellar medium, late stages
of stellar evolution, star formation, and galaxy evolution
and which could not be obtained by existing instruments.
This instrument, attached to the 1.6m telescope of the
Observatoire du Mont-Mégantic, is capable of obtaining
seeing-limited, spatially resolved spectra of extended sources
in filter-selected bandbases of the visible (350–900 nm) in a
12


×12
 field of viewwith a spectral resolution𝑅 ∼ 10–25000.

It offers a very large contiguous field of view with 100% filling
factor, resulting in millions of spectra per data cube. During
its first few years of operations, only one output port was
recorded, with a 1340 × 1300, 0.55-pixel LN-cooled CCD,
with a readout time of 8 seconds. We recently added a 2k ×
2k CCD to its second output port.

SpIOMM’s modulation efficiency is very good (85%) in
the red, as measured with nightly observations of a He-Ne
laser data cube, also used to spectrally calibrate the science
cubes. The optical quality of its mirror and beamsplitter
(𝜆/20, peak-to-valley), as well as the prototype metrology
system implemented, does not allow us to obtain exquisite
modulation efficiency in the near UV (∼25%), so most
of our data cubes are obtained in the 450–700 nm range.
Nevertheless, some cubes were obtained in the U band, as
shown in Figure 3.

Over the course of the past few years, we have obtained
data cubes of HII regions [19], planetary nebulae [20], Wolf-
Rayet bubbles, and unique 3D views of young supernova
remnants [21, 22], as well as a sample of nearby spiral galaxies
(next section). Exposure times vary from 7 seconds per step
for the observations of bright nebulae in the red filter to 90
seconds per step for the observations of galaxies in the blue
filter. A typical data cube therefore requires a total exposure
time between one and five hours. The technical and scientific
progress of SpIOMM have been described in a series of SPIE
papers to which the reader is referred for more details [23–
26]. Applications of SpIOMM to the field of nearby galaxies
are presented in the next sections.

3. Nearby Spiral Galaxies: Emission Lines

The new possibilities offered by iFTS to observe extragalactic
HII regions will greatly improve our understanding of galaxy
evolution. With a high spatial resolution, SpIOMM allows
us to observe several hundred star forming regions simulta-
neously over all the structural components of a galaxy. The
excellence of the statistics and the systematic characterization
achieved for the HII regions will help to derive metallicity
gradients and gain knowledge about the different mecha-
nisms that drive star formation. In this paper, NGC628 data
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Figure 3: (a) Color-coded ([OII] 3727 in red, [NeIII] in blue) image of the planetary nebula M97, extracted from an SpIOMM data cube.
(b) Spectra of selected pixels (binned 3 × 3) in the same cube with different [OII]/[NeIII] ratios.

cubes are going to be used as a typical example of SpIOMM’s
capabilities.

3.1. Observations and Data Reduction. Two filters have been
used, a blue filter covering the wavelength domain from
475 to 515 nm and a red one from 650 to 680 nm. They
include several useful emission lines:H𝛽, [OIII]𝜆𝜆4959, 5007,
[NIII]𝜆𝜆6548, 6584, H𝛼, HeI𝜆6678, and [SII]𝜆𝜆6717, 6731.
The spectral resolution (𝑅 = 𝜆/Δ𝜆) of the data cubes is ∼700
in the blue and ∼1600 in the red. A binning of the pixels
was performed to achieve a pixel size of 1.07. We applied
the basic CCD corrections (bias, darks, and flats) to the data
cubes before correcting for sky transparency variations. A
He-Ne laser was used for the wavelength calibration.The flux
calibration was performed using data cubes of the standard
star HD74721 in both filters. Finally, the average spectrum
of the night sky was obtained from thousands of pixels
around the galaxy and subtracted from the galaxy spectra (see
Figure 4(a)).

3.2. Spectral Analysis. The ionized gas emission lines are
fitted with two different techniques. One is based on
a pixel-by-pixel Gaussian fit of spectral lines using the
fithi routine from the IDL MAMDLIB library, available
from the following web site: http://www.cita.utoronto.ca/∼
mamd/mamdlib.html. Figure 4(b) shows an example of the
result for one pixel in an HII region.

The other method consists in using the HIIphot code [27]
to define the HII regions contours and then fit the global
spectrum (sum of the pixels in the same region) of each HII
regions using the fithi routine. Figure 4(c) shows an example
of anHII region contours identifiedwithHIIphot over theH𝛼
image. The parameters specified within HIIphot make sure
that all theH𝛼 flux is included in theHII region contourmap.

At the time of writing, no correction has been applied
yet for Balmer absorption lines. Long slit spectra obtained
along the galactic radius are going to be used to correct for
the impact of the absorption on H𝛽 and H𝛼 lines. In the case
of NGC628, absorption in H𝛽 and H𝛼 is not negligible only

in the very center of the galaxy (inner 1 kpc). For the moment
with no correction for the absorption, the derived parameters
using H𝛼 line are really close to reality and for the parameters
using H𝛽 line, we are only taking into account regions with
radial position higher than 1 kpc. Detection limit for one pixel
within anHII region is∼ 6×10−17 erg s−1 cm−2 in theH𝛼 line.
Figure 4(d) shows an example of a faint pixel spectrum.

3.3. Results. The internal dust extinction is calculated using
the theoretical ratio H𝛼/H𝛽 ≈ 2.87 for HII regions at 10000K
with 𝑅

𝑉

= 3.1 (the Milky Way extinction on the line of
sight was first taken into account). The internal 𝐸(𝐵 − 𝑉)
map of NGC628 is shown in Figure 5(a) using the pixel-by-
pixel analysis. The total H𝛼 flux derived with SpIOMM for
NGC 628 is 1.39 × 10−11 erg s−1 cm−2. This value is in good
agreement with other studies. For example, with a smaller
field of view, Sánchez et al. ([28]; 6 × 6) and Kennicutt et al.
([29]; 6.4 × 6.4) found a value of 1.13 × 10−11 erg s−1 cm−2
and 1.04 × 10−11 erg s−1 cm−2, respectively, and with a larger
field of view, Hoopes et al. ([30]; 29 × 29) obtained a value
of 1.51 × 10−11 erg s−1 cm−2.

The dust-corrected pixel-by-pixel H𝛼 flux map of
NGC628 is shown in Figure 5(b). Its total dust-corrected H𝛼
luminosity is then 3.56 × 1041 erg s−1 (assuming a distance of
9.7Mpc). The global star formation rate of NGC628, using
Kennicutt’s [31] formula (SFR [M

⊙

yr−1] = 7.9 × 10−42 𝐿H𝛼
[erg s−1]), is then SFR = 2.8M

⊙

yr−1. This is somewhat higher
than the 2.4M

⊙

yr−1 estimated by Sánchez et al. [28] but the
difference is explained by the larger number of HII regions
revealed by SpIOMM in the external regions of the galaxy.

Using the N2 and theO3N2metallicity indicators defined
in [32] (PP04), we derived the metallicity of the HII regions
identified with HIIphot as described above. As shown in
Figure 6(a), a linear fit using the N2 indicator and all the
HII regions identified gives the relation 12 + log(𝑂/𝐻) =
8.687−0.020 r[kpc]. A very similar relation, 12+ log(𝑂/𝐻) =
8.689 − 0.022 r[kpc], is obtained using the N2 indicator
for a subsample of HII regions also characterized with
the O3N2 indicator (the 4𝜎 detections of the OIII𝜆[5007]
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Figure 4: (a) Example of the sky subtraction for the spectrum of a bright pixel (1 h 36m 54.1 s; +15∘ 46m 10.8 s). (b) Example of a Gaussian
fit on the spectrum of a bright pixel. (c) Close-up on the contours map of NGC 628 selected by HIIphot; the field of view is 1.5 × 1. The red
cross identifies the position of the bright pixel used for the previous sky subtraction and Gaussian fit examples. The green cross identifies the
pixel with H𝛼 in emission at ∼2𝜎 limit of detection. (d) Example of the spectrum of a 1.1 arcsec2 pixel with H𝛼 in emission at ∼2𝜎 limit of
detection.

lines have been successful for only 134 regions). As shown
in Figure 6(b), if the O3N2 indicator is used, we find a
steeper gradient, 12 + log(𝑂/𝐻) = 8.780 − 0.033 r[kpc].
Contrary to the O3N2 indicator, the N2 indicator has a local
maximum in its metallicity distribution [33] that, we suspect,
may introduce more dispersion and uncertainty in the N2
gradient.

A big advantage of an instrument like SpIOMM is the
possibility to perform a detailed spatial analysis of the emis-
sion lines. The emission lines studied are affected by changes
in the ionization parameter and the electron temperature
[33] as we move away from the HII regions. Furthermore,
a component in emission may come from the galaxy diffuse
ionized gas (DIG; [34]).Theorigin for theDIG is still complex
(background ionization from older stellar populations, stellar
winds, AGN, shocks). Among others, the DIG can contribute

to low ionization species, like NII, SII, H𝛼, H𝛽, and OII
[35, 36]. In NGC628, we see systematic changes in line ratios
as a function of the distance from an H𝛼 emission peak:
in the case of a relatively low metallicity (∼8.4) region we
find an increasing [NII]𝜆6584/H𝛼 ratio and a decreasing
[OIII]𝜆5007/H𝛽 ratio (see the examples in Figure 7 for NGC
628), while for a relatively high metallicity (∼8.8) region,
these line ratio variations are inverted (see the examples in
Figure 8 for NGC 628).These behaviors are to be discussed in
terms of the DIG contribution and variation in theHII region
conditions, but they clearly point out here to the importance
of the spatial resolution when defining and characterizing
HII regions and observing accurate metallicity gradient. As
shown by the pixel-by-pixel O3N2 metallicity map of NGC
628 (Figure 9), if one uses a larger aperture to study the HII
regions, it will have an impact on the abundance estimate for
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Figure 5: (a) NGC 628 dust extinction map from the H𝛼/H𝛽 ratio. (b) NGC 628 dust-corrected H𝛼 flux map. Pixel size is 50.5 parsec2 for a
distance of 9.7Mpc. The field of one CALIFA pointing is shown in the top right corner.
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Figure 6: (a) Metallicity gradient of NGC628 derived using the N2 indicator from PP04 and the HII regions defined with HIIphot.The black
diamonds (and their corresponding linear fit given by the black dash curve) is obtained using all the HII regions identified.The red diamonds
(and corresponding dash red linear fit) are for the 134 regions that can also be characterized with the O3N2 indicator. (b) Metallicity gradient
derived using the O3N2 indicator from PP04 and 134 HII regions defined with HII phot. Typical error bars are shown on the plot.

each region and also on the galaxy metallicity gradient. DIG
effects on the characterization of extragalactic HII regions are
going to be discussed in future publications.

4. Elliptical Galaxies: Absorption Lines

4.1. Absorption Lines Extraction. The vast majority of com-
mercially available FTS use this technique to measure the
strength of absorption lines in their target spectra. So nothing
in the iFTS concept prevents it from obtaining spectra of
continuum sources with absorption features. However, the
multiplex disadvantage discussed above increases the noise
level for a given spectral element compared to dispersive
spectroscopy. This distributed noiserecorded in the interfer-
ogram (photon noise from the entire bandpass contributes to
the recorded signal at each mirror step) is transferred to the
spectrum after the FFT.

Figure 10 shows a simplified example of distributed noise.
Given two sources of equal total flux, one with emission
and one with absorption, it is clear that the interferograms
are utterly different even if the mean value is the same. The
emission line shows large variation in its interferogram while
they fade quickly for the absorption line. In this example, only
a √𝑁 photon noise is applied and, since the mean flux is the
same for both lines, the average level of noise is about the
same.This in turn produces a level of noise in the spectra that
is also about the same for both. It is then easy to see that if
one were to extract the profile of both lines, the level of noise
compared to the flux in the line would bemuch higher for the
absorption feature. For the same mean flux in the bandwidth
covered by the filter, spectra dominated by emission lines
will show a greater SNR than spectra of continuum sources
with absorption lines. Stellar spectra have been nevertheless
obtained on a regular basis with SpIOMM; some are shown
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Figure 7: Images of HII regions located at RA = 1 h 36m 38.9 s, DEC = 15 d 44m24.8 s with 12 + log(𝑂/𝐻) ∼ 8.4 ((a), (b), and (c)), and at
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maximum intensity [erg s−1 cm−2], center: [NII]𝜆6584/H𝛼, right: [OIII]𝜆5007/H𝛽. FOV is 33 × 33, North at the top, East to the left.
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Figure 9: Pixel-by-pixel metallicitymap usingO3N2 indicator from
PP04. FOV is 12 × 12.

in Figure 11. In fact, all SpIOMM data cubes include stars for
which spectra can be extracted.

It is then obvious that an iFTS is not the ideal instrument
to observe individual stars. However, the wide field of view
provided by SpIOMM allows observations of hundreds of
stars simultaneously, as well as extended absorption line
sources, which compensates for the multiplex disadvantage.
Cubes of open clusters were obtained, and a technique was
developed to optimize the extraction of the stellar interfero-
grams, taking into account seeing variations during the cube
acquisition; results will be presented elsewhere.

4.2. The Case of M87. To quantify SpIOMM’s ability to pro-
vide scientifically useful absorption spectra of an extended
source, we targeted the giant elliptical galaxy M87 using SpI-
OMM’s custom V filter (538–649 nm). Our primary goal was
to compare SpIOMM’s data with those obtained from direct
imagery and long-slit spectroscopy. Using IRAF’s STSDAS
package, we first extracted luminosity profiles and isophotes
from the panchromatic image obtained by combining all
slices from the spectral cube (see Figure 12(a)). Our data
being in excellent agreement with multiband imagery from
Liu et al. [37], we then extracted spectra along isophotal
lines at different galactocentric radii, shown in Figure 12(b).
The spectra show many interesting features, the two most
important being a molecular TiO band on the red side and
the sodium doublet line (NaD) in the center near 5900 Å.

In order to compare our data with those obtained by
Davidge [17] with a long-slit spectrograph at the Canada-
France-Hawaii 3.6m Telescope, we extracted the NaD index
as defined by Worthey and Ottaviani [38] as well as this
line’s equivalent width determined from a fitted Gaussian
profile. These values are compared in Figure 13, which
shows a clear negative gradient with increasing galactocentric
radius. Our Lick NaD index values are slightly lower than
Davidge’s, on average, but this is mostly due to our lower
spectral resolution (1.2 nm compared to 0.6 nm). Correction
suggested by Vazdekis et al. [39] to compensate for this would
add about 0.4 Å to our values which would bring them closer
to Davidge’s but would not affect the slope of the gradient
which is similar.

The extraction of scientific data from absorption features
in an extended object like a galaxy is proving to be feasible.
Both visual and spectral data obtained on the source with
the imaging FTS SpIOMM are in good agreement with the
literature. Stability is of the essence during the observation to
ensure the best possible SNR on the absorption features.This
is particularly important for SITELLE, which should enable
much more detailed and precise study of absorption features
due to its more stable design compared with SpIOMM.

5. Next Steps: SITELLE and SNAGS

5.1. SITELLE. SpIOMM has been a wonderful prototype to
work with and to learn from, special thanks to our privileged
access to the well-equipped 1.6m telescope at the Observa-
toire du Mont Mégantic, where observing conditions can be
harsh, especially in winter when temperatures can drop to –
30∘C. But the full advantages of the iFTS technology can only
be attained with amore robust instrument installed on a large
telescope with excellent sky conditions. Our team therefore
designed and built SITELLE, an iFTS accepted as a guest
instrument by theCanada-France-Hawaii Telescope (CFHT).
All the lessons learned from our regular use of SpIOMMhave
been implemented in the design of SITELLE [40, 41] and its
data reduction software, ORBS [42]. SITELLE’s field of view
and maximum spectral resolution (resp., 11 × 11 and 𝑅 ∼
25000) are very similar to SpIOMM’s, but its performancewill
be greatly enhanced, especially in the near UV, thanks to very
high quality optics within the interferometer cavity (𝜆/30),
more robust metrology, servo mechanism, and structural
stiffness leading to very low mirror jitter (∼10 nm RMS), as
well as high QE, and low read noise 2k × 2k CCDs by e2v.
Thanks to four readout amplifiers on each CCD, readout
time is ∼3 s, thereby increasing the overall efficiency of the
instrument. The overall throughput of SITELLE, including
modulation efficiency and detectors’ quantum efficiency,
is shown in Figure 14. Spatial sampling is also improved
(0.32 pixels) to match the excellent seeing provided by the
CFHT. Sky brightness on Mauna Kea is also remarkably low,
significantly improving the detectability of faint sources. If
all these factors are taken into account, we estimate that
SITELLE at the CFHTwill be about 15 timesmore sensitive at
350 nm and 6 times more at 700 nm than SpIOMM at OMM.

At the time of writing, SITELLE is in the final phases
of integration and testing, for a planned delivery at the
CFHT in early 2014. First light, commissioning, and science
verification will occur soon after. As a guest instrument,
SITELLE will be accessible to all CFHT partners. The long
list of projects presented at a workshop organized inMay 2013
(http://www.craq-astro.ca/sitelle/talk.php) has demonstrated
the interest of the CFHT community (and beyond) for this
instrument in areas as diverse as comets, star clusters, nearby
galaxies, and high redshift Lyman- emitters. As demonstrated
by Graham et al. [43] in a paper describing the rationale
for equipping a space-based IR telescope with an iFTS,
such an instrument is a very powerful tool to study distant
galaxies in a relatively unbiased way. At very low flux levels,
sky background sets the detection limits of emission-line
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sources; visible-band sky background on Mauna Kea being
very similar to that of IR background in space, SITELLE can
be seen as the ground-based version of Graham’s proposed
iFTS. The power of SITELLE in this type of study is that
it will sample the redshift space uniformly on a wide field,
allowing unbiased spectroscopic redshift determination and
line profile analysis on several galaxies per cube. In order
to follow up on the SpIOMM work presented in this paper,
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the next section summarizes the plans for a survey of nearby
galaxies, SNAGS.

5.2. SNAGS. Powerful constraints on models of galactic evo-
lution and the dynamical processes that transform galaxies
are derived from homogeneous determinations of chemical
abundances in individual gaseous nebulae, the distribution
of their stellar populations in terms of age and metallicity,
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and the gaseous and stellar kinematics. With its efficient and
versatile 3D spectroscopic capabilities over a large field-of-
view, SITELLE offers an opportunity to study these evolution
constraints in a significant number of large, nearby disk
galaxies. Recent examples of using integral field capabilities
to study nearby disk galaxies show the full potential of
this technique to assess nebular abundances and stellar
metallicity [28]. We are currently planning to a conduct a
survey (SNAGS) of a sample of ∼75 large (𝐷 > 3), nearby
spirals with SITELLE at CFHT. Our main objectives are (1)
to determine the spatial distribution of nebular abundances
across their disk and assess radial, azimuthal, and local
variations within different galaxy components (i.e., bars, arm
and interarm regions, and outer disk), (2) to reconstruct their
star formation history through stellar populations, and (3) to
map the gaseous and stellar kinematics and study the diverse
dynamical processes governing large-scale star formation and
mixing within their disks.

As demonstrated by other papers in this volume, SNAGS
is not the first project aiming at integral field spectroscopy
of a large sample of nearby galaxies. One of the earliest and
most successful is the SAURON survey, mostly concentrating
on early-type galaxies [44, 45]. But by far the most similar
programs are CALIFA [46–48] and VENGA [49, 50]. The
science objectives of SNAGS will be distinguished from those
of the other two projects by the main advantages of its
instrumental setting: significantly higher spatial resolution
(limited only by CFHT’s exceptional image quality and
SITELLE’s pixel size of 0.32) with 100% filling factor; higher
spectral resolution (𝑅 ∼ 2000) which, combined with a very
precise wavelength calibration inherent to the iFTS concept,
will allow detailed kinematics studies on very small scales;
very wide field of view which, combined with SITELLE’s high
throughput from the near UV across the visible range and
Mauna Kea’s dark sky, will allow us to probe the outermost
regions of galaxies.

Our preliminary sample of galaxies includes objects
of different morphologies, masses, and environment. For
instance, several objects with bars will be observed to inves-
tigate the potential role of nonasymmetrical components in
triggering/quenching star formation and in mixing chemical
elements in galaxy disks. Other objects with star formation
in their very outer disks (e.g., identified from GALEX
observations) were selected to evaluate large-scale breaks in
radial abundance gradients and to study chemical processes
at the periphery of these disks [51]. SNAGS will obtain
spectrophotometrically calibrated data cubes within three
spectral ranges to cover the strong lines from [OII]𝜆3727
to [SII]𝜆𝜆6717, 6731. Nebular abundances will be deter-
mined using several line-ratio methods and calibrations
(e.g., R

23

, N2Ha, and O3N2, see Kewley and Zahid [52] for
a review);complementary observations on larger telescopes
will be obtained for a smaller sample of galaxies to derive
the abundances through “direct” auroral line measurements
in order to evaluate the “indirect” methods. Gas kinematics
on a small-scale will be studied using moderate resolution
(𝑅 ∼ 4000) for all three spectral ranges. Current studies
so far (e.g., CALIFA and VENGA) have concentrated on
global properties (abundance gradients) in galaxies. SNAGS

will also assess small-scale variations caused by multiphase
stellar winds, enrichment by starburst clusters in peculiar
evolutionary stages, and dynamical processes. SITELLE is
an ideal instrument to concentrate on these small-scale
(<100 pc) variations and establish conditions under which
they take place. A pilot study for SNAGS will be carried
out during the science verification phase for the instrument
planned for early 2014, with the survey itself starting later on
after final commissioning.

6. Conclusions

We have presented in this paper the iFTS as a viable
approach to integral field spectroscopy. The regular use of
SpIOMM and preliminary tests performed with SITELLE
have demonstrated that the technical challenges imposed by
the very stringent requirements on the optical quality of an
iFTS components as well as its metrology and servo system
have been overcome and now they allow us to reach a high
modulation efficiency in the visible and the near UV.

The science niche for the iFTS approach must take
into account its main advantages (very wide field of view,
high throughput, seeing-limited image quality, and flexible
spectral resolution) and disadvantages (spectrally distributed
noise, and necessary compromise between spectral cover-
age and resolution) compared with standard integral field
spectrographs. Although the original, single-pixel FTS was
classically known for its ability to obtain very high spectral
resolution (𝑅 up to 105), the “sweet-spot” of the astronomical
iFTS clearly sits in the observations of extended emission-
line sources at low-to-moderate values of𝑅. One can however
still exploit the high spectral resolution capability of an iFTS
by using narrow-band filters and use it for absorption line
studies as well.

The arrival of SITELLE on a 4m class telescope (CFHT)
under exceptional skies, where it will be used for a wide
variety of science projects, will better define the iFTS niche
and its capabilities.
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This paper reviews the major advances achieved in the Orion Nebula through the use of integral field spectroscopy (IFS). Since
the early work of Vasconcelos and collaborators in 2005, this technique has facilitated the investigation of global properties of the
nebula and its morphology, providing new clues to better constrain its 3D structure. IFS has led to the discovery of shock-heated
zones at the leading working surfaces of prominent Herbig-Haro objects as well as the first attempt to determine the chemical
composition of Orion protoplanetary disks, also known as proplyds. The analysis of these morphologies using IFS has given us
new insights into the abundance discrepancy problem, a long-standing and unresolved issue that casts doubt on the reliability of
current methods used for the determination of metallicities in the universe from the analysis of H II regions. Results imply that
high-density clumps and high-velocity flows may play an active role in the production of such discrepancies. Future investigations
based on the large-scale IFS mosaic of Orion will be very valuable for exploring how the integrated effect of small-scale structures
may have impact at larger scales in the framework of star-forming regions.

1. Introduction

H II regions are huge volumes of gas associated with recent
star formation. These gaseous clouds are mainly ionized
and heated by the stellar ultraviolet (UV) radiation emit-
ted by nearby OB-type stars. The study of the elemental
abundances of H II regions is an essential tool for our
knowledge of the chemical composition and evolution of
the Universe, from the local interstellar medium (ISM)
to high-redshift galaxies. We still naively tend to describe
them as homogeneous Strömgren spheres, but this idealized
picture is rarely observed. Instead, reality turns out to be
much more complicated, and such regions are found to be
highly structured at all scales with complex internal motions.
Their morphology results from the structure of the parent
molecular cloud, which is affected over time by the UV
radiation, stellar winds, or high-velocity ejections associated
with star-formation phenomena.

The Orion Nebula (M42, NGC1976) is one of the best
studied objects in the sky and the best studied H II region
of our Galaxy. The combination of being the nearest H II
region, associated with a young stellar cluster containing
massive OB-type stars, and having an apparent high surface

brightness makes this landmark object a fundamental refer-
ence of the solar neighborhood and the subject of multiple
investigations by state-of-the-art instrumentation at both
ground-based and space observatories.There are outstanding
papers in the literature that review in great detail our present
knowledge of this object. In particular, for a comprehensive
view of the nebula and its associated stellar population,
readers are referred to the compilation by O’Dell [1] and the
references therein.

Although the Orion Nebula has a large extent of more
than one-half degree diameter on the sky, most of the
radiation comes from the inner part, the so-called Huygens
region (Figure 1). This is an active and complex star-forming
region, ionized by a group of four massive stars known as the
Trapezium cluster. The main ionizing source of this cluster is
named 𝜃1Ori C (O7V [2]), which is responsible of the bulk of
the nebular emission from the main ionization front (MIF).
Physical, chemical, kinematical, and structural properties of
the MIF have been studied by many authors making use
of different observational techniques from X-rays to radio
wavelengths (e.g., [3–13]) as well as by means of modeling
(e.g., [14–19]).
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Figure 1: Color-composite image of the Huygens region observed with the Wide Field Planetary Camera 2 (WFPC2) on board the Hubble
Space Telescope (HST) [6]. The fields of the different IFS studies carried out so far are shown on the image as well as the morphological
structures that they contain. Additionally, the location of 𝜃1Ori C, the Orion-S Cloud, and the Dark Bay are also marked. Squares represent
the PMAS studies with the 16 × 16 integral field unit (IFU) that provides a spatial resolution of 1 × 1 [37, 53, 54, 65]. Rectangles show
the FLAMES studies using the 6.8 × 4.3 Argus IFU with a spatial resolution of 0.13 × 0.31 [51, 66, 67]. The early work of Vasconcelos
and collaborators [27] with GMOS on the LV2 proplyd had a slightly smaller field of view and spatial resolution than FLAMES. The field of
view of the fiber-based PMAS/PPak mode of about 1 arcmin2 is presented on the Dark Bay. As it is seen in Figure 8, this IFS mode was used
to map the whole Huygens region with a spatial resolution of 2.7 [33, 36].

A major characteristic of the Orion Nebula and the
Huygens region is that we actually see in great detail the
processes related to the ongoing star-formation. The region
is well populated with high-velocity outflows, produced by
highly energetic ejections of material powered by young pre-
main-sequence stars or their possible interactions. Examples
of these phenomena are the Herbig-Haro (HH) objects
detected in optical studies (e.g., [20–22]) or the molecular
outflows observed in the BN/KL and Orion South (Orion-S)
regions (e.g., [23, 24]).TheHuygens region is also well known
for containing hundreds of proplyds [25]. This term depicts
a special class of protoplanetary disk, resulting from the
evolution of a circumstellar disk in the presence of ionizing
radiation from massive OB-type stars, and was coined by
O’Dell and collaborators [26] to describe the silhouette and
tear-drop shaped objects observed in the first imaging studies
of theOrionNebula using theHubble Space Telescope (HST).

The aim of the present review is to summarize the
recent advances that have been achieved in the Orion Nebula
through the use of the integral field spectroscopy (IFS). The
application of this technique is relatively new in the study of
the Orion Nebula and its morphological structures. Indeed,
the first work applying IFS in Orion goes back to 2005 [27],
where the properties of the famous LV2 proplyd [28] and
its associated outflow were studied. Since then, a total of
8 new studies have come out in the literature using this
observational technique. Readers are referred to the original
works for a detailed description of the reduction and analysis
methods. The fields that have been mapped with IFS in these
studies are shown in Figure 1. It is noted that up to today IFS
has been used to investigate physical, chemical and structural
properties of the MIF, HH objects, and proplyds. In the
following sections, an extensive revision of these works is
presented.
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The Orion Nebula is also an excellent testing lab to inves-
tigate the abundance discrepancy (AD) problem, one of the
major still unresolved issues in the physics of photoionized
nebulae (see [29]).This problemarises from the observational
fact that chemical abundances of heavy-element ions deter-
mined from the bright collisionally excited lines (CELs) are
systematically lower than the abundances derived from the
faint recombination lines (RLs) emitted by the same ions. IFS
studies in the Orion Nebula have found new and interesting
clues in the context of this problem, which are also reviewed
here.

2. Resolving the Ionization Structure

One of the major capabilities of the IFS is the access
to the bidimensional information, allowing us to spatially
resolve the ionization structure of the ionized gas in Galactic
and nearby extragalactic objects. Studying the ionization
structure of the Orion MIF and its physical and chemical
properties is a topic that has been addressed by several
authors following different observational approaches: echelle
and long-slit spectrophotometry (e.g., [9, 11, 15, 30]), Fabry-
Perot imaging spectrophotometry [31], and CCD imagining
(e.g., [5, 32]). However, it was not until 2007 that this topic
was studied in Orion making use of IFS.

Sánchez and collaborators [33] were the first to conduct a
global analysis of the Huygens region through IFS. Centered
around the Trapezium cluster, a bigmosaic wasmade by these
authors from observations with the Potsdam Multi-Aperture
Spectrograph (PMAS [34]) at the 3.5m telescope of Calar
Alto Observatory (Almeŕıa, Spain). The observations used
the fiber-based integral field unit (IFU) of PMAS known as
PPak [35], which provides a hexagonal field of view of about
1 arcmin2 on the sky and a spatial resolution of 2.7 (see
Figure 1).Thanks to this dataset, it was possible to analyze the
integrated properties of the whole nebula for the first time
from spectroscopic observations. The physical conditions
derived from this analysis were in general consistent with
the results of previous spectroscopic works. An important
amount of continuum emission in the blue was observed in
the integrated spectra, whichmight be associated with diffuse
continuum emission of scattered light (e.g., [35]). Unfortu-
nately, the spectral and spatial resolution of this dataset were
not high enough to address this topic.The spatial distribution
maps of emission line fluxes, dust extinction, electron density
and temperatures, and the He and O abundances were
obtained by these authors and allowed them to detect the
effects of well-known morphologies in Orion such as the
Bright Bar, theDark Bay, or prominentHHobjects. A relation
between the He abundance and the ionization structure
that was interpreted as possible deviations of the case B
recombination theory was also found. As it will be described
in Section 6, this dataset presented certain limitations that
have been recently considered, and an improved mosaic of
Orion has been obtained with the aim of investigating the
previous issues with the required accuracy (see Section 6 and
preliminary results in [36]).

Analyzing the MIF is of special interest since it is the
transition layer between the fully ionized gas and the neutral

surroundings, where density and temperature gradients are
expected.Though the MIF is found in almost every direction
towards the Huygens region, only certain geometries allow
us to explore its ionization structure in depth. The author of
this review and collaborators [37] presented the first dataset
devoted to study the ionization structure of theMIF applying
IFS on two conspicuous features of Orion: the Bright Bar
(BB) and the northeast edge of theOrion-S cloud (NE-Orion-
S). The observations were performed with PMAS and the
16


×16
 IFU.With this setup, emission line fluxes and ratios,

physical conditions, and chemical abundances were mapped
at spatial scales of 1 × 1. The location of the fields can be
found in Figure 1.

The spatial distribution of the [O I]/H𝛼, [N II]/H𝛼, and
[O III]/H𝛽 line ratios in both BB and NE-Orion-S fields are
plotted in Figure 2 for illustration.Themaps clearly show the
ionization stratification in the two morphological structures,
which is the combined result of different inclination angles
along the line of sight and different distances to 𝜃1Ori C. On
the one hand, the BB is located at about 111 to the southeast
of 𝜃1Ori C, seen as an elongated structure in both ionized gas
(e.g., [20]) and molecular emission (e.g. [38]). In the current
picture, the BB is viewed as an escarpment with an average
inclination of 7∘ with respect to the line of sight, where the
MIF changes from a face-on to an edge-on geometry [18, 39].
The fact that the MIF is almost edge-on allows us to nicely
resolve the ionization structure of the BB as in Figure 2. On
the other hand, the NE-Orion-S edge has the peculiarity of
being the brightest zone of the Huygens region (see Figure
1), located about 30 to the southwest of 𝜃1Ori C. Recently,
the analysis of O’Dell and collaborators [12] suggested that
Orion-S is a cloud suspended within the main body of the
Orion Nebula in front of the MIF, more tilted than the BB,
and ionized only on the side facing to 𝜃1Ori C. Comparing
the ionization structure resolved by PMAS of the BB andNE-
Orion-S, it was possible to estimate that the main plane that
may contain the NE-Orion-S edge is tilted in average about
48∘± 13∘ with respect to the line of sight [37].

The PMAS results also showed that the NE-Orion-S is
much denser than the BB in consistencywith previous studies
[31, 33]. Gradients in the electron density, 𝑛e, were observed
ranging from 3000 to 5000 cm−3 in the BB and from 8000
to 16, 000 cm−3 in the NE-Orion-S. The structure of the
electron temperature, 𝑇e, turned out rather featureless with
relatively low gradients toward the direction of 𝜃1Ori C. The
𝑇e([N II]) maps presented variations from 9000 to 9600K
in the BB and from 9000 to 10,500K in the NE-Orion-S,
while the 𝑇e([O III]) ranges from 8200 to 8800K in the
BB and from 8300 to 8800K in the NE-Orion-S. In the two
fields, the maps of total O abundance—as derived from the
sum of O+ and O2+ CEL abundances—showed mean values
consistent with previous determinations of the literature for
theOrionNebula (∼8.50 dex [9]). However, rather than being
homogeneous as we would expect, they exhibit a structure
very similar to the spatial distribution maps of the O+/H+
ratio and 𝑛e ([S II]). The most plausible explanation is
that collisional de-excitation would be affecting the [S II]
6717, 6731 Å emission lines because the reported densities
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Figure 2: Spatial distributionmaps of selected emission line ratios for the Bright Bar (left-hand side) andNE-Orion-S (right-hand side) taken
from [37]. The sum of [N II] 6548, 6584 Å and [O III] 4959, 5007 Å nebular lines have been used to derive the [N II]/H𝛼 (middle) and [O
III]/H𝛽 (bottom) ratios, respectively. H𝛼 contours are overplotted in all maps.
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are—especially in the case of the NE-Orion-S—close to their
critical densities (∼3000 cm−3 for 𝜆6717 and ∼10,000 cm−3
for 𝜆6731). This effect would lead to biased density estimates,
which then would affect the chemical abundance calcula-
tions, in particular of those ions that are more dependent on
the adopted physical conditions, as for instance O+ (see [37]).

3. Effects of High-Velocity Outflows

In last decades, and especially after the launch of the HST,
many outflows such as HH objects or collimated jets have
been identified in the central part of the Orion Nebula
(see e.g., [40–42]). CCD imagining observations (see e.g.
[40]) revealed that several of these high-velocity flows are
mainly dominated by photoionization from 𝜃1Ori C, though
the possibility cannot be completely discarded that a partial
contribution of shocked gas might still exist. It is important
to understand the relevance of this contribution and how it
affects to the traditional methods used to determine physical
and chemical properties in photoionized gas. In the literature,
most spectroscopic studies of Orion HH flows have been
focused on studying their gas kinematics (e.g., [21, 22]),
while there is an important lack of detailed analysis of their
physical and chemical properties as well as their effects on the
surrounding media. Until today, this subject has been mainly
addressed theoretically (e.g., [43, 44]); and sparsely inves-
tigated observationally only making use of high-resolution
echelle spectroscopy in a few objects: HH529 [45], the south
knot of HH202 (HH202-S [46]), HH888, and HH505 [47],
and the microjet arising from the LV2 proplyd [48].

The incorporation of the IFS in the analysis of gas flows in
Orion have been attempted since few years ago. Vasconcelos
and collaborators [27] were the first using IFS in the Huygens
region, focusing on the LV2 proplyd (see Figure 1) and,
mainly, on its microjet. Intermediate-resolution (𝑅 ≈ 5500 ≈
55 km s−1) observations were performed in the spectral range
5500–7500 Å with the Gemini Multiobject Spectrograph IFU
(GMOS [49]) at the Gemini South Observatory. Though
observations were limited by the seeing, the great spatial
resolution of the GMOS IFU, ∼0.2, allowed the authors to
spatially resolve the red-shifted jet from the proplyd. The
authors also found traces that pointed out to the presence
of a blue-shifted component of the jet, previously reported
by Doi and collaborators [50]. From the H𝛼 flux in the jet,
the mass-loss rate of the proplyd was estimated in this work,
being consistent with previous estimations [48].

Recently, Tsamis and Walsh [51] have presented an
improved IFS dataset with respect to those of Vasconcelos
and collaborators. High-resolution (𝑅 ≈ 30, 000 ≈ 10 km s−1)
observations were accomplished with the Fibre Large Array
Multi-Element Spectrograph (FLAMES; [52]) and the Argus
6.8


× 4.3
 IFU mode at the 8.2m Kueyen Very Large

Telescope (VLT). The high-quality of the dataset allowed
these authors to characterize for the first time physical
and chemical properties of the bipolar jet arising from
LV2. Though the original spatial resolution provided by the
selectedArgusmode (0.31×0.31) was limited by the seeing
of the observing night (∼0.8), both red- and blue-shifted
lobes were marginally spatially detected in several emission
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Figure 3: Image adapted from [51] showing the H𝛼 emission profile
of the LV2 proplyd observedwith FLAMESwith an effective velocity
resolution of about 2.3 km s−1 pixel−1 (FWHM velocity resolution of
7.7 km s−1). The red- and blue-shifted components of the bipolar jet
are clearly resolved, even without subtracting the bright background
emission of the nebula. The intensity scale is logarithmic with
a minimum of 5.4 × 10−17 (black) and a maximum of 1.1 ×
10
−13 ergs−1 cm−2 (white). The length of the vertical axis is 6.6.

lines. Spectrally, the jet emission was well resolved as we can
see in Figure 3.

In the work of Tsamis and Walsh, an accurate study of
the surface brightness distributions of the red- and blue-
shifted lobes in H𝛼, H𝛾, and [Fe III] 4658 Å led the authors
to conclude that the bipolar jet is being ejected in a projected
axis almost perpendicular to the tail of the LV2 proplyd.
From this result, it is clear that the use of IFS combined with
high spectral resolution is a refined technique that can reveal
unexpected properties that, on the other hand, would remain
hidden—or would be more difficult to identify—under the
view of the classical slit spectroscopy. Another interesting
result is the drastic temperature variations observed in the
velocity profile of the 𝑇e([O III]), associated with the red-
shifted emission of the jet, which might be produced by a
shock discontinuity as the authors argued. Finally, a notewor-
thy result of this work is also the significantly enhanced Fe
abundance in the jet emission, pointing to very efficient dust
destruction mechanisms that might be operating in high-
velocity irradiated jets as was also reported in the study of
the HH202-S knot [46].

Models of photoionized HH flows [43] predict that the
𝑇e along an HH object is of about the typical value of a gas
in photoionization equilibrium—about 104 K—but shows
a localized increase at the leading working surface of the
bow shock due to shock heating. This zone is narrow and
precedes the high-density shocked gas behind the working
surface of the gas flow. Very recently, the discovery and
localization of this structure have been possible thanks to
the use of IFS. Making use of PMAS, its 16 × 16 IFU, and
spatial scales of 1 × 1, the presence of this structure seems
to have been found in the form of a high-𝑇e arc at the leading
working surface of the prominent HH204 object of the Orion
Nebula [53]. Though it was not reported, a similar narrow
arc was also observed in the IFS study of HH202 using the
same instrumentation and setup (see [54]). In Figure 4,
the detection of these high-𝑇e arcs in the temperature
distribution maps of HH204 and HH202 is illustrated. In
both objects, the arcs were detected in the𝑇e derived from the
nebular and auroral [N II] line ratio. According toC.Morisset
(private communication), the origin of these arcs should be
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Figure 4: Spatial distribution maps of 𝑇e([N II]) with H𝛼 contours overplotted for (a) HH204 and (b) HH202, adapted from [53, 54],
respectively. High-𝑇e arcs are located along the narrow areas at the leading working surfaces of the gas flows: at the lower-left corner for
HH204 and near the upper-right corner in HH202. An 𝑇e enhancement that might be associated to a small high-𝑇e arc is also seen near the
HH202-S knot.

regardedwith caution because theymay be artifacts produced
by observations of two unresolved gaseous components with
very different physical conditions. This clearly points out
the need for confirming the true nature of the high-𝑇e
arcs through high-resolution spectroscopy, resolving the
kinematical component associated with the gas flow from
the background emission. This kind of observations has
been already done in the HH202-S knot [46], though
unfortunately the slit did not cover the small high-𝑇e arc
detected in this knot from the IFS study of HH202 (Figure 4).

Núñez-Dı́az and collaborators [53] quantified the phys-
ical properties of the narrow shock-heated zone found in
HH204, measuring a temperature enhancement of about
1000K with respect to the ambient gas. From their analysis,
it is concluded that the compression and heating of the gas
due to the presence of high-velocity flows can directly affect
the chemical abundance determinations due to: (a) an over-
estimation of the collisional de-excitation effects on emission
lines arising from levels with low critical densities; and (b)
the use of too high 𝑇e values for deriving abundances due to
contamination from emission of the leading working surface.
It is fundamental to investigate in depth the importance of
these disturbing effects into the determination of chemical
abundances in theOrionNebula and, in general, H II regions,
especially for those objects where these small-spatial scale
phenomena cannot be resolved.

4. Chemical Composition of Orion Proplyds

Metallicity plays an important role in the evolution of
circumstellar disks and in their associated potential to form
planets (see [55]). The positive correlation found between
the host star metallicity and the presence of giant planetary
companions (see, e.g., [56]) has raised great interest in the

question of the chemical composition of planet formation
circumstellar envelopes. Certainly,Orion proplyds are unique
targets to investigate the metallicity content and its role in
the evolution of circumstellar disks. The currently accepted
model (e.g., [57–59]) is that far-ultraviolet photons heat the
surface of the disk, forming a warm outflowing envelope
of neutral gas that becomes photoionized after expanding
to a few times the outer radius of the disc (see Figure 5).
Though they are complex structures, the optical emission
of the ionized photoevaporation flow provides an ample
variety of emission line features, which can be used as robust
diagnostics to determine physical and chemical properties of
the gaseous phase. In particular, metallicity can be estimated
through the usual proxy, the total O abundance, sinceO is the
most abundant heavy element in the Universe.

The chemical composition of Orion proplyds has, how-
ever, remained unknown for a long time. Usually, it has been
assumed to be roughly the same than the parent molecular
cloud, given by the better known gaseous [9] and stellar [60]
abundances of the Orion Nebula. Though spectroscopical
studies have been carried out in several Orion proplyds (e.g.
[27, 48, 61, 62]) and tentative evidence has been found about
the evolution of dust properties in the thick molecular disk
[63] and in the ionized photoevaporation flow [64], until
very recently there was an important lack of comprehensive
studies of the chemical abundances in any proplyd. In the
last years, great advances have been done by few authors to
correct this situation, where the use of IFS has turned out
essential.

The spectroscopical analysis of proplyds is without any
doubt a challenging task (see [62, 65]). The major difficulty
lies in disentangling the intrinsic emission of the proplyd
from possible sources of contamination, especially in low-
resolution spectroscopical observations. In principle, the
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Figure 5: Schematic representation of a proplyd [61], where the young star has a circumstellar disk and a bipolar outflow. The scheme is
accompanied by an artistic depiction of the circumstellar disk (upper left-hand side; Subaru Telescope Press Release on 31 August, 2005) and
an H𝛼 image of the proplyd HST1 (lower right-hand side [6]). Stellar extreme-UV (EUV) and far-UV (FUV) photons enter from the right.
The FUV photons penetrate the surface of the circumstellar disk around the star, driving a slow neutral flow (∼3 km s−1), which for most
proplyds [57, 58] accelerates to mildly supersonic velocities before shocking and passing through an ionization front (I-Front) at a distance
of a few disk radii. In the I-Front the gas is rapidly accelerated to about 10–20 km s−1 and continues to accelerate as it expands away from the
I-Front and reaches progressively higher stages of ionization due to the EUVphotons.The interaction between the photoevaporation flow and
the stellar wind can produce a wind shock in front of the proplyd. The neutral flow in the tail is fed by diffuse UV photons, which evaporate
the back side of the disk, and possibly also by gas that left the front side of the disk but was redirected into the tail by pressure gradients in the
shocked neutral layer. The ionized flow from the tail is induced by diffuse EUV photons, but stellar EUV photons entering from the side also
play an important role in maintaining the ionization of the tail flow once it has left the I-Front, especially toward the front of the tail [59].

main source of contamination is the emission from the back-
ground of the nebula, which has to be properly subtracted.
However, it is difficult to define an accurate background
since the nebula shows significant brightness variations at
small spatial scales. From an observational point of view, a
background estimation can be obtained as the average of the
nebular emission around the proplyd. In this sense, IFS can
be more accurate and effective than slit spectroscopy, giving
us more information of the nebular emission surrounding
the proplyd. Depending on the particular design of the used
spectrograph, IFS has also the advantages of ensuring a
major collection of the total flux emitted by the proplyd
and the capability of resolving spatially its structure. Instead,
slit spectroscopy is more subjected to certain observational
effects (selected slit width or seeing changes during the
observing night) that could lead to flux losses as well as
could complicate the background estimation and subtraction
procedures. Independent of the observational strategy, the
opacity due to the dust inside the proplyd is another unknown
factor that may introduce systematic errors in the subtraction
process of the nebular emission. At least an estimation of the

proplyd extinction could be provided; physical and chemical
properties are limited to two extreme possibilities: (1) a
fully opaque case or (2) a fully transparent case. Finally,
another possible source of contamination is the presence
of high-velocity emission from any jet associated with the
proplyd, a problem that can be only solved by high-resolution
spectroscopy or focusing onproplyds that donot present such
jets (see [42]).

Currently, under the previous considerations, physical
and chemical properties have been so far studied in three
Orion proplyds: LV2 (167-317), HST1 (177-341), and HST10
(182-413). Out of this sample, the presence of high-velocity
jets has been only reported in LV2 [42]. Intermediate-
resolution (𝑅 ≈ 12, 000) spectroscopical observations of
LV2 and HST10 were performed by Tsamis and collaborators
[66, 67] with FLAMES and the setup already mentioned in
the observation of the LV2 jet (see Section 3). The proplyd
HST1 was observed at low spectral resolution (𝑅 ≈ 1500)
in the range 3500–7200 Å with PMAS by the author of this
review and collaborators, as part of a larger IFS project in the
Orion Nebula that included the PMAS observations already
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Figure 6: Spatial distributions maps of LV2 in H𝛽 [66], HST1 in H𝛼 [65] and HST10 as a combination of H𝛼 (red), [O I] 6300 Å (green), and
[O I] 5577 Å (blue) [67]. A comparison with Figure 1 is recommended.

presented in Section 2 and Section 3. As it is seen in Figure
1, the PMAS field containing HST1 (named 177–341 from
its coordinates [68]) also includes other features. However,
HST1 was the only proplyd with enough signal-to-noise to
determine physical conditions and chemical abundances. In
Figure 6, it is presented a sample of spatial distribution maps
in different emission lines to illustrate how these proplyds are
seen from IFS.

A global analysis of the results found in the three proplyds
lead us to reach three conclusions that should be considered
in future works in relation to the calculations of physical and
chemical properties. Firstly, the structures associated with
the proplyds and observed in the spatial distribution maps
of several nebular properties (e.g., emission line fluxes, line
ratios, or electron densities and temperatures) are dominated
by collisional deexcitation effects due to the high densities of
the proplyds. To properly account for this mechanism, a very
detailed analysis of the proplyd spectra is mandatory in order
to evaluate the reliability of the density diagnostics (see e.g.,
[65]). Assuming the full transparent case, electron density
values of 2 × 106, 4 × 105, and 105 cm−3 were found at the
cusp of the proplyds LV2, HST1, and HST10. Lower densities
were found along the tails of LV2 and HST10. Though
a large variation range is noted in the proplyd densities,
temperatures derived from the [O III] line ratio turned out
rather similar in three cases with values of about 8000–
9000K. Secondly, chemical abundances derived from CELs
should preferentially use CELs with high critical densities
to minimize collisional deexcitation effects because of the
high densities in most proplyd cusps. Low-critical density
CELs can be completely suppressed by such effects as it was
shown in the analysis of HST1 and LV2. For instance, the
O+ abundance is crucial for the determination of the total
oxygen abundance and, therefore, it should be calculated
from observations of the high-critical density [O II] lines at
7320 + 30 Å (∼ 3 × 106 cm−3) rather than the low-critical
density [O II] line at 3727 Å (∼5000 cm−3). Finally, the effects
associated to the internal extinction by dust in the proplyd’s
neutral core are appreciable and may severely affect density

determinations and ionic abundances that are sensitive to
the adopted density. As it was investigated in HST1, density
determinations can range from 4 × 105 cm−3 in the full
transparent case to 9 × 104 cm−3 in the full opaque case.

In order to investigate the chemical content of proplyds
for a better understanding of their metallicity and evolution,
intensive collaborations between modelers and observers are
encouraged. As an alternative to the empirical analysis, the
chemical compositions of proplyds can be also explored
constructing physical models for the photoevaporation flows.
These models combine simulations of radiative transfer,
hydrodynamics, and atomic physics to predict fundamental
parameters like the density, temperature, and ionization
structure of the photoevaporation flows through the proplyd
ionization front (see Figure 5 [65, 69]). For LV2, themodeling
is still in progress (Flores-Fajardo et al. in prep.) and at the
moment we count on the empirical abundances based on [O
II] and [O III] CELs derived byTsamis and collaborators [66].
ForHST1, total O abundances were only determined from the
photoevaporationmodel due to the absence of [O II] CELs in
the intrinsic spectra of the proplyd.On the other hand,HST10
is the only case in which the total O abundance in the gaseous
phase was estimated empirically and in the model from the
analysis of [O II] and [O III] CELs. The comparison of the
O abundances in the three proplyds is rather disparate, so it
is difficult to see a consistent trend in their results. Although
we find a roughly solar O abundance for HST10 from both
empirical analysis and photoevaporation modeling, the O/H
ratio was found to be almost twice solar in LV2 from the
purely empirical analysis. In contrast,HST1 shows anOabun-
dance of about∼0.4× solar from the photoevaporationmodel
fitting. Given the wide range of characteristic ionizations
and densities found in the three proplyds, it is possible that
systematic errors might be contributing to this abundance
spread. To rule out any such effects, it is required to increase
our knowledge on the chemical content of proplyds and
perform similar analysis on a sample of proplyds with similar
physical properties. Though IFS is a unique technique to
investigate the metallicity in Orion proplyds, further work
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is completely necessary before a definitive statement can be
made about their gas-phase abundances.

5. The AD Problem from IFS

5.1. Consequences and Origin. The AD problem is far from
negligible in the analysis of Galactic and extragalactic H II
regions. A particular sensitive case is the O/H ratio, which
is the most widely used proxy of the global metallicity Z.
Observational studies have found that O abundances calcu-
lated from the O II 4630–4670 Å multiplet RLs are between
20% and 70%higher than those derived from the [O III] 4363,
4959, and 5007 Å CELs (e.g., [70–75]). Such discrepancies
have direct effects on our current knowledge of the chemical
composition and chemical evolution in the Universe, affect-
ing (1) the calibration of the strong line methods as the 𝑅

23

–
O/H Pagel’s relation [76, 77], (2) the mass-metallicity and
luminosity-metallicity relations [78], (3) the basic ingredients
of chemical evolution models and predicted stellar yields
[79], (4) the possible metallicity dependence of the Cepheid
period-luminosity relation [80], (5) the metallicity depen-
dence of the number ratios of the different types ofW-R stars
[81], and (6) the determination of the primordial helium [82].

What is the reason of this discrepancy? And which
are the emission lines that we should trust? These are the
two fundamental questions that after decades of intensive
researching remain open and without a satisfactory answer.
Traditionally, the AD has been associated with the pres-
ence of temperature fluctuations (of still unknown cause)
as proposed by Peimbert more than 40 years ago [83–
85]. According to this scenario, RLs should provide the
correct abundances because their emissivities have a weaker
temperature dependence than CELs—more affected by the
presence of such fluctuations. From the proposal of Tsamis
and Péquignot [86], Stasińska and collaborators explored the
hypothesis of inhomogeneous abundances in the ISM (see
[87]).They concluded that if this is the real scenario, then the
chemical abundances derived from RLs and CELs should be
upper and lower limits, respectively, to the true ones, though
those from CELs should be more reliable. Very recently,
[88] have proposed the possibility that electrons may depart
from a Maxwell-Boltzmann equilibrium energy distribution,
especially affecting the CEL emission. It is necessary to
emphasize that the underlying assumptions of this theory are
in contradiction with what has been established for half a
century for the conditions in gaseous nebulae.Until the origin
of this discrepancy is well understood, chemical abundances
based on the standard CEL-method, which is used in the vast
majority of cases, especially at extragalactic scales, should be
regarded with caution.

5.2. Role of Small-Spatial Scale Structures. Given its prox-
imity, the Orion Nebula is the perfect target to investigate
the possible relation between the AD problem and the
presence of morphological structures. Tackling this issue
certainly requires reliable detections of RLs emitted by
heavy-element ions to investigate the RL-CEL discrepancy.
From optical long-slit spectroscopy with the Intermediate
Dispersion Spectrograph and Imaging System (ISIS) at the

4.2m William Hershel Telescope, the author of this review
and collaborators addressed this topic for the first time in
the Orion Nebula at spatial scales of 1.2 [11]. Very deep
observations were performed in five slit positions of 3.7
long each. The slits were arranged on the Huygens region,
covering differentmorphological structures such as proplyds,
HH objects, and stratified bars. A total number of 730 one-
dimensional spectra were extracted and reliable detections of
the O II multiple 1 RLs were reported in 92% of them. Then,
the authors could analyze the spatial distribution profiles of
the RL-CEL discrepancy of O2+ abundance, which is usually
quantified through the AD factor (ADF). In this review,
we adopt the logarithmic form of the ADF, defined as the
difference of abundances derived from RLs and CELs. One
of the major results of this work was that the ADF(O2+)
remains rather constant along most of the observed areas
of the nebula but showing localized enhancements at the
positions of the prominent HH objects HH202, HH203, and
HH204. On average, the ADF(O2+) is about 0.15 dex, while in
the HH areas, the discrepancy increases up to 0.3–0.5 dex.

Incorporating IFS has enormously improved our ability
to spatially locate with much more precision areas on the
nebula having high AD. This is well illustrated in the IFS
analysis of the NE-Orion-S edge [37] and HH202 [54], where
it was possible to map the emission of O II RLs in both
structures.The ADF(O2+)maps of these two fields are shown
in Figure 7. In the case of NE-Orion-S, the ADF(O2+) is
slightly higher at the north-east corner of the field, though it
does not seem to be related to the presence of any remarkable
morphology when we compare it with the HST images of the
Huygens region at that exact position (see Figure 1). On the
contrary, the results found in the ADF(O2+) map of HH202
are encouraging: the maximum ADF(O2+) is located at the
position where the gas flow reaches its maximum velocity,
the HH202-S knot. The same research group carried out a
subsequent study of HH202-S in which the emissions from
the gas flow and the nebular background were spectrally
resolved thanks to the high spectral resolution of the obser-
vations (𝑅 ≈ 30, 000). Interestingly, the ADF(O2+) in the gas
flow component turned out to be 0.35 ± 0.05 dex, a much
higher discrepancy than the value of 0.11 ± 0.04 dex found
in the ambient gas. These results also confirm what was
found in the long-slit study and suggest a possible connection
between high-velocity flows and high AD. To clearly establish
the possible role of high-velocity flows in the AD problem,
further investigation is still needed. The use of high-spectral
resolution IFS would be the ideal observational approach.

The IFS studies of the proplyds HST1 and LV2 have also
brought new clues into the AD problem (see [65, 66]). The
possible role of proplyds was also attempted in the early ISIS
work presented above, but those observations did not count
on reliable diagnostics to properly determine the proplyd
densities. A striking result found in HST1 and LV2 is that
the ADF(O2+) tends to zero when physical conditions of
proplyds are well accounted as in both full opaque and
transparent cases. It is observed that the high densities of pro-
plyds produce a clear enhancement of the O2+ abundances
derived from CELs with respect to the nebular background
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Figure 7: Spatial distribution maps of ADF(O2+) with H𝛼 contours overplotted for (a) NE-Orion-S and (b) HH202, adapted from [37, 54],
respectively. The black rectangle in the upper-right corner of HH202 corresponds to a masked area where O II RLs were marginally detected.

abundances, while those form RLs are basically similar in
both cases. From these results, it is concluded that high-
density gas (in the form of proplyds, globules, or unseen
clumps/filaments acting at small spatial scales) may be
playing a major role in the AD problem as Viegas and Clegg
proposed in 1994 [89]. In a scenario where small, high-den-
sity, and semiionized clumps/filaments aremixedwith diffuse
gas in the observation aperture, the classical method based
on CELs can be severely affected if collisional deexcitation
of certain emission line diagnostics is not well accounted for.
Instead, RLs would not be affected and, therefore, they should
reliably yield the chemical abundances in the target field.
Judging by the results of the proplyd IFS analyses thus far,
these clumps do not need to be strongly hydrogen deficient,
unlike those posited in previous scenarios to explain the AD
problem in H II regions [86, 87].

6. A Deep Global View: The Big
Mosaic of Orion

Thebigmosaic of theHuygens region constructed by Sánchez
and collaborators [33] using IFS stands for a step ahead
in the application of this technique. However, this dataset
needed a significant improvement in at least three aspects.
The dataset was poorly flux-calibrated, based on really short
exposure time (2 s) and low spectral resolution. Today, these
aspects have been improved and a new big mosaic has been
observedwith PMAS/PPak. Its analysis is still in progress (see
preliminary results in [36]).

The much better quality of this new mosaic is defini-
tively proven by the detection of the faint C II and O II
RLs almost in the whole Huygens region (see Figure 8).
Density and temperature maps have been obtained from
different diagnostic ratios such as [S II] 𝜆6717/𝜆6731, [Cl
III] 𝜆5517/𝜆5537, or [O III] 𝜆5007/𝜆4363 (see [36]). The
dataset is very valuable to investigate the AD problem as

an integrated property and compare the results with what is
observed in extragalactic H II regions. It will also be possible
to address a comparison with the previous IFU studies and
investigate whether the AD problem is subject to dilution
effects by using larger apertures. Other research interests
such as the validity of the case B recombination theory, the
effect of scattered light, the global ionization structure of the
nebula, the effect of collisional deexcitation by the presence
of high-density morphologies, the accuracy of the RL and
CELmethods, or the correlation between physical conditions
and chemical abundances with morphologies at large and
intermediate scales will be explored thanks to thismosaic and
the clear potential of IFS studies.

7. Final Remarks: A Bright Future for
IFS Studies

The Orion Nebula is a landmark object of the solar neigh-
borhood and serves as a paradigm for interpreting results
throughout the Galaxy and beyond. It is a fundamental
reference for our knowledge about formation and evolution
processes of stars and planets and for evaluating the reliability
of the methods used to ascertain the chemical composition
in the universe. If H II regions like the Orion Nebula are
more the rule rather than an exception, then this nebula is
the only target that gives us the opportunity to investigate
and understand underlying mechanisms that operate in
the interior of these gaseous clouds at small spatial scales.
Without any doubt, IFS plays an active role in this framework
and exciting results have been, and will be surely, discovered
by using this technique.

Applying IFS to unveil the intimate properties of the
Orion Nebula is today in its rising stage. At the time that
this review was written, a total of 9 IFS studies were found
in the literature devoted to the Orion Nebula. As it has been
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Figure 8: Spatial distribution maps of dereddened fluxes of RLs: (a) C II 4267 Å and (b) O II 4649 Å. The black areas in the center are
contaminated by emission from the Trapezium stars. The coordinates are centered on 𝜃1Ori C. The figure has been adapted from [36].

shown along the review, these studies have used the state-of-
the-art optical spectrographs PMAS, GMOS, and FLAMES,
currently working from ground-based observatories at the
3.5m telescope of Calar Alto Observatory, the 8m Gemini
telescopes, and the 8.2m VLT, respectively. The capabilities
of IFS have allowed us to enhance our knowledge of physical,
chemical, and structural properties of the Orion Nebula and
its morphological substructures. For instance, the study of
stratified bars has contributed to constrain with more detail
the 3D picture of the Orion-S star-forming cloud. The IFS
has allowed us to spatially locate and quantify the effects
of high-velocity flows on their surrounding media as well
as to investigate for the first time the chemical content of
proplyds. Furthermore, it has been shown that small-spatial-
scale morphologies may be playing an active role in the
production of the AD problem. Results from the improved
mosaic of Orionwill be very useful to evaluate how the small-
scale structure affects to the global properties of the nebula,
which may give us new clues to understand the AD problem
at larger scales.

Further investigation is still required in many of the
achievements presented here. Second and third generations
of integral field spectrographs with improved performances
in the optical range will have much to say about it. Of these
new generations, it should be highlighted: the simultaneous
observation of the near-ultraviolet, optical and near-infrared
spectral ranges offered by X-shooter, operating at interme-
diate resolutions [90]; the large fields of view that will be
provided by MUSE [91] or VIRUS [92]; or the development
of new IFS techniques as SAMI [93], which mixes the
multiobject technique with spatial capability of the IFS. For
the future 30m telescopes, new advances in this area aims
to combine the integral field technique with high spectral

resolution and adaptive optics systems (even in the optical
range), auguring a bright future for the maturity of the IFS
and, certainly, for expanding our current knowledge of the
Orion Nebula.
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[65] A. Mesa-Delgado, M. Núñez-Dı́az, C. Esteban et al., “Ionized
gas diagnostics from protoplanetary discs in the Orion Nebula
and the abundance discrepancy problem,” Monthly Notices of
the Royal Astronomical Society, vol. 426, no. 1, pp. 614–634, 2012.

[66] Y. G. Tsamis, J. R. Walsh, J. M. Vilchez, and D. Pequignot,
“Chemical abundances in the protoplanetary disc LV 2 (Orion):
clues to the causes of the abundance anomaly in H II regions,”
Monthly Notices of the Royal Astronomical Society, vol. 412, no.
2, pp. 1367–1380, 2011.

[67] Y. G. Tsamis, N. Flores-Fajardo,W. J. Henney, J. R.Walsh, andA.
Mesa-Delgado, “Chemical abundances inOrion protoplanetary



14 Advances in Astronomy

discs: integral field spectroscopy and photoevaporation models
of HST 10,” Monthly Notices of the Royal Astronomical Society,
vol. 430, no. 4, pp. 3406–3421, 2013.

[68] C. R. O’Dell and Z. Wen, “Postrefurbishment mission hubble
space telescope images of the core of theOrionNebula: proplyds,
Herbig-Haro objects, and measurements of a circumstellar
disk,” The Astrophysical Journal, vol. 436, no. 1, pp. 194–202,
1994.

[69] W. J. Henney, S. J. Arthur, andM. T. Garcia-Diaz, “Photoevapo-
ration flows in blister H II regions. I. Smooth ionization fronts
and application to the OrionNebula,”TheAstrophysical Journal,
vol. 627, no. 2, p. 813, 2005.

[70] M. Peimbert, P. J. Storey, and S. Torres-Peimbert, “The O++/H+
abundance ratio in gaseous nebulae derived from recombina-
tion lines,”Astrophysical Journal Letters, vol. 414, no. 2, pp. 626–
631, 1993.

[71] C. Esteban, M. Peimbert, S. Torres-Peimbert, and J. Garćıa-
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In this review I give a summary of the state of the art for what concerns the chemo-dynamical numerical modelling of galaxies in
general and of dwarf galaxies in particular. In particular, I focus my attention on (i) initial conditions, (ii) the equations to solve;
(iii) the star formation process in galaxies, (iv) the initial mass function, (v) the chemical feedback, (vi) the mechanical feedback,
(vii) the environmental effects. Moreover, some key results concerning the development of galactic winds in galaxies and the fate of
heavy elements, freshly synthesised after an episode of star formation, have been reported. At the end of this review, I summarise the
topics and physical processes, relevant to the evolution of galaxies, that in my opinion are not properly treated in modern computer
simulations of galaxies and that deserve more attention in the future.

1. Introduction

Galaxies are extremely complex astrophysical objects. In
order to study the evolution of galaxies, deep understanding
of many physical processes, covering a broad range of spatial
and temporal scales, is required. On the smallest scales,
electromagnetic radiation and particle-particle and particle-
radiation interactions determine the thermal and ionisation
status of the interstellar medium (ISM). On the largest scales,
galactic winds and environmental effects (interactions with
neighbouring galaxies and with the intracluster medium)
regulate the mass budget of the galaxy and strongly affect
its metallicity. Many other key physical processes such as
star formation, feedback, gas circulation, and stellar dynamics
operate on intermediate spatial and temporal scales.

This review paper gives a summary of ingredients, meth-
ods, results, and challenges encountered in the study of the
chemical and dynamical evolution of galaxies, with particular
emphasis on the study of dwarf galaxies (DGs). The main
focus of this review is the theoretical study of the chemody-
namical evolution of galaxies by means of computer simu-
lations. For a broader and more comprehensive summary of
properties and physical processes in galaxies, the book Dwarf
Galaxies: Keys to Galaxy Formation and Evolution (Springer)
can be consulted.

The last three decades have seen an enormous surge of
activity in the study of DGs, the most numerous galaxy

species in the Universe. Advanced ground-based and space-
born observatories have allowed the observation of these faint
objects in the local volume with incredible detail. From a
theoretical perspective, the interest in the study of DGs is
manifold. Their shallow potential well allows easier venting
out of freshly producedmetals than inmoremassive galaxies.
Thus, DGs are perhaps significant polluters of the intracluster
and intergalactic medium ([1], but see [2]). According to
the hierarchical scenario for galaxy formation, dwarf galaxy-
sized objects are the building blocks to form larger galaxies.
DGs do not possess very prominent spiral structures or sig-
nificant shear motions; hence the study of the star formation
in these objects is somewhat easier than in spiral galaxies.

Besides providing key information about the kinematics
of gas in galaxies, spectroscopy allows the determination
of the metallicity and of the abundance ratios of specific
elements. This is a very useful information because chemical
abundance provide crucial clues to the evolution of galaxies.
The increasing availability of large telescopes made the
systematic study of extragalactic H II regions and other
objects in external galaxies possible. In this way, variations
of chemical composition between different galaxies and in
different positions within a single galaxy could be studied.
Integral field spectroscopy in this sense is a fundamental step
forward. Detailed maps of the chemical abundance within
a single galaxy can be obtained. In order to understand
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the origin of such distributions of metals, one often has to
resort to the work and models of theoreticians.

Although a few basic properties of galaxies can be under-
stood with simple analytical and semianalytical considera-
tions, the enormous complexity of galactic physics can only
be handled (in part) with the help of numerical simulations.
This is especially true for what concerns the chemical evolu-
tion of galaxies. Simple closed-box models [3] can provide a
first-order explanation for the global metallicity in a galaxy,
but the spatial distribution of metals cannot be addressed
with these simplified tools.On the other hand, due to the large
number of processes one has to take into account, numerical
simulations generally make use of results taken from other
research fields and combine them in such away that a detailed
description of the evolution of galaxies can emerge. The
process of simulating galaxies is thus analogous to the process
of cooking. To prepare a culinary dish, ingredients must be
accurately chosen, the necessary equipment must be in place,
a number of steps and operations must be performed to
combine the ingredients, and sometimes a personal touch is
added and standard cookbook recipes are modified in order
to obtain a special effect.

For chemodynamical simulators of galaxy evolution, the
main ingredients are

(i) the initial conditions;
(ii) the set of equations to solve;
(iii) a description of the star formation process;
(iv) the mass distribution of newly born stars (the initial

mass function or IMF);
(v) a description of the chemical feedback from stars to

gas;
(vi) a description of the energy interchange processes

between stars and gas; there are many processes one
might take into account but all of them are usually
referred to as feedback; this includes also feedback
processes related to the presence of supermassive
black holes and active galactic nuclei (AGN); These
kind of processes are usually dubbed AGN feedback;

(vii) a description of the interactions between the galaxy
and the surrounding environment (galaxy-galaxy
interactions, ram-pressure stripping due to an exter-
nal intergalactic medium, gas infall, and so on).

In this review, I will consider in some detail some of
these ingredients and I will describe how they have been
parametrised and implemented in numerical simulations of
galaxies. Ingredients related to the chemical evolution of
galaxies will be treatedwith particular care. In the description
of these ingredients, some personal bias will be applied and
higher priority will be given to the most relevant ingredients
for the simulation of DGs. In particular, AGN feedback will
be only very briefly mentioned.

In the process of preparing a dish, the necessary equip-
ment (pans, pots, and stove) must be in place and the quality
of the equipment affects the final outcome. This is also true
for the numerical simulation of galaxies, where the main

equipment is a computer. More often, a cluster of computers
equipped with fast processors is necessary. Besides having
a fast computer, appropriate algorithms and sophisticated
numerical methods must be in place in order to efficiently
solve the complex equations describing the evolution of
galaxies. Some of these methods will be summarised in this
review too. Again, besides a very brief survey of most widely
adopted methods, specific tools required for the study of the
chemodynamical evolution of galaxies will be described with
more care.

Numerical simulations always address specific issues in
the evolution of galaxies, trying to give answers to open prob-
lems or trying to provide explanations to observed properties
and characteristics of galaxies or groups of galaxies. In this
review I will give a summary of the state of the art for what
concerns some of these specific issues. In particular, I will
focus on the conditions for the development of galactic winds
and on the fate of heavy elements, freshly produced during an
episode of star formation.

The organisation of this paper is thus quite simple: there
is a section for each ingredient; initial conditions (Section 2),
the equations (Section 3), the star formation (Section 4),
the initial mass function (Section 5), the chemical feedback
(Section 6), the mechanical feedback (Section 7), and the
environmental effects (Section 8). In each section, commonly
adopted methodologies and recipes will be introduced and
some key results of past or ongoing studies will be sum-
marised. In Section 9 I will summarise some relevant results
of numerical investigations of DGs concerning galactic winds
and their consequences. Finally, in Section 10 some conclu-
sions will be drawn.

2. The Initial Conditions

Nowadays it is pretty common to find in the literature studies
of the formation and evolution of galaxies in a cosmological
context, meaning that initial conditions consist of a scale-
free or nearly scale-free spectrum of Gaussian fluctuations as
predicted by cosmic inflation, with cosmological parameters
determined from observations of the cosmic microwave
background radiation obtained by spacecrafts such asWMAP
[4, 5]. However, the most detailed and sophisticated cos-
mological simulations to date, such as the Millennium-II
simulation [6] and the Bolshoi simulation [7], have force
resolutions of the order of 1 kpc. This is barely enough to
resolve large galaxies, but it is clearly insufficient to resolve
in detail DGs, whose optical radii are sometimes smaller
than that. A much better spatial resolution can be achieved
by zooming in and resimulating small chunks of a large
cosmological box [8–10].Thismethod is gaining pace and has
been applied by various groups to DGs [11–13]. Still, at the
present time the best way to accurately simulate a DG is by
numerically studying it as a single isolated entity [14–19].

Numerical studies of galaxies in isolation assume some
initial configuration of gas density, temperature, and stellar
distribution. This initial configuration is an equilibrium
status of the system. Starting froman equilibrium condition is
clearly necessary in order to pin down the effect of perturbing
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phenomena (star formation, environmental effects, AGN
feedback, etc.).

A common strategy is to consider a rotating, isothermal
gas in equilibrium with the potential generated by a fixed
distribution of stars and/or of dark matter [20–22]. Rotating
gas configurations are usually better described by means of a
cylindrical coordinate system (𝑅, 𝜙, 𝑧). Often, axial symmetry
is assumed. The relevant equation to solve in order to find
the density distribution of gas 𝜌(𝑅, 𝑧) is thus the steady-state
(time-independent) Euler equation

1

𝜌

∇𝑃 + (k ⋅ ∇) k = −∇Φ, (1)

where 𝑃 is the pressure, k is the bulk velocity of the gas, and
Φ is the total gravitational potential. In this equation, only
the component V

𝜙

of the velocity must be considered because
it gives centrifugal support against the gravity. Equation (1)
in fact implies that the gravitational pull is counterbalanced
by the combined effect of pressure gradient and centrifugal
force.

Most of the authors assume Φ to be independent of 𝜌.
this means that the self-gravity of the gas is not considered. A
typical justification of this choice is as follows “the omission
of self-gravity is reasonable, given that the baryonic-to-dark
matter ratio of the systems is ∼0.1.” [23]. However, even if
the total mass of a DG is dominated by a dark matter halo,
within the Holmberg radius (the radius at which the surface
brightness is 26.5mag arcsec−2), most of the galaxy is made
of baryons [24, 25], so the inclusion of gas self-gravity in the
central part of a DG appears to be important. I will come
back to this point later in this section. For the moment it is
enough to take note of the fact that the assumption that Φ
is independent of 𝜌 greatly simplifies the calculation of the
steady-state density configuration. Furthermore, a barotropic
equation of state 𝑃 = 𝑃(𝜌) and dependence of the azimuthal
velocity V

𝜙

with known quantities is commonly assumed.
A widely used strategy is to assume that V

𝜙

= 𝑒Vcirc, where
Vcirc = √𝑅(𝑑Φ/𝑑𝑅) is the circular velocity and 𝑒 is the spin
parameter that determines howmuch the galaxy is supported
against gravity by rotation and how much it is supported by
the pressure gradient. A typical value for 𝑒 is 0.9, independent
of the height 𝑧 [26, 27]. Reference [28] assumes that 𝑒 = 0.9
in the plane of the galaxy, but it drops exponentially with
height in order to have nonrotating gas halos. It is however
important to remark that, according to the Poincare’-Wavre
theorem [29–31], the rotation velocity of any barotropic gas
configuration (thus including also isothermal configurations)
in rotating equilibrium must be independent of 𝑧. In other
words, it is possible to construct a centrifugal potential to add
to Φ in (1) only if the circular velocity is independent of 𝑧.

Other authors [32] solve instead the equilibrium equation
in the plane

V2
𝜙

= V2circ −
𝑅

𝜌










𝑑𝑃

𝑑𝑅








𝑧=0

(2)

and assume the azimuthal velocity to be independent of 𝑧,
in compliance with the Poincaré-Wavre theorem.The density

at any 𝑧 is then found integrating the 𝑧-component of the
hydrostatic equilibrium equation, for any 𝑅. Some authors
then [19, 33, 34] set the gas in rotation around the 𝑧-axis,
using the average angular momentum profile computed from
cosmological simulations [35].

A different approach is followed by de Avillez and
Breitschwerdt [36]. Initially, there is no balance between
gravity and pressure and the gas collapses into the midplane.
Supernovae (SNe) go off, principally along the disk and this
drives the collapsed gas upwards again. Eventually, upward
and downward flowing gas come into dynamical equilib-
rium. Some multiphase simulations [37, 38] adopt a similar
approach for the diffuse component; that is, the distribution
of diffuse gas starts far from equilibrium.Then, it relaxes on a
few dynamical time scales to a quasi-equilibrium state, which
represents the initial conditions for the simulation.

One should be aware of the limitations of an equilibrium
model without gas self-gravity. Most of the numerical sim-
ulations treat self-consistently the process of star formation.
Since star formation occurs when the gas self-gravity prevails
over pressure, neglecting the gas self-gravity in the setup
of the model is clearly inconsistent. Moreover, without self-
gravity, there is the risk of building gas configurations which
would have never been realized if self-gravity was taken into
account. In order to solve these problems, Vorobyov et al. [39]
explicitly took into account gas self-gravity to build initial
equilibrium configurations. The gravitational potential Φ is
composed of two parts: one is due to a fixed component (dark
matter and eventually also old stars), and one (Φ

𝑔

) is due
to the gas self-gravity. The gas gravitational potential Φ

𝑔

is
obtained by means of the Poisson equation

∇
2

Φ
𝑔

= 4𝜋𝐺𝜌. (3)

The gas density distribution is thus used to calculate the
potential, but this potential is then included in the Euler
equation to find the gas distribution. Clearly, an iterative
procedure, analogous to the classical self-consistent field
method [40], is necessary to converge to an equilibrium
solution.

For a given mass 𝑀DM of the dark matter halo, many
solutions are possible, according to the initial assumption
about the density distribution of the gas. However, the
self-gravitating equilibrium configurations always have a
maximum allowed gas mass 𝑀max, unlike the case of non-
self-gravitating equilibria which can realize configurations
with unphysically high gas masses. Moreover, only for some
of the solutions, star formation was found to be permissible
by Vorobyov et al. (two star formation criteria based on
the surface gas density and on the Toomre parameter were
assumed). The minimum gas mass 𝑀min

𝑔

required to satisfy
the star formation criteria was found to be mainly dependent
on the gas temperature 𝑇

𝑔

, gas spin parameter 𝑒, and degree
of nonthermal support. 𝑀min

𝑔

was then compared with 𝑀
𝑏

,
the amount of baryonic matter (for a given𝑀DM) predicted
by the ΛCDM theory of structure formation. Galaxies with
𝑀DM ≥ 10

9M
⨀

are characterised by𝑀min
𝑔

≤ 𝑀
𝑏

, implying
that star formation in such objects is surely possible as
the required gas mass is consistent with what is available
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according to the ΛCDM theory. On the other hand, models
with𝑀DM ≤ 10

9M
⨀

are often characterised by𝑀min
𝑔

≫ 𝑀b,
implying that they needmuchmore gas than what is available
to achieve a state in which star formation is allowed. In the
framework of theΛCDM theory, this implies the existence of
a critical darkmatter halomass belowwhich the likelihood of
star formation drops significantly ([39]). It is observationally
well established that the galactic stellarmass function for low-
mass galaxies is quite shallow (i.e., 𝑑𝑛/𝑑𝑀

∗

∝ 𝑀
𝛼

∗

, with
𝛼 ∼ −1.3; see [41, 42]).This is at variancewith the steeper (𝛼 ∼
−1.8) halo mass function predicted over the mass range of
interest by theΛCDM theory. It seems thus that the efficiency
of forming stars within each dark matter halo decreases with
the mass of the halo. The results of Vorobyov et al. illustrated
above agree with this result (see also [42–44]).

3. The Equations

In order to follow the evolution of a galaxy, the basic
equations to solve are of course the Euler equations, namely,
the standard set of equations (conservation of mass, momen-
tum, and energy) governing inviscid flows. Viscosity in
astrophysical plasmas is in fact usually very small. It can
be large in some localised system, for instance in accretion
disks, but on a larger, galactic-wide scale the ISM can be
considered inviscid and there is no need to invoke the
Navier-Stokes equations. Conversely, astrophysical plasmas
are usually very turbulent [45]. In spite of that, also the use
of turbulence models in simulations of galaxies is still quite
limited. The main reason for that is the lack of satisfying
characterisation and modelling strategy for the compressible
turbulence. Progress in this field is however constant and very
sophisticated turbulence models have been applied recently
to astrophysical problems [46–52]. Important first steps have
been performed also in the simulation of turbulent gas in
galaxies [16, 53–56].

Since a large volume fraction of the ISM of star forming
galaxies is ionised, a description of the electromagnetic
interactions is clearly required. This is most often realized
by means of the so-called ideal magnetohydrodynamical
equations, where various ions are treated as a single fluid,
the conductivity of the ionised gas is assumed to be very
large and the plasma is assumed to be frozen in the magnetic
field. Many modern hydrodynamical codes, such as ZEUS
[57], FLASH [58, 59], RAMSES [60, 61], and ATHENA [62],
just to name a few, solve the ideal magnetohydrodynami-
cal equations. The inclusion of magnetic fields affects the
dynamics of gas in a galaxy in many ways. (i) Magnetic fields
strongly reduce the transverse flow of charged particles and
hence the thermal conduction in directions orthogonal to
field lines [63]. Thermal conduction along field lines remains
unaltered compared to nonmagnetised gases. (ii) Magnetic
tension forces tend also to suppress dynamical instabilities
parallel, but not perpendicular, to field lines [64]. Magnetic
fields might also inhibit the break-out of hot bubbles and
superbubbles [65]. Also the mixing between the hot bubble
and the surrounding cold supershell can be reduced due to
the presence of magnetic fields. (iii) The magnetic pressure

𝐵
2

/8𝜋 plays an important role in the gas dynamics. It is
in fact comparable with the thermal pressure and, if the
magnetic field is not too weak, it is the dominant form
of pressure for temperatures below ∼200K [66]. This is
consistent with the fact that the estimated thermal pressure in
theMilkyWay is ∼ 5⋅10−13 dyne cm−3, whereas the estimated
magnetic pressure is∼10−12 dyne cm−3 (see [67]). Simulations
of the formation of spiral galaxies [68] show indeed that the
additional pressure due to magnetic fields can lead to lower
star formation rates at late times compared to simulations
without magnetic fields. Also the structure of the spiral arms
is affected by the presence of magnetic fields.

It is less easy to assess the importance ofmagnetic fields in
the simulations of DGs. In fact, not so much is known about
magnetic fields in these objects. Starbursting DGs such as
NGC1569 [69] or NGC4449 [70] are known to havemagnetic
fields with strengths as high as few tens of 𝜇G, whereas
quiescent DGs have much weaker magnetic fields (a few 𝜇G,
[1, 71]). Magnetic fields are probably not the main drivers of
DG evolution, at least during periods of quiescent or weak
star formation.

Since our knowledge of galaxies almost exclusively
depends on their emitted (or absorbed) radiation, radiation
hydrodynamics clearly allows a description of galaxies which
is more complete and easier to compare with observations.
The radiation hydrodynamical equations are more complex
than the Euler equations. A few textbooks exist, in which
these equations and related numerical methods are described
in detail [72–74]. Many authors who attempted to solve them
made simplifying assumptions about the matter-radiation
coupling.

The simplest possible way to include the effects of
radiation in hydrodynamical simulations is to assume that
the gas is optically thin. The only effect of radiation is
thus to reduce the available thermal energy of the gas; that
is, radiation acts only as an energy sink. Many works in
the literature are devoted to the calculation of the cooling
function of an optically thin plasma [75–77] and these
functions are used to calculate the rate of thermal energy
loss as a function of density, temperature, and chemical
composition. A further commonly adopted assumption is
the on the spot approximation [78], according to which
the photons produced in recombination processes do not
propagate but are immediately absorbed locally. In this way,
the transport of these photons must not be considered and
that results in a considerable simplification of the problem at
hand. The heat produced by the radiation is transported out
according to a law similar to the thermal conduction. This
approximation turns out to be valid as long as the particle
density is sufficiently high, that is, when the optically thick
limit applies. There are various examples of radiation hydro-
dynamical simulations which make use of the on-the-spot
approximation [79–83]. A step forward is the so called flux
limited diffusion, where the optically thin and optically thick
limits are connected by appropriate flux limiter functions
[84–86]. Radiation hydrodynamics is clearly very relevant
and might quite substantially change our understanding
of galaxy formation and evolution of galaxies [87–89].
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In particular, the inclusion of radiation feedback (photoheat-
ing and radiation pressure) turns out to be very important
and it helps reproducing the observed distribution of stellar
masses in DGs, whereas simulations with only supernova
feedback fail to reproduce the observed stellar masses ([90];
see also Section 7). In spite of significant recent progresses,
the inherent complexity has so far limited the use of radiation
hydrodynamical equations in galaxy simulations.

Of course, gas is not the only component of a galaxy.
Stars and, very often, dark matter must be considered too.
The gravitational potential they generate has been already
considered in Section 2. However, their dynamics can be
very important as well. The relevance of a live dark matter
halo for the evolution of a galaxy is not clear and many
authors still assume a fixed dark matter halo. Conversely, it is
clear that the stellar dynamics plays an important role in the
evolution of a galaxy, at least if one is interested in time spans
larger than a few tens of Myr. This has been demonstrated
for instance by Slyz [91] by means of a clear numerical
experiment. According to this study, spurious results can be
obtained if one does not allow stars to move from their natal
sites. In particular, the energy of Type II Supernovae (SNeII)
is, in this case, always released in regions of high densities
(because in these regions it is more likely to form stars; see
Section 4), where cooling rates are high. This leads to the so-
called overcooling problem (see also Section 7).This problem
can be simply avoided if one allows stars tomove during their
lifetimes and, hence, SNeII to explode in environments other
than their natal ones (in particular, to explode in less dense
environments).

A widely used strategy to follow the dynamics of stars
(and of dark matter particles) is to consider individual
stars, or more often, populations of stars, as point masses
and to follow their orbits by means of standard N-body
integration techniques. This approach is straightforward in
SPH simulations of galaxies but it is widely used also in
grid-based codes. However, in grid-based codes there is the
problem that star particles must be mapped to the mesh in
order for the global gravitational potential to be calculated.
Once the gravitational potential is computed, it is then
interpolated back to the particles. This process can lead to a
loss of accuracy due to the required interpolations. It might
also spuriously generate entropy if the particle resolution is
too low to adequately sample the density field [92].Thismight
be the key to understand the differences seen in the central
entropy profiles of galaxy clusters simulated with SPH and
mesh-based Eulerian techniques [93]. Eventually, the inter-
polation processes increase the communication overhead in
massively parallel simulations [94]. A possible remedy in
grid-based codes is the stellar hydrodynamical approach [95,
96]. With this approach, the stars are treated as a collision-
less fluid and their evolution is regulated by the moments
of the Boltzmann equation. This approach has been used
many times to simulate galaxies [97–100]. Recently, Mitchell
et al. [94] implemented this method into the FLASH code.
Numerical tests confirmed the validity of this approach and
the advantages over the more conventional particle schemes.

Another very important aspect of the evolution of galax-
ies is the multifluid, multiphase treatment. Stars and gas

exchangemass, momentum, and energy during the whole life
of the stars. Also dust and gas exchangemass andmomentum
(see Section 6 for more detail on dust-gas interactions).
Moreover, various gaseous phases are known to exist in the
ISM and phase transformations occur continuously during
the life of a galaxy. Eventually, the gas in the ISM is
composed ofmany different elements, with various ionisation
states. A complete treatment of the galaxy evolution must
take into account the various phases of a galaxy and all
possible exchange processes among them. In the classical
chemodynamical approach, put forward by Hensler and
collaborators [95, 98, 101], stars and various gas phases
(typically a cold and awarm-hot phase) coexistwithin a single
grid and exchange mass, momentum, and energy according
to physically based recipes. The dynamics of the various
phases might or might not be the same. Typically, the various
gas phases share the same velocity field whereas the dynamics
of the stars are different. This approach has been refined over
the years and many groups use it to simulate galaxies, with
various degrees of sophistication [37, 102–107]. Nowadays,
chemodynamics is a widely used term that generically refers
to simulations in which some treatment of the chemical
evolution is included [108–112]. Although these codes clearly
represent a step forward with respect to more traditional
single-fluid simulations, still they lack the complexity of the
multiphase chemodynamical codes described above.

Unfortunately, not many works in the literature have
been devoted to the direct comparison of single-phase and
multiphase models. In simulations of the hot interstellar
medium in elliptical galaxies [113], the treatment of SNe ejecta
as a separate phase makes SN explosions less effective at
heating the ISM because most of the explosion energy is
released in a dense and metal rich medium and it is quickly
radiated away.The SN energy is more efficiently transformed
to thermal energy of the ISM in single-phase simulations.
Themultiphase description of the ISM in simulations of ram-
pressure stripping (see Section 8) changes the distribution
of gas compared to a single-phase model [114]. This is
due to the fact that the ISM in multiphase simulations is
more structured and with larger density variations. Steep
density gradients aremuch better resolved in SPHmultiphase
implementations compared to classical single-phase ones
[115].Themultiphase treatment can be the key to solve the so-
called overcooling problem typically encountered in single-
phase simulations (see Section 7 for more discussion on that
aspect).

Also the metallicities and abundance ratios of simulated
galaxies can be significantly affected by the multiphase
treatment of the ISM. For instance, the presence of a cloudy
phase dilutes the ISM, without preventing the formation of
large-scale outflows, able to eject a fraction of the freshly
produced heavy elements (see Section 9). The resulting
final metallicity of model galaxies with a multiphase (cloud-
intercloud) ISM treatment is therefore generally lower (by
0.2–0.4 dex) than the one attained by single-phase models
[116]. A clear example of the effect of a cloudy medium
is presented for instance in Figure 7 of [116]. Clouds (in
particular infalling clouds) produce not only a decrease in
the global metallicity but also a variation in the C/O, N/O,
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and Fe/O abundance ratios. In particular, the observed N/O
abundance in the galaxy I Zw 18 seems to require the presence
of infalling clouds.

4. The Star Formation

In spite of many still open questions, enormous progresses
have been made in the last decade in simulating the process
of star formation [117–122]. However, the level of details and
the resolution reached by these works cannot be matched
by galactic simulations. Suitable parametrisations of the star
formation need to be implemented. It is also worth mention-
ing that many papers dealing with simulations of galaxies
do not self-consistently calculate the star formation but use
prescribed star formation rates (SFRs) or star formation
histories (SFHs). These are either based on the reconstructed
SFH of specific galaxies [123, 124] or are simple functions of
time such as instantaneous bursts or exponentially declining
SFRs [20, 23, 125, 126]. This is a viable possibility if the star
formation process itself is not the focus of the numerical
study.

A star formation law scaling with some power of the gas
volume or surface density is often assumed. This relation is
based on the observation of star formation indicators in local
galaxies [127] and is often called the Kennicutt-Schmidt law.
To be more precise, the Kennicutt-Schmidt law implies that

ΣSFR ∝ Σ
𝑛

𝑔

, (4)

where ΣSFR is the SFR surface density and Σ
𝑔

is the gas
surface density. The value of 𝑛 reported by Kennicutt [127]
is 1.4 ± 0.15. In many works, dependence on the total volume
density [128–131] or on the molecular gas density [132–135]
is also assumed. Dependence on the molecular gas density
appears to be particularly relevant because there is a tight
correlation between the H

2

and the SFR surface densities
[136]. Moreover, in spiral galaxies, often the Toomre criterion
is used to identify regions prone to star formation [39], or
ΣSFR is assumed to be ∝ ΩΣ

𝑔

, where Ω is the circular
frequency [137, 138]. Eventually, the spatial distribution of a
molecular cloud seems to play a critical role in determining
its star formation activity [139], but the dependence of the
SFR on the structure of a molecular cloud appear to be very
difficult to implement in numerical simulations.

In hydrodynamical simulations, many authors still follow
the star formation recipes of Katz [140], namely (see also Katz
et al. [141])

(i) the gas densitymust be larger than a certain threshold;
(ii) the particle must reside in an overdense region;
(iii) the gas flow must be converging (∇ ⋅ k < 0);
(iv) the gas particle must be Jeans unstable: ℎ/𝑐

𝑠

>

1/√4𝜋𝐺𝜌, where ℎ is the dimension of the gas particle
(smoothing length for SPH simulations and the grid
cell size for grid-based methods) and 𝑐

𝑠

is the local
sound speed.

With small variants, this recipe has been applied in most
of galaxy simulations [142–146]. The Jeans criterion appears

to be particularly relevant; otherwise artificial fragmentation
and, hence, spurious star formation can arise [147, 148].
However, in some simulations the implementation of this
criterion has led to unrealistic SFRs [144].

Often, a star formation law of the type

𝜓 (𝑡) = 𝑐
∗

𝜌

𝑡dyn
(5)

is assumed, where 𝜓(𝑡) is the SFR and 𝑐
∗

is the star
formation efficiency [106, 144, 149]. Here 𝑡dyn is a typical
star formation timescale given by the free-fall timescale,
the cooling timescale, or a combination of both. Notice
that the free-fall time scale is proportional to 𝜌−1/2; thus a
star formation very similar to the Kennicutt-Schmidt law
can be obtained in this way (see also [150]). Notice also
that observed laws (such as the Kennicutt-Schmidt law (4))
involve surface densities, whereas theoretical models and
simulations generally work with volume density laws such as
(5) and these two formulations are not necessarily equivalent.
Typically adopted values for 𝑐

∗

in (5) are quite low, ranging
between 0.1 and 0.01 [144]. This is also the ratio between the
gas consumption time scale and 𝑡dyn. This assumption is in
agreement with the conclusion, deduced from observations,
that only a small fraction of gas in molecular clouds can be
converted into stars [151, 152]. The star formation efficiencies
are larger (of the order of 0.3) if one considers only the
dense cores of molecular clouds [153]. Global star formation
efficiencies tend to be even lower in DGs (see also Section 2
and below in this section).

As mentioned above, the fraction of molecular gas is
taken into account in some star formation recipes. In partic-
ular, the right-hand side of (5) is oftenmultiplied by 𝑓H

2

, that
is, by the H

2

mass fraction [133, 134]. It has been shown [154,
155] that such a star formation law applied to cosmological
simulations leads to a strong reduction of the star formation
in low-mass halos compared to models without molecular
fraction dependencies.This might help explain the mismatch
between the observed mass distribution of DGs and the
predictions of the Λ-CDM theories (see also Section 2).

Since the cooling timescale depends on the gas tempera-
ture, dependence of the star formation with the temperature
is implicit in (5). It is of course very reasonable to assume that
the SFR depends on the temperature, since star formation
occurs in the very cold cores of molecular clouds. For this
reason, some authors even assume a temperature threshold,
above which star formation cannot occur [144, 156, 157].
However, one should be aware of the fact that simulations
still do not have the capability to spatially resolve the cores of
molecular clouds.The temperature of a star forming region is
thus simply the average temperature of a region of gas, with
size equal to a computational unit (gas particle in an SPH
simulation or grid cell in grid-based codes), encompassing
the star formingmolecular cloud core. For this reason, typical
temperature thresholds are of the order of 103-104 K, at least
two orders of magnitude larger than typical molecular core
temperatures.
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Figure 1: The effect of the temperature threshold 𝑇thr above which star formation is not allowed. (a) The density distribution of gas in two
runs with different 𝑇thr :𝑇thr = 5 ⋅ 10

3 K (left panels) and 𝑇thr = 10
4 K (right panels). The four rows are snapshots of the evolution of the two

models at four different moments in time: 50Myr (uppermost panels), 100Myr (second row of panels), 150Myr (third row of panels), and
200Myr (lowermost panels). Dense gas is in orange (upper densities are 10−23 g cm−3); dilute gas is in blue (lower densities are 10−27 g cm−3).
(b) Star formation rates (in M

⨀

yr−1) and global metallicities (in Z
⨀

) for the same models shown in the left panels, during the first 200Myr
of galactic evolution.

Some authors adopt more complex temperature depen-
dence. For instance, Köppen et al. [158] derive

𝜓 (𝑡) = 𝑐
∗

𝜌
2

𝑒
−𝑇/𝑇

𝑠
, (6)

where the transition temperature 𝑇
𝑠

= 1000K implies that
the star formation is very low in regions with 𝑇 > 𝑇

𝑠

. Notice
that, in this case, 𝑐

∗

does not have the same dimensions
(and the same meaning) of the 𝑐

∗

introduced in (5). This
star formation recipe, coupled with the feedback from stellar
winds and dying stars (see Section 7), nicely leads to self-
regulation of the star formation process. In fact, a large
SFR increases the feedback, which in turn strongly reduces
further star formation whereas, if the feedback is low, the
temperature does not increase and star formation is more
efficient. Because of the self-regulation, the star formation
process is not very dependent on the adopted parameters 𝑐

∗

and 𝑇
𝑠

.
Eventually, theoretical works [159] suggest that the star

formation efficiency can depend on the external pressure,
simply because gas collapse is favoured in environments
with large pressures. This hypothesis is supported by the
observational fact that the molecular fraction depends on
the gas pressure [160, 161] and, as noticed above, the surface
density of molecular gas strongly correlates with the SFR

[136]. DGs are usually characterised by lower pressures
compared to larger galaxies, thus the predicted star formation
efficiency is lower. This finding is in agreement with other
lines of evidence, showing that DGs are quite inefficient
in forming stars (see Skillman [162] for a review; see also
Section 2). The pressure dependence on the star formation
efficiency has been used in Harfst et al. [37].

Various works in the literature have been devoted to
the comparison of different star formation schemes in sim-
ulations of galaxies. I will briefly summarise some of these
works, but, before doing so, it is important to remark what
written above: the star formation process (if adequately sim-
ulated) tends to self-regulate; therefore moderate variations
of the involved parameters produce little changes in the final
outcomes of the simulations. Figure 1 shows an example of
this self-regulation.The outcomes of models simulating DGs
without massive dark matter halos (modelled as in [157])
are shown. Two values of the temperature threshold 𝑇thr,
above which the star formation is not allowed, have been
adopted. As one can see, the evolution of these two model
galaxies (distribution of gas, SFR, and evolution of the global
metallicity) is fairly insensitive to the chosen value of 𝑇thr.

A thorough investigation of different prescriptions for
turning cold gas into stars in SPH cosmological simulations
[163] shows that the results are indeed fairly insensitive
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to many parameters describing the star formation process
(temperature and density thresholds, overdensity threshold).
However, large differences in these parameters might indeed
lead to completely different results (see, e.g., [142] for differ-
ences in DGmodels with density thresholds varying by up to
four orders ofmagnitude). Also relaxing the criterion∇⋅k < 0
seems not to produce large differences in some simulations of
galaxies [164]. Variations of the parameter 𝑐

∗

might instead
lead to different results, at least in some implementations.The
average SFR becomes larger for large values of 𝑐

∗

and a good
fit with the observed Kennicutt-Schmidt law is obtained with
𝑐
∗

= 0.05 [144].

5. The Initial Mass Function

Once the stars are born, a mass distribution must be
assumed. In fact, the chemical and mechanical feedback of
massive stars substantially differ from the feedback of low-
and intermediate-mass stars (see next sections); thus it is
crucial to know how many stars are formed per each mass
bin. Actually, the IMF is often combined with the SFR to
obtain the so-called birthrate function 𝐵(𝑚, 𝑡) [3, 129], which
gives the number of stars formed per unit stellar mass and
per unit time. Usually, the time dependence is described by
the SFR, whereas the mass dependence is determined by the
IMF. However, one should already point out that, according
to some lines of evidence, the IMF could depend on time too
(see below).

The IMF 𝜉(𝑚) was originally defined by Salpeter [165]
as the number of stars per unit logarithmic mass that have
formed within a specific stellar system. Thus, the total mass
of stars with masses between 𝑚 and 𝑚 + 𝑑𝑚 is 𝜉(𝑚)𝑑𝑚. A
very useful concept is also the IMF in number 𝜑(𝑚), giving
the number of stars in the interval [𝑚,𝑚 + 𝑑𝑚]. Clearly,
𝜉(𝑚) = 𝑚𝜑(𝑚). Salpeter found out that 𝜉(𝑚) ∝ 𝑚

−1.35

for 0.4M
⨀

< 𝑚 < 10M
⨀

. This estimate has been refined
over the years [3, 166–168] and nowadays a commonly used
parametrisation is the so-called Kroupa IMF [169], namely,
a three-part power law 𝜉(𝑚) ∝ 𝑚

−𝛾 with 𝛾 = −0.7 in the
interval 0.01M

⨀

< 𝑚 < 0.08M
⨀

(i.e., in the brown dwarf
domain), 𝛾 = 0.3 for 0.08M

⨀

< 𝑚 < 0.5M
⨀

, and finally
𝛾 = 1.3 (very similar to the Salpeter slope) for stellar masses
larger than 0.5M

⨀

.
The paper of Romano et al. [170] clearly shows how

different IMFs can change the fraction of stars in variousmass
bins (see their Table 1). IMFs predicting smaller fractions
of massive stars produce less 𝛼-elements, because these
elements are mainly synthesised by SNeII. This is evident in
Figure 6 of [170], which shows the evolution of [𝛼/Fe] versus
[Fe/H] for model galaxies characterised by different IMFs.
Since more massive stars means more SNeII, clearly the IMF
affects the energetics of a galaxy too. This has been shown in
many simulations [112, 171–173]. In particular, flat IMFs tend
to produce higher fractions ofmassive stars and, hence, larger
SNeII luminosities. The energy supplied by SNeII could be
enough to unbind a fraction of the ISMand produce a galactic
wind (see also Section 9).

It is important to point out that, usually, numerical
simulations adopt a fixed value for the IMF upper stellar
mass 𝑚up, irrespective of how much gas has been converted
into stars. However, 𝑚up should depend on the mass of the
newly formed stellar particles, for the simple reason that
only massive star clusters can host very massive stars. A
correlation between the stellar clustermass𝑀cl and the upper
stellar mass is indeed observationally established and can
be reproduced by simply assuming that 𝑚up is the mass for
which the IMF in number 𝜑(𝑚) is equal to 1 [174]. Weidner
and Kroupa [175] found that the theoretically derived 𝑀cl-
𝑚up relation nicely reproduces the available observations
(their Figures 7 and 8; see also [176]). Clearly, this assumption
can greatly affect the outcomes of simulations, but, to the
best of my knowledge, it has never been explored in detail
in hydrodynamical simulations of galaxies.

Since a correlation between the most massive cluster in
a galaxy and the SFR 𝜓 is also observationally established
[177], the logical consequence is that the galaxy-wide IMF in
a galaxy must depend on the SFR too. In particular, the IMF
is time dependent and is given by the integral of the IMFs of
single star cluster, which are assumed to always be a Kroupa
IMF, but with different upper masses 𝑚up, depending on the
star cluster mass. An upper cluster mass limit depending on
𝜓 is then assumed. Given a mass distribution of embedded
clusters 𝜑cl(𝑀cl) (giving the number of star clusters in the
interval [𝑀cl,𝑀cl + 𝑑𝑀cl]), the global, galactic-scale IMF
(integrated galactic IMF or IGIMF) is given by

𝜑IGIMF = ∫
𝑀cl,sup(𝜓)

𝑀cl,inf

𝜑 (𝑚 < 𝑚up (𝑀cl)) 𝜑cl (𝑀cl) 𝑑𝑀cl, (7)

(see [174, 178, 179] for details; notice also that in the original
papers the IMF in number is designed with 𝜉 instead of with
𝜑). The IGIMF turns out to be steeper than the Kroupa IMF
assumed in each star cluster and the difference is particularly
significant for low values of the SFR. Notice however that the
IMF tends to become top-heavy when the SFR is very high
[180]. The effect of the IGIMF on the chemical evolution of
galaxies has been already explored in a few papers [179, 181–
183]. It turns out that the IGIMF is a viable explanation of the
low metallicity [182] or of the low 𝛼/Fe ratios [179] observed
in DGs. The main reason is that DGs have on average lower
SFRs and this, in turn, implies steeper IMFs, characterised by
a lower fraction of massive stars. The production of metals
and, in particular, of 𝛼-elements is considerably reduced.

Chemodynamical simulations of galaxies can give a
more complete picture of the evolution of DGs and of
the effect of the IMF (and of the IGIMF, in particular).
Figure 2 shows the comparison of the results of two
chemodynamical simulations, with and without adopting
the IGIMF. Methods, assumptions, and initial conditions
are taken from [124]. In particular, the main structural
properties of the shown model galaxies resemble the blue
compact DG IZw 18 (see [184, 185] for a summary of
observed properties of this galaxy). The SFH is shown in
the upper left panel. This particular dependence of the SFR
with time has been chosen again in agreement with the
reconstructed SFH of IZw 18 as derived by Aloisi et al. [186]
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Figure 2: The effect of the IMF on the evolution of galaxies. (a) The adopted SFR (upper panel), together with the upper stellar mass𝑀up
(in M

⨀

, middle panel) and the average slope of the IMF (in number, lower panel) calculated for the IGIMF galactic model (red lines in the
right panels). (b) Predicted evolution of abundance and abundance ratios for a IGIMF galactic model (red lines). Plotted are the evolution
of oxygen (upper panel), carbon-to-oxygen ratio (middle panel), and nitrogen-to-oxygen ratio (lower panel). The black line represents the
evolution of a model with a time-independent Salpeter IMF (i.e., with a slope of −2.35).

(but see [187] for a more recent determination of the SFH
in IZw 18). According to this SFH, the IGIMF predicts
variations of the upper stellar mass and of the average IMF
slope as shown in the middle and lower panels, respectively.

The evolution of gas-phase abundance and abundance
ratios in a simulation adopting these IGIMF prescriptions
is shown in the right panels (red lines) and compared with
the results obtained with a model adopting a standard, time-
independent Salpeter IMF (black lines). Since the IGIMF is
steeper (and poorer in massive stars) than the Salpeter IMF,
the initial phases are characterised by lower production of
oxygen and, consequently, higher values of C/O and N/O.
However, due to the higher feedback, themodel with Salpeter
IMF experiences a galactic wind at 𝑡 ≃ 120Myr. Since galactic
winds tend to bemetal enriched (see also Section 9), the onset
of the galactic wind is characterised by a decrease in O/H.
The galactic wind does not occur in the IGIMF run due to
the reduced number of SNeII. At 𝑡 ≃ 280Myr a burst of
star formation occurs (see upper left panel). In the Salpeter
IMF run, most of the freshly produced metals are channelled
out of the galaxy and do not contribute to the chemical
enrichment. In the IGIMF run instead, the metals newly
synthesised during the burst do contribute to the chemical
enrichment and this causes a sudden increase of the oxygen
abundance (and a sudden decrease of C/O and N/O).

More detailed simulations, exploring wider parameter
spaces, can show other effects of the IGIMF. In particular, the
simulations shown in Figure 2 assume a predefined SFH, but
it is clear that the adoption of the IGIMF can affect the onset
of the star formation too, because it affects the energetics
of the ISM. Numerical simulations of galaxies with IGIMF

and with star formation recipes as described in Section 4
would surely predict different SFHs as compared withmodels
with SFR-independent IMFs.This has been shown already in
chemical evolution models [181] but this effect can be even
more dramatic in chemodynamical simulations.

An example of the effect of different IMF assumptions
on the evolution of galaxies is provided by Ploeckinger
et al. [188]. In this paper, the star formation has been self-
consistently modelled using (6). Stars organise themselves
in clusters, whose masses depend on the local reservoir of
gas. Within each cluster, it is assumed that the mass of
the most massive star correlates with the total cluster mass,
in compliance with the 𝑀cl-𝑚up relation described above
(truncated IMF simulation). This truncated IMF model has
been compared with a simulation in which the upper stellar
mass in each cluster is always the same, irrespective of the
cluster mass (filled IMF simulation). The assumption of a
truncated IMF is particularly relevant for small clusters (with
masses less than a few 10

2M
⨀

): in these clusters, the most
massive star is smaller than 10M

⨀

; thus there are no (or
very few) SNeII. Since SNeII dominate the energy feedback
in DGs (see Section 7), the absence of these SNe leads to
smaller temperatures compared to filled IMF simulation.
This is shown in Figure 3: the gas density and temperature
distributions of the truncated and filled IMF simulations
are compared at an evolutionary time of 180Myr (when the
SFR reaches its peak). The temperature in the truncated
IMF model is on average lower, thus the star formation can
proceed for a longer time and at a higher rate compared to
the filled IMF simulation (see also Figure 8 of [188]).
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Figure 3: The density (a and b) and temperature (c and d) distributions after 180Myr of evolution of two model galaxies. Strips on the right
of each panel show the density and temperature scales. In one case (a and c), the upper mass in each formed star cluster depends on the total
cluster mass (truncated IMF). In the other case (b and d), the upper IMF mass is always the same, irrespective of the mass of the star cluster.
It is to notice that the temperature of the gas outside the galaxy has been set to 106 K. The temperature in the central region is hotter in the
filled IMF model because of the larger amount of energy provided by SNeII.

It is also important to point out that, in (7), only the
global, galactic-scale SFR is required to calculate the IGIMF.
However, the star formation process is usually very inho-
mogeneous within a galaxy, with regions of very enhanced
star formation. Clearly, the formation of massive stars is
more likely in regions of high star formation density. It is
reasonable thus to expect that the IMF varies not only with
time but also with location within a galaxy. This approach
has been used for instance by Pflamm-Altenburg and Kroupa
[189] to explain the cut-off in H𝛼 radiation in the external
regions of spiral galaxies (where the SFRs are milder). In
[188] also this effect can be appreciated (see in particular
their Figure 11). Observational evidence of the variation of

the IMF within galaxies is given by Dutton et al. [190]. To
finish, several lines of evidence point towards dependence
of the IMF on the metallicity too [191, 192], in the sense
that the IMF appears to become top-heavy in metal poor
environments. Clearly, the chemodynamical simulations of
galaxies with spatially and temporally variable IMFs can give
us new, different perspectives and insights to understand the
evolution of galaxies.

6. The Chemical Feedback

In order to follow the chemical evolution of a galaxy, it is
without any doubt important to knowhow starswith different
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masses enrich the ISM with various chemical elements. The
term stellar yields is commonly used to indicate the masses
of fresh elements produced and ejected by a star of initial
mass 𝑚 and metallicity 𝑍. However, the term yields was
originally introduced to indicate the ratio between the mass
of a specific chemical element newly created and ejected by a
stellar generation and themass locked up in remnants (brown
dwarfs, white dwarfs, neutron stars, and black holes; see also
Section 9).

Many groups in the past few decades calculated the
stellar yields of both massive and intermediate-mass stars for
different metallicities [193–201]. Unfortunately, except for a
handful of elements whose nucleosynthesis in stars is well
understood, yields of other elements calculated by different
authors can vary by orders of magnitude. This is especially
true not only for the majority of the iron-peak elements but
also for much more abundant species such as carbon and
nitrogen (see the review of Nomoto et al. [198]). Of course,
model predictions are significantly affected by the choice of
the set of yields. This has been shown by Romano et al.
[202] by means of neat and clear numerical tests (see their
Figures 3 and 15, for instance). One of the most significant
sources of uncertainty in the calculation of stellar yields is
the presence of stellar mass loss. Massive stars with solar
metallicity might in fact lose a large amount of matter rich
of He and C, thus subtracting those elements to further
processing, which would eventually lead to the production
of oxygen and other heavy elements. The models of Maeder
[203] for instance predict that a 40M

⨀

star ejects only∼ 2M
⨀

ofO, whereas inmost of nucleosynthetic calculations without
winds [195, 201, 204] the production of oxygen is a factor of
∼3 larger.

The yields from dying stars not only directly affect
the chemical composition of the ISM in chemodynamical
evolution of galaxies but can also affect the dynamics by
means of chemical feedback.Themain effect is due to cooling.
In fact, it is known that the cooling function of an optically
thin plasma has a strong dependence on metallicity, at least
in the temperature range between ∼104 and 105 K [75–77].
Moreover, different chemical elements contribute differently
to the plasma radiative emission. Clearly, the assumption
of different yields in chemodynamical models affects the
chemical composition of the ISM, which in turn changes the
cooling timescales. An example of the effect of different sets
of yields on the dynamical evolution of galaxies is given in
Figure 4. Two models of galaxy evolution (taken from the
suite of simulations of Recchi et al. [157]) differ only in the
adopted nucleosynthetic prescriptions for intermediate-mass
stars: [197] (MM02) on the left panels and [193] (VG97) on the
right panels. Yields of high-mass stars are in both cases taken
from [201]. Feedback from SNeII and stellar winds creates a
network of cavities and tunnels. The superbubble evolution
is faster in the MM02 model. Indeed, MM02 produces on
averagemoremetals, therefore leading to larger cooling rates.
On the one hand, it reduces the thermal energy content
inside the superbubble, but on the other hand, this increased
cooling favours the process of star formation, leading tomore
powerful feedback. The latter effect prevails, and a larger

energy is available in model MM02 to drive the expansion
of the supershell. Within the time span of 100Myr covered
by these two simulations, the differences between the two
models are not huge. They are, however, nonnegligible and
they tend to increase with time. This simple test shows the
effect of chemical feedback on the evolution of a galaxy, an
aspect that has been often overlooked in the literature.

One should also be aware that other forms of chemical
feedback operate in galaxies.Thephotoelectric emission from
small dust grains and PAHs can substantially contribute
to the heating of the ISM [205]. The amount of dust and
PAH in a galaxy strongly correlates with its metallicity [206]
and, consequently, the metallicity affects the photoelectric
heating of the gas. It is commonly assumed that, for ISM
metallicities below 𝑍cr ∼ 10

−5Z
⨀

, the star formation
process is substantially different and leads to a top-heavy
IMF producing, on average, very massive stars, the so-called
PopIII stars [207]. As the ISMmetallicity approaches𝑍cr, the
transition to a Salpeter-like IMF occurs.

Under some circumstances, chemical reactions can affect
the chemical evolution as well. Astrochemistry is a vibrant
and very active astrophysical discipline [67, 208] and nowa-
days the details of many important atomic and molecular
reactions occurring in the ISM are known. Although the
chemistry of the dense gas in clouds is very rich and variegate,
less happens in the more dilute diffuse gas. Global, galactic-
scale simulations usually do not require the implementation
of complicated reaction networks. However, the presence of
dust can significantly affect the chemical evolution. It is in fact
well known that a large fraction of some chemical elements
(particularly Fe, Co, Ni, Ca, C, and Si) are locked into dust
grains [209]. Clearly, it is impossible to have a complete
picture of the evolution of these chemical elements in the ISM
without considering the dust. There have been several works
about the chemical evolution of galaxies with dust [210–214].
It is more complicated to include dust into chemodynamical
simulations of galaxies. On the one hand, still not much is
known about the sources and composition of interstellar dust
[67]. On the other hand, the physics of the dust-gas coupling
is still poorly known and typically assumed drag forces lead
to numerical problems [215]. In spite of these difficulties,
progresses have beenmade and simulations of galaxies taking
into account dust are becoming available [216, 217]. Clearly,
this is a field where more needs to be done. Observations of
dust in our own galaxy and in external galaxies are becoming
extremely accurate and the astronomical community is in
dire need of detailed chemodynamical simulations of dusty
gases in order to help interpreting the observations.

7. The Mechanical Feedback

Explosions of SNe (of both Type Ia and II) and stellar
winds are the main drivers of the ISM dynamics, at least
in DGs (in larger galaxies, AGNs might play a fundamental
role). Unfortunately, for the foreseeable future, galactic-scale
simulations will not be able to solve individual SN remnants
or the effect of the wind from individual stars. Hence,
heuristic, subgrid recipes are needed to treat the mechanical
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Figure 4: Density and temperature contours at 4 evolutionary times (labelled on each of the right panels) for a model adopting MM02 (a)
and VG97 (b) yields, respectively. The (logarithmic) density scale (in g cm−3) ranges between −27 (dark) and −23 (bright). The (logarithmic)
temperature scale (in K) ranges between 3 (white) and 7 (orange).

feedback. This is a complex and still active research field.
Although feedback prescriptions have been found to address
specific issues [142, 218], no recipe appears to be widely
applicable and physically justifiable. Comparison studies have
been performed [88, 219, 220], and the overall conclusion (see
in particular the Aquila comparison project, [219]) is that the
outcomes of numerical simulations crucially depend on the
feedback prescriptions and none of the considered codes is
able to satisfactorily reproduce the observed properties of the
baryonic component of galaxies.

Broadly speaking, feedback schemes can be divided into
two categories: kinetic feedback [221–223] and thermal feed-
back [144, 157, 224, 225]. Kinetic feedback schemes aremostly
used in SPH simulations (but see [33]). The SN explosion
energy is transformed into kinetic energy of neighbouring
particles. A kick is given to a few neighbouring particles,
which move after the kick with a prescribed velocity, along
a random direction.The problemwith this scheme is that it is
not physically justifiable and it is not easy to create galactic
winds, unless kick velocities are chosen along prescribed
directions.

In thermal feedback schemes instead, the SN energy is
used up to heat the ISM. A well-known drawback of this
scheme is that the cooling timescale of the particles affected
by this thermal feedback is typically very short (often shorter
than the timesteps of the simulation). The input energy is
thus radiated away before it can be converted to kinetic
energy. This leads to the so-called overcooling problem [141].
Various authors have tried to remedy this problem by simply
switching off the cooling [144, 157, 226]. The inefficiency
of thermal feedback is usually attributed to poor spatial
resolution: the energy is deposited in gas that is too dense,
because the hot, low-density, bubbles that fill much of the
volume of the multiphase ISM are missing. In fact, in models
in which the multiphase description of the ISM is taken into
account a decoupling of the different thermal phases can be
realized (sometimes arbitrarily) and the overcooling problem
can be avoided [104, 106].

Another possibility to overcome the overcooling problem
is the use of radiative feedback schemes [227]. Radiative
feedback is very relevant because it has been recently sug-
gested that photoheating and radiation pressure are the most
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important sources of feedback in DGs [90]. Eventually, also
cosmic rays have been suggested as an additional source
of feedback [228–230]. Also a correct inclusion of stellar
dynamics can be a way to avoid the overcooling problem
(see Section 3). A much broader discussion would deserve
the description of the feedback from the central AGN. This
kind of feedback has gained popularity in the last decade. It
appears in fact to be a useful recipe to use in semianalytical
models of structure formation [231]. However, it is not clear
how significant the AGN feedback can be for the evolution
of low-mass galaxies. Scaling relations [232, 233] indicate
that DGs possess very small central massive black holes. It
is very likely that all these forms of feedback occur in real
galaxies. However, before implementing them in simulations,
one should be confident that the underlying physics is well
understood and that reasonable parametrisations can be
used.

Although feedback schemes are widely debated in the
literature, the amount of energy a SN explosion deposits into
the ISM appers to be less problematic. A value of 1051 erg
is assumed as it represents the typical SN explosion energy
𝐸SN [28, 234]. It is however worth reminding that SN kinetic
explosion energies (theoretically calculated or deduced from
observations) cover a very broad range, from a few 1048 ergs
of the faintest SNe to the 1052 ergs or more of the hypernovae
[235].

Some authors adopt a thermalization efficiency 𝜖SN, in
order to account for the radiative energy losses during the
early phases of the evolution of a SN remnant. A commonly
adopted value of 𝜖SN is 0.1 [97]. Indeed, the simulations
of Thornton et al. [236] suggest that only ∼10% of the SN
explosion energy can be used up to thermalize the ISM.
However, detailed simulations of the impact of isolated stars
on the ISM [79, 237, 238] show that the energy transfer
efficiency can be even lower than 1%. A different approach,
where the contribution of a whole population of stars is
considered [239], clearly shows that 𝜖SN must be a function
of time. During the early phases of galactic evolution, the
SN remnants expand in a very dense and cold ISM. SN
remnants evolve in isolation and radiative losses are very
large. Only a small fraction of the SN explosion energy goes
to increase the thermal budget of the ISM. When the ISM
becomes hotter and more porous, radiative losses are less
significant. Various SN remnants quickly coalesce and form
a superbubble. Within this superbubble, the sound speed is
large. If a SN explodes inside the superbubble, the time it
takes for the SN shock velocity to become equal to the sound
speed is very short.This is the time at which the shock loses its
identity and the energy of the SN remnant can be transferred
to the ISM. Clearly, in this situation the SN remnant does not
have time to radiate away a large fraction of its energy, which
can be thus efficiently converted into thermal energy of the
ISM once the SN shock velocity becomes equal to the local
sound speed.

Simple analytical estimates of the thermalization effi-
ciency as a function of the ambient density and temperature
are possible [111, 240–243]. Again, these formulae show that
𝜖SN is strongly reduced if the ambient density is large and

the temperature is low. A more quantitative evaluation of
𝜖SN for a single, isolated galaxy can be obtained as follows.
The stalling radius 𝑅

𝑠

is defined as the radius at which the
expansion velocity of the SN shock equals the local sound
speed. At this radius, the material inside the SN shock can
be causally connected with the external ISM and a transfer of
energy can occur. 𝑅

𝑠

can be evaluated as [244]

𝑅
𝑠

⋍ 4.93𝑅pds(
𝐸
1/14

SN 𝑛
1/7

0

𝑍
3/14

𝑐
𝑠

)

3/7

. (8)

Here, the SN explosion energy is expressed in units of
1051 ergs, the ambient density 𝑛

0

in cm−3, the metallicity 𝑍 in
units of the solar metallicity, and the sound speed 𝑐

𝑠

in units
of 106 cm s−1.𝑅pds is the radius of the SN shock at themoment
in which cooling becomes important. Assuming that most of
the SN energy at this stage is in the form of kinetic energy of
the shell, the energy available to thermalize the ISM is

𝐸kin =
2

3

𝜋𝑅
3

𝑠

𝜌
0

𝑐
2

𝑠

. (9)

The thermalization efficiency is now simply the ratio between
this residual energy and the initial explosion energy 𝐸SN.
Using the value of𝑅pds given by Cioffi et al. [244], one obtains

𝜖SN ⋍ 0.02𝐸
−5/98

SN 𝑛
−54/49

0

𝑍
−15/98

𝑐
5/7

𝑠

. (10)

This calculation is surely approximate. In particular, the ISM
porosity and the possibility that various SN remnants merge
have not been taken into account. However, additional cor-
rections could be included and a more physically motivated
description of the thermalization efficiency, depending on the
local thermodynamical conditions, could be obtained.

Eventually, the expansion of ionisation fronts could be
taken into account as well. Simple formulae could be devised
to describe the variation of the Strömgren radius surrounding
a single massive star or an association of stars [78, 245].
Within this radius the cooling is indeed strongly suppressed
because Ly continuum photons are used up on the spot to
ionise hydrogen atoms and only photons from the Balmer
series onwards can leave the H II region. Combining these
formulae with the ones describing the evolution of SN
shocks and winds from massive stars seems to be theo-
retically possible. This method is perhaps a further viable
solution of the overcooling problem.Of course, once radiative
hydrodynamical codes will have enough resolution to solve
individual H II regions and SNeII remnants, these analytical
considerations will be superfluous. However, this seems not
to be possible in the foreseeable future.

To finish this section, it is important to remind that the
rate of energy release from SNe and stellar winds is as impor-
tant in galaxy simulations as the way this energy is converted
into ISM energy. It is commonly assumed that all the stars
withmasses larger than a certain thresholdmass𝑚thr explode
as SNeII at the end of their lifetimes. This assumption,
together with prescribed stellar lifetime functions, makes the
calculation of SNII rates quite straightforward. Two sources
of uncertainty must be outlined. One is the stellar lifetime
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function, which is still quite uncertain andmodel dependent.
Romano et al. [170] demonstrated however that uncertainties
in the lifetimes of massive stars are not so significant and
do not crucially affect the results of galaxy evolution models.
More critical is the choice of𝑚thr. A commonly adopted value
is 8M
⨀

but, since there is still not much known about the fate
of stars in the mass interval [8 : 12] M

⨀

,𝑚thr could be as high
as 12M

⨀

. For a Salpeter IMF extending until 100M
⨀

, ∼78%
more SNeII go off if 𝑚thr = 8M

⨀

instead of 𝑚thr = 12M
⨀

.
Clearly, this is a nonnegligible fraction.

Even more uncertain and less standardised are the feed-
back recipes from stellar winds and Type Ia SNe (SNeIa).
Many authors even neglect these energy contributions. How-
ever, the energetic input of stellar winds is very important
to establish self-regulation in the star formation process
(Köppen et al. [158]; see also Section 4). Many authors
take into account stellar winds, either adopting suitable
parametrisations based on observations [98] or adopting the
results of models such as Starburst99 [246], which give the
mechanical energy from stellar winds released by a single
stellar population or due to a continuous episode of star
formation. This approach has been followed, for instance, by
[28, 157]. Since the stellar wind luminosity decreases with
metallicity [247, 248], neglecting stellar winds is perhaps
acceptable in simulations of very metal poor DGs.

Type Ia SNe play a very important role in the evolution of
galaxies, as they are the major contributors of iron, a widely
used metallicity proxy [129]. Since the lifetime of SNeIa
progenitors can be as long as many Gyrs [249], they represent
a source of energymore evenly distributed in time than SNeII.
The relevance of SNeIa for the dynamical evolution of galaxies
has been shown for instance by Recchi and Hensler [250].
Many papers neglect the contribution of SNeIa as they are
interested in the early evolution of galaxies and SNeIa are
not assumed to occur on short timescales [20]. However,
evidence is mounting [251–254] that a significant fraction
of SNeIa explode on timescales shorter than 100Myr. Thus,
SNeIa should be considered in chemodynamical models even
if the time span of the simulation is of the order of 100Myr.

A convenient parametrisation of the SNeIa rate is [255,
256]

𝑅
𝐼𝑎

(𝑡) = ∫

𝑡

𝑡min

𝐴
𝐼𝑎

(𝑡 − 𝜏)𝐷 (𝑡 − 𝜏) 𝜓 (𝜏) 𝑑𝜏, (11)

where 𝑡min is a suitably chosen minimum timescale for the
occurrence of SNeIa (typically 30Myr), 𝐴

𝐼𝑎

is a normalisa-
tion constant, and 𝐷 is the so-called delay time distribution
(DTD), that is, the distribution of time intervals between the
birth of the progenitor system (usually a binary system made
of two intermediate-mass stars) and the SNIa explosion.
According to (11), the DTD is thus proportional to the
SNIa rate following an instantaneous burst of star formation.
Unfortunately, the form of the DTD is still very uncertain,
although some observations [257, 258] suggest the DTD
to be inversely proportional to the elapsed time, that is,
𝐷(𝑡) ∝ 𝑡

−1. Studies of the chemical evolution of galaxies
have been performed [253, 259, 260], showing that the adop-
tion of different DTDs drastically changes the outcome of

the simulations. It is not difficult to imagine that even more
drastic differences could be obtained in chemodynamical
simulations of galaxies. The role of various DTDs on the
evolution of galaxies is another aspect that has been barely
considered so far in chemodynamical simulations and that,
perhaps, deserves more attention.

8. Environmental Effects

Galaxies are sociable entities; galaxies out there on their own
are quite rare. Most of them are found in galaxy clusters and
groups. In order to fully understand the evolution of galaxies,
the study of the galactic environment is thus paramount.
The environment not only includes neighbouring galaxies,
but also the tenuous gas between galaxies (the intergalactic
medium, IGM, or intracluster medium, ICM, in cluster
environments). There are many reasons why the study of
galaxy interactions and mergers is very important for our
understanding of the Universe as a whole. Perhaps one of the
most important ones is that the largely accepted cosmological
model, a Λ dominated cold dark matter based Universe,
explicitly predicts that galaxies should form hierarchically
in the merger process. However, the theoretical study of
interactions andmergers is usually the realm of cosmological
simulations and I refer the readers to the many books and
review papers devoted to the argument [261–266].

One of the clearest evidence of the environmental effects
is the morphology-density relation [267], according to which
the fraction of early-type galaxies in clusters increases with
the local density of the environment. Another key obser-
vational result is the star formation-density relation [268,
269], in the sense that star formation seems to be strongly
reduced in dense environments. Moreover, cluster galaxies
are H I deficient compared to their field counterparts. The
deficiency increases towards the cluster centre. These and
other observational facts (see also [270, 271] for reviews)
clearly indicate that one or more processes in cluster and
group environments remove gas from galaxies or make them
consume their gas more quickly.

One possibility is that the dense environment promotes
tidal interactions (galaxy-galaxy or galaxy-cluster). It has
been shown that these interactions can remove matter from
galactic halos quite efficiently [272–275]. Another possible
physicalmechanism able to remove gas in dense environment
is the combined effect ofmultiple high-speed encounters with
the interaction of the potential of the cluster as a whole, a
process that has been named “harassment” [276, 277]. The
first harassment simulations specifically targeting DGs have
been performed by Mastropietro et al. [278]. In this paper,
it is shown that the majority of galaxies undergo significant
morphological transformation andmove through theHubble
sequence from late-type discs to dwarf spheroidals. Less dra-
matic are the effects of harassment in computer simulations
of late-type, disk DGs in the Virgo Cluster [279]. Strong tidal
encounters, that can morphologically transform discs into
spheroidals, are rare.They occur in ∼15% of infalls for typical
DG orbits in the potential of the Virgo Cluster. Harassment
might have some impact on the globular cluster systems of
DGs too [280].
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By combining different processes, Boselli and Gavazzi
[270] concluded that the most probable mechanism able
to explain the observational differences between galaxies in
clusters and in the field is ram pressure stripping, namely, the
kinetic pressure that the ICM exerts on the moving galaxies.
If the ram-pressure is larger than the restoring gravitational
force (per unit surface) acting on a gas parcel of a galaxy
moving through the ICM, this gas parcel is stripped off the
galaxy [281]. There have been many simulations exploring
the effect of ram-pressure stripping, with different settings
and degrees of sophistication [14, 282–289]. There are many
indications that ram-pressure stripping is a key process, able
to radically modify the evolution of DGs. It is interesting
to note that in dwarf irregulars, the removal of the gas by
means of ram-pressure stripping can change the potential
surrounding the stars enough to dynamically affect them,
causing disk thickening by a factor of ∼2 and disk distortion.
Actually, even the dark matter can be dynamically effected
by this [290]. Many authors even put forward the idea that
ram-pressure stripping can convert gas-rich DGs into gas-
poor ones. These ideas are comprehensively summarised in
many excellent reviews [162, 291–293] and I refer the reader
to these reviews for further details.

For the purposes of this review paper, it is more con-
venient to briefly summarise the results of the simulations
of Marcolini and collaborators [294, 295]. These authors
performed simulation of flattened, rotating DGs subject to
ram-pressures typical of poor galaxy groups. Interestingly,
despite the low values of the ram-pressure, some DGs can
be completely stripped after 100–200Myr. However, regions
of very large surface density can be found at the front side
of DGs experiencing ram-pressure stripping. This enhanced
density can easily lead to a burst of star formation. If the
DG experiences a galactic wind (see also Section 9), several
parameters regulate the gas ejection process, such as the
original distribution of the ISMand the geometry of the IGM-
galaxy interaction. Contrary to the ISM content, the amount
of themetal rich ejecta retained by the galaxy ismore sensitive
to the ram-pressure action. Part of the ejecta is first trapped
in a low-density, extraplanar gas produced by the IGM-ISM
interaction and then pushed back on to the galactic disc.
Clearly, the interplay between galactic winds and environ-
ment is quite complex and very few studies address this issue
in detail (see however [296]).This is another research field in
which, inmy opinion,more can be done. In particular, results
of small-scale detailed simulations of individual galaxies
could be used in large-scale simulations of galaxy clusters and
groups, where the interaction processes between individual
galaxies and the ICM cannot be appropriately resolved. This
is for instance the approach followed by Creasey et al. [297],
who simulate the feedback effect of SNe in a single galaxy
in order to improve subgrid models of feedback in large-
scale simulations. This approach should perhaps be further
extended. Also simulations like the ones ofMarcolini et al. (or
similar “wind tunnel” experiments) could be used to better
constrain the galactic wind-ICM interactions and improve
galactic cluster-scale simulations.

9. Galactic Winds

Galactic winds are streams of high-speed particles often
observed blowing out of galaxies. They are also thought to
be the primary mechanism by which energy and metals
are deposited into the intracluster and intergalactic medium
(see also Section 8). Local examples of galactic winds are
NGC1569 [298], NGC253 [299], NGC6810 [300], and, of
course, the archetypal galactic wind in M82 [301]. There is
clear evidence for galactic winds in the spectra of several
𝑧 > 1 galaxies [302]. Probably, the fraction of galaxies expe-
riencing galactic winds was larger at high redshifts [303–305].
A review of many observational (and theoretical) aspects of
galactic winds is given in Veilleux et al. [306].

The mechanical feedback from SNe and stellar winds
is the most probable driver of galactic winds in DGs,
although other mechanisms, such as radiation pressure and
cosmic rays, are possible and have been put forward [90,
229, 307–310]. There is a large (and ever growing) number
of hydrodynamical simulations of galactic winds in the
literature [227, 310–312]. Many of them, especially in the
past, targeted specifically DG-sized objects [20, 21, 32, 313–
315]. A quite common outcome of these simulations is that
the energy deposited by SNe and stellar winds creates large
bubbles of hot, highly pressurised gas. This gas pushes the
surrounding ISM and, under favourable conditions, a large-
scale outflow can emerge. If the outflow velocity is large
enough, the gas entrained in it leaves the parent galaxy. A
galactic wind has been created. If instead the wind velocity
is not high enough, the gravitational pull eventually prevails
and a galactic fountain is formed instead. Galactic fountains
are more likely in large spiral galaxies like our own Milky
Way and have been also extensively studied in the past [316–
320]. Given the more reduced gravitational pull, galactic
winds are more likely than galactic fountains in DGs. The
threshold velocity for the formation of a galactic wind is
typically set equal to the escape velocity. However, one should
be aware that the motion of gas parcels in galactic winds is
not ballistic and the escape velocity can give only an order-
of-magnitude estimate of the velocity required to escape the
galactic potential well.

Many authors [321–323] have speculated that, since the
binding energy of typicalDGs is equal to the explosion energy
of just a few SNe, galactic winds can occur very early in
DGs and can even lead to a quick transition from gas-rich
to gas-poor DGs. However, there are three clear failings of
this scenario: (i) it fails to explain the observed morphology-
density correlation (see Section 8); (ii) it fails to explain
the fact that all observed gas-poor DGs of the Local Group
possess a large fraction of intermediate-mass stars (see [324,
325] for reviews on stellar populations of Local Group DGs);
(iii) if the galactic wind occurs very early, Type Ia SNe do
not have time to enrich the ISM (see Section 8). Since Type
Ia SNe are the major sources of iron, one would expect very
high [𝛼/Fe] ratios in the stars of DGs. Exactly the contrary
is observed: stellar populations in DGs are characterised by
very low [𝛼/Fe] ratios [325, 326]. Indeed, many simulations of
the development of galactic winds in DGs cited above agree
on the fact that the fraction of ISM ejected out of a galaxy as
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a consequence of a galactic wind must be low. An excellent
and still very relevant review about the effect of galactic winds
in DGs is given by Skillman [327].

However, hydrodynamical simulations of DGs showed
that the galactic winds are often able to expel a large fraction
ofmetals, freshly produced during the star formation activity.
This is mostly due to the fact that, if the initial DG gas
distribution is flattened (as observed in gas-rich DGs), the
galactic wind will preferentially expand along a direction
perpendicular to the disk (the direction of the steepest
pressure gradient; see also below). Most of the disk gas is
not affected by the galactic wind. On the other hand, the
freshly produced metals can be easily channelled along the
funnel created by the galactic wind. Several papers in the
literature have attempted to quantitatively address this point
and study the effect of galactic winds on the circulation and
redistribution of metals in DGs. The main results of the
often-cited work Mac Low and Ferrara [20] are that, even
in the presence of a strong galactic wind driven by SNeII,
the ejection efficiency of unprocessed gas is almost always
close to zero. It is different from zero only for the smallest
considered galaxies (due to their very shallow potential well).
On the other hand, the ejection efficiency of freshly produced
heavy elements is almost always close to one. Silich and
Tenorio-Tagle [21] found instead that galactic winds do not
develop in most of the models, mainly due to the presence of
a hot gaseous halo surrounding the galaxy. The effect of off-
centred SN explosions and SN explosions distributed over a
significant fraction of the disk’s surface was also studied in
the literature [23]. Metal ejection efficiencies are reduced in
this case, due to more efficient cooling. Wind efficiencies are
found to be low even if SN is injected directly into supersonic
turbulence [16].

The ejection efficiency of individual chemical elements
was investigated, too [111]. As a consequence of very short
starbursts, metals with delayed production, like Fe and
N, have large escape fractions (see also [328]). In fact, a
significant fraction of𝛼-elements, quickly produced by SNeII,
mix locally before the development of a galactic wind (see
also [329]). Metals produced by SNeIa and intermediate-
mass stars can be instead easily channelled along the already-
formed galactic wind and do not suffer much mixing with
the walls of the wind. The situation is much less clear-cut
in the presence of multiple bursts of star formation [125]
or of complex SFHs [124]. One should be aware of the fact
that turbulence can play a decisive role in the process of
mixing metals, a mechanism usually called turbulent mixing
[330]. However, it is a considerable experimental, theoretical,
modelling, and computational challenge to capture and
represent turbulent mixing and not much has been done in
this direction for astrophysical flows (but see [331–333]).

An estimate of the probability of the development of
a galactic wind can be obtained as follows (see [111, 334,
335]). Take for simplicity a source of energy producing a
constant luminosity 𝐿. Assume also that the density and
the metallicity of the ISM are uniform and that its vertical
density distribution has a scale height 𝐻. The energy input
creates a superbubble which is assumed to be spherical and
characterised by a radius 𝑅. By means of standard, textbook

formulas for the evolution of a superbubble without radiative
losses (i.e., 𝑅 ∼ 𝑡

−3/5), the time for the radius 𝑅 of the
superbubble to reach𝐻 is readily calculated:

𝑡
𝐷

∼ 𝐻
5/3

(

𝜌

𝐿

)

1/3

. (12)

However, radiative losses, in general, cannot be neglected.
The radiative losses of the hot cavity can be more relevant
for the dynamics of the superbubble than the radiative
losses of the shocked material. The cooling timescale of the
superbubble can be estimated as

𝑡
𝑐

∼ 16(𝛽𝑍)
−35/22

𝐿
3/11

𝑛
−8/11Myr, (13)

where 𝐿 in this formula is in units of 1038 erg s−1 and 𝑛 in
cm−3. Here, 𝛽 is a numerical factor (of the order of unity)
that takes into account the fact that the cooling gas might be
out of ionisation equilibrium. Clearly, if 𝑡

𝑐

is much shorter
than 𝑡

𝐷

, the superbubble loses much of its pressure before
the supershell can reach 𝐻 and a large-scale outflow cannot
occur. By combining (12) and (13) one obtains an approximate
criterion for the occurrence of a galactic wind, namely,

𝐿 ≫ 0.03𝑛
7/4

(𝛽𝑍)
21/8

𝐻
11/4

. (14)

Although this derivation is quite approximate, the large
dependence of the threshold luminosity on 𝐻 is a solid
result. The vertical distribution of gas strongly affects the
development of a galactic wind (more than other factors).
A galaxy characterised by a very thin disk experiences
outflows much more easily than roundish galaxy. This result
matches the physical intuition that in flat galaxies a large-scale
outflows easily develop along the direction of steepest pres-
sure gradient (i.e., perpendicularly to the disk), whereas in
spherical galaxies the pressure gradient is isotropic and either
the outflows occur along all directions, or the superbubble
remains confined inside the galaxy. Indeed, simulations of
spherical (or almost spherical) DGs have shown that it is
not easy to create galactic winds, even if the energy input is
significant [336] or the galaxy does not have a dark matter
halo [103, 157]. Although the importance of the disk thickness
for the development of outflows was soon recognised, this
aspect has not been fully explored in the past in numerical
investigation (but see [17, 28, 337–340]).

In Recchi and Hensler [341] we specifically addressed the
role of gas distribution on the development of galactic winds
and on the fate of freshly produced metals. We found that
the gas distribution can change the fraction of lost metals
through galactic winds by up to one order of magnitude.
In particular, disk-like galaxies tend to lose metals more
easily than roundish ones. In fact, the latter often do not
develop galactic winds at all and, hence, they retain all the
freshly produced metals. Consequently, the final metallicities
attained by models with the same mass but with different gas
distributions can also vary by up to one dex.

Confirming previous studies, we also show that the fate
of gas and freshly produced metals strongly depends on the
mass of the galaxy. Smaller galaxies (with shallower potential
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Figure 5: Gas density distribution for nine galaxy models differing on the degree of flattening and the initial baryonic mass, after 100Myr of
galactic evolution. The first column represents models with 107M

⨀

of initial baryonic mass, the middle column shows the gas distribution
for models with mass 108M

⨀

, and the right-hand column displays the models with 109M
⨀

. The top rows of models are characterised by a
roundish initial distribution.Themiddle rows showmodels with an intermediate degree of flattening, and the bottom rows are characterised
by a flat initial distribution. The left-hand strip shows the (logarithmic) density scale (in g cm−3).

wells) more easily develop large-scale outflows, so that the
fraction of lost metals tends to be higher. An example of
the results of these investigations is given in Figure 5. The
gas density distribution for nine galaxy models differing on
the degree of flattening and the initial baryonic mass, after
100Myr of galactic evolution, is shown in this figure (see
figure caption for more details). The effect of geometry on
the development of galactic winds is clear from this figure:
the density distribution in the models in the bottom row (flat
models) is clearly elongated. In one case a galactic wind is
already blowing.Themodels in the upper row are instead still
roundish. Clearly, as described before, if a large-scale outflow
is formed, freshly produced metals can be easily lost from
the galaxy. Any time a galactic wind is formed, the ejection
efficiency of metals is larger (sometimes much larger) than
the ejection efficiency of the ISM, confirming that galactic
winds must be metal enhanced. The fact that galactic winds
aremetal richer than the global ISM has been observationally
verified [342, 343].

The fact that the galactic winds are metal-enriched is
a commonly accepted result. It has been proposed as one
of the main mechanisms leading to the so-called mass-
metallicity relation, according to which the metallicity of a
galaxy grows with its mass. Since galactic winds are metal-
enhanced and since DGs experience more easily galactic
winds, clearly one has to expect that DGs are metal poorer
than larger galaxies [344, 345]. Although the effect of metal-
enriched galactic winds on the chemical evolution of galaxies

might be already clear from the previous paragraphs, a more
quantitative analysis can be performed, based on simple
analytical considerations. Assuming linear flows, that is,
assuming that infall rates and outflow rates in and out of
galaxies are proportional to the SFR 𝜓, a set of differential
equations can be found for the time evolution of the total
baryonicmass𝑀

𝑡

, total gasmass𝑀
𝑔

, and totalmass inmetals
𝑀
𝑍

within a galaxy (see [346, 347]):

𝑑𝑀
𝑡

𝑑𝑡

= (Λ − 𝜆) (1 − 𝑅) 𝜓 (𝑡) ,

𝑑𝑀
𝑔

𝑑𝑡

= (Λ − 𝜆 − 1) (1 − 𝑅) 𝜓 (𝑡) ,

𝑑𝑀
𝑍

𝑑𝑡

= (1 − 𝑅)𝜓 (𝑡) [Λ𝑍
𝐴

+ 𝑦
𝑍

− (𝜆𝛼 + 1)𝑍] .

(15)

Here, Λ and 𝜆 are proportionality constants relating the
SFR to the infall and outflow rate, respectively. 𝑍

𝐴

is the
metallicity of the infallingmaterial and𝑅 is the fraction of the
considered stellar populations locked into long-living stars
and remnants. 𝑦

𝑍

is the stellar yield, in this case defined as
the ratio between the mass of a specific chemical element
ejected by a stellar generation and the mass locked up in
remnants ([3]; see also Section 6). Finally, 𝛼 is the parameter
that takes into account metal-enriched galactic winds, that is,
is the increase ofmetallicity of thewind compared to the ISM.
Besides this last factor, the equations are standard, textbook
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equations for the simple-model evolution of a galaxy [3, 129,
348] and analytical solutions can be found. An analytical
solution can be found even including this further factor
𝛼 (see Recchi et al. [347], (12)). If one assumes that the
SFR 𝜓 is proportional to the total gas mass 𝑀

𝑔

through a
proportionality constant 𝑆 (see Section 4), the final result is

𝑍 (𝑡)

𝑦
𝑍

+ Λ𝑍
𝐴

=

1 − [(Λ − 𝜆 + 1) − (Λ − 𝜆) 𝑒
ℎ(𝑡)

]

(Λ+(𝛼−1)𝜆)/(Λ−𝜆−1)

Λ + (𝛼 − 1) 𝜆

,

ℎ (𝑡) = (𝜆 + 1 − Λ) (1 − 𝑅) 𝑆𝑡.

(16)

This solution has been plotted in Figure 6 forΛ = 0,𝜆 = 2,
𝑆 = 1Gyr−1, and 𝑅 = 0.26 (from [201]). The strong effect
of 𝛼 (a factor of ∼20) on the final metallicity of the galaxy is
evident from this figure. Clearly, this kind of modelling can
only give an approximate idea about the chemical evolution
of galaxies and that full chemodynamical simulations are
required for a deeper insight and understanding of the
metal enrichment process. However, this kind of analytical
calculations is nowadays quite popular, as it enlightens in a
simple way complex correlations among galaxies [344, 349,
350].

10. Conclusions and Outlook

In this review I presented a summary of the state of the
art for what concerns the chemodynamical modelling of
galaxies in general and of dwarf galaxies in particular. I have
devoted one section for each of the main ingredients of a
realistic simulation of a galaxy, namely, (i) initial conditions
(Section 2), (ii) the equations to solve (Section 3), (iii) the star
formation process (Section 4), (iv) the initial mass function
(Section 5), (v) the chemical feedback (Section 6), (vi) the
mechanical feedback (Section 7) and (vii) the environmental
effects (Section 8). In each section, commonly adopted
methodologies and recipes have been introduced and some
key results of past or ongoing studies have been summarised.
Moreover, some key results concerning the development
of galactic winds and the fate of heavy elements, freshly
synthesised after an episode of star formation, have been
summarised in Section 9.

Throughout this review, I outlined topics, physical pro-
cesses, and ingredients that in my opinion are not properly
or adequately treated in modern simulations of galaxy evolu-
tion. I summarise below the topics that inmy opinion deserve
more attention.

(i) Inclusion of Self-Gravity in Building Initial Equilib-
rium Configurations. This is clearly an important step
towards building more realistic initial configurations and, as
described in Section 2, the difference between models with
and without self-gravity can be extremely large. Of course,
taking self-gravity into account in building initial equilibrium
configurations is computationally demanding. However, it
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Figure 6: The metallicity of a galaxy, as a function of time,
for models with metal-enriched galactic winds. This plot shows
the solution of (16) for three different values for the enrichment
parameter 𝛼.

is clearly a necessary step in simulations in which the star
formation process is treated in detail, as the gas self-gravity
is the main driver of the star formation process. Of course,
galactic simulations in a cosmological context do not need
any special recipe to build initial configurations.

(ii) Inclusion of Turbulence in Galactic Simulations. There is
no doubt that the gas in galaxies is turbulent; therefore it is
necessary to devote more efforts to a proper modelling of
(compressive) turbulence in galaxies. As mentioned in Sec-
tion 7, turbulence is also a key ingredient to study the process
of circulation and mixing of heavy elements in galaxies; it
thus helps to interpretmore properly observational data, such
as the ones obtained by means of integral field spectroscopy.
As reported in Section 3, some galactic simulations with a
proper treatment of turbulence have been already performed.
However, in these simulations chemistry is usually treated
in a very crude and approximate way. The inclusion in these
simulations ofmethods and recipes about the production and
circulation of heavy metals, adopted in other chemodynam-
ical simulations, appears to be feasible. Moreover, some of
the assumptions and equations used to simulate turbulence in
the ISM are based on experimental results on incompressible
turbulence. A more focused study of physical processes and
modelling of compressible turbulence in the ISM is arguable
and I am sure that in the next years we will experience great
progresses in this field.

(iii) A Multiphase, Multifluid Treatment of the ISM in Galaxy
Simulations. Realistic simulations of galaxies should take into
account the multiphase nature of the ISM in galaxies and the
complex network of reactions between stars and various gas
phases. This has been done in some simulations, particularly
thanks to the work of Hensler and collaborators (see, e.g.,
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[37, 97, 98, 101, 107]). These works unveiled the complexity
of true multiphase simulations of galaxies. Yet, these com-
plex simulations are necessary in order to reproduce more
faithfully the ISM. Tanks to enormous progresses in the field
of multiphase simulations in other branches of physics (see,
e.g., the monographs [351–353]) I hope that we can witness a
boost of true multiphase, multi-fluid galactic simulations in
the next years.

(iv) Inclusion of Dust. As already mentioned in Section 6,
many works about the chemical evolution of galaxies [210–
214] include dust and show how important this component is
to interpret data about the chemical composition of galaxies.
It is very likely that the inclusion of dust can drastically
change also the results of chemodynamical evolution of
galaxies and can dramatically improve our knowledge about
the physics of the dust-gas interaction and about the cir-
culation of metals in galaxies. In spite of useful attempts,
current state-of-the-art numerical simulations of galaxies do
not take dust into account (but see [354, 355]). A proper
inclusion of dust is difficult and can also lead to numerical
problems. However, in other branches of astrophysics some
of these numerical issues have been solved and sophisticated
simulations of gas-dust mixtures have been performed [356–
359]. It would be extremely beneficial for the astronomers
working on simulations of galaxies to learn from these works
and improve the treatment of dust physics and dust-gas
interactions in galactic simulations. It is also worth noticing
that the publicly available Pencil Code [46, 47, 360] already
includes relevant dust physics. A wider use of this code for
simulating ISM in galaxies is certainly arguable.

(v) A More Self-Consistent Treatment of the IMF. Recent,
detailed simulation of the ISM with a proper treatment
of the star formation process [117, 361, 362] is able to
recover the main shape and features of the IMF. In these
simulations, thus, the IMF is not assumed a priori but
is self-consistently reproduced. Galaxy-wide simulations do
not have an adequate spatial resolution; therefore some
simplifying assumptions about the IMF need to be made.
Yet, it appears to me that a lot is known about physical
properties andmass distribution of stellar clusters in galaxies,
and these can be used to constrain the formationmechanisms
of star clusters in galactic simulations.Within each cluster, the
observationally based maximum-mass versus cluster-mass
(𝑚max-𝑀cl, [175, 176, 191]) relation can be used to link the
upper stellarmass within each cluster to the clustermass.This
appears to be a simple and physically motivated exercise, that
can significantly change the outcome of a galactic simulation.
Finally, the full IGIMF theory as developed by Kroupa and
collaborators (see Section 5 and [191] for a review) can
be implemented in numerical simulations. As shown in
Section 5with two simple examples, the results can drastically
change compared to simulations adopting a universal IMF.
In spite of some attempts [188, 355, 363], almost nothing has
been done in this field.

(vi) Feedback Recipes.This is a very vibrant and active field of
research, with new methods and implementations appearing

weekly in the preprint archives. However, it seems to me
that some ingredients and topics are receiving less attention
than they deserve. In particular, before concentrating on
methods and algorithms to inject energy into the ISM (the
kinetic, thermal, and radiative feedback schemes described in
Section 7) I think one should be sure that all relevant sources
of energy are included and properly treated. In particular
(i) Type II SNe are always included but it is usually not
appreciated how much the total energy coming from SNeII
can change if the threshold mass 𝑚thr above which SNeII
can explode is changed. As shown in Section 7, a change in
𝑚thr can lead to a change in total SNII energy by a factor of
almost 2. It is also not always appreciated how uncertain is
the fraction of the SNII explosion energy that can effectively
thermalize the ISM. Some analytical estimates of this fraction
are available in the literature (see also Section 7) and I think it
could be very useful to use more often and more consistently
these kinds of analytical estimates. (ii) Type Ia SNe are often
neglected and, if they are considered, no systematic study of
the dependence of the results of the simulations on the Type
Ia SN rates is available in the literature. This appears to be a
simple and yet quite useful exercise. (iii) Stellar winds from
massive and intermediate-mass stars can also contribute very
significantly to the energy budget of a galaxy, in particular
if the metallicity is not extremely low. This ingredient, also
is often neglected or not properly considered in galactic
simulations. The availability of softwares like Starburst99
[246] makes the inclusion of stellar winds in numerical
simulations quite simple.

(vii) Synergy between Galactic-Scale and Cluster-Scale or
Cosmological Simulations. As mentioned in Section 8, results
of detailed simulations of individual galaxies could be used
in simulations of galaxy clusters or groups or even in
cosmological simulations, in order to improve the subgrid
recipes of these large-scale simulations. In particular, details
of the formation of galactic winds and their impact on the
external intergalactic or intracluster medium (see Section 9)
can be extremely beneficial in large-scale simulations where
these effects are usually treated very crudely.
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having produced Figure 3; Francesco Calura, Pavel Kroupa,
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The reduction of integral field spectroscopy (IFS) data requires several stages and many repetitive operations to convert raw data
into, typically, a large number of spectra. Instead there are several semiautomatic data reduction tools and here we present this data
reduction process using some of the Image Reduction and Analysis Facility (IRAF) tasks devoted to reduce spectroscopic data.
After explaining the whole process, we illustrate the power of this instrumental technique with some results obtained for the object
HH202 in the Orion Nebula (Mesa-Delgado et al., 2009).

1. Introduction

Simultaneously storing both spectral and spatial information,
3D spectroscopy (known also as 2D spectroscopy, spectral
imaging, or integral field spectroscopy) guarantees the homo-
geneity of the data, offers a perfect way to address astrophys-
ical problems, and opens up new lines of research. Since its
inception in the eighties (Vanderriest [1] on the CFHT) and
early nineties, research in this field has grown enormously.
Three-dimensional spectrographs, or integral field units,
(IFUs) provide spectra for a large number of spatial elements
(“spaxel”) within a two-dimensional field of view, rather
than only along a traditional one-dimensional spectrograph
slit. Figure 1 shows how this spectroscopical information is
collected into a data cube. Most of the advantages of the IFS
technique are direct consequences of the simultaneity when
recording spatial and spectral information, which guarantees
a great homogeneity in the data.The complexity of these data
makes it a little more difficult to reduce them than in long slit
spectroscopy; in next sections we will briefly describe how
it is possible do this reduction using IRAK tasks. To finish,
we will show a scientific application of this observational
technique: 3D spectroscopy of photoionized HH objects in
the Orion nebula—the case of HH 202—[2]. Part of this work
was contributed in the meeting “Metals in 3D: New insights

from Integral Field Spectroscopy,” held in Granada in 18–
20/04/2012.

2. Observing with INTEGRAL (WHT) and
PMAS (CAHA)

Wewill describe the process of reduction of 3D spectroscopic
data through spectra obtained with two different instru-
ments located at WHT4.2m (Observatorio del Roque de los
Muchachos) and CAHA 3.5m (Observatorio de Calar Alto)
telescopes: INTEGRAL and PMAS.

INTEGRAL [3], is mounted on the Nasmyth focus of the
WHT at the Roque de los Muchachos Observatory on La
Palma. In its standard configuration, it has three fiber bundles
that simultaneously feed the entrance of the WYFFOS fibre
spectrograph.The three bundles are located in the focal plane
on a revolving wheel (see Figure 2).

But currently four bundles are mounted in the INTE-
GRAL Swinging Plate: SB1, SB2, SB3, and equalized. At
the focal plane the fibers are arranged in two groups, one
forming a rectangle, while the other forms a ring (except
for the equalized bundle) which is intended for collecting
background light (for small-sized objects). Table 1 shows the
main characteristics of the four bundles.
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Figure 1: Section of a H𝛼 HST image of Orion [4] with a sampling of 1 arcsec (top left, white box indicates the FoV of a typical 2D PMAS
observation). A result of this PMAS observation with spaxels of 1 × 1 arcsec is shown on the top right. Bottom left shows a section of the data
cube observed where we can see a monochromatic image at the upper slice. Bottom right shows an integrated spectrum of a group of spaxels
and a flux map integrated over an emission line (figure extracted from the Ph.D. thesis of M. Núñez-Dı́az).

Figure 2: Sketch of the geometrical characteristics of the bundles of fibres in INTEGRAL. Extracted from Arribas et al. [3].

Their tilt angles can be varied in order to select a specific
wavelength region. For any particular grating the spectral
resolution depends on the fibre bundle as a consequence of
the different fibre sizes. Table 2 shows the spectral resolution
achieved with the INTEGRAL bundles for the available
gratings.

PMAS [5], the PotsdamMulti-Aperture Spectrophotome-
ter, is an integral field instrument developed at the AIP. It is
currently installed at the Calar Alto Observatory 3.5m Tele-
scope in Spain. Actually, it is an integral field spectroscopy
with fiber-coupled lens array or fiber bundle IFU and fiber
spectrograph.

PMAS employs an all-refractive fiber spectrograph, built
with CaF

2

optics, to provide good transmission and high
image quality over the entire nominal wavelength range.
A set of user-selectable reflective gratings provides low to
medium spectral resolution in first order of approximately
1.5, 3.2, and 7 Å, depending on the groove density (1200, 600,
300 gr/mm).

The instrument was specifically designed to address the
science case of 3D spectrophotometry of spatially resolved,
individual objects, with an emphasis on broad wavelength
coverage in the optical wavelength regime. Table 3 lists the
main properties of the PMAS spectrograph. In addition,
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Table 1: Characteristics of the fiber bundles of INTEGRAL (see http://www.iac.es/proyecto/integral/).

Fiber size () Number (field + sky) Spatial covering () Fiber size (pixeles) External ring ()
SB1 0.45 205 (175 + 30) 7.8 × 6.4 1.9–2.2 90
SB2 0.90 219 (189 + 30) 16.0 × 12.3 3.5–4 90
SB3 2.70 135 (115 + 20) 33.6 × 29.4 13-14 90
“Equalized” 0.45 115 (115 + 0) 6.3 × 5.4 1.9–2.2 NO

Table 2: Mean spectral resolution, linear dispersions, and spec-
tral coverage for different gratings and bundles (see http://www
.iac.es/proyecto/integral/).

1200 L/mm 600 L/mm 300/316 L/mm
Resolution (SB1) (Å) 0.7 1.3 2.6
Resolution (SB2) (Å) 1.3 2.6 5.2
Resolution (SB3) (Å) 5.5 11 22
Dispersion (Å/pix) 0.4 0.8 1.6
Covering (Å) 1620 3240 6480

Table 3: Characteristics of PMAS lens array (see http://www
.caha.es/pmas/PMAS OVERVIEW/pmas overview.html).

Standard-IFU
Principle of operation Square lens array with fore optics
Lens array 16 × 16 square elements, 1mm pitch

(32 × 32 array upgrade in preparation)
3 magnifications 0.5 arcsec sampling, 8 × 8 arcsec2 FOV

0.75 arcsec sampling, 12 × 12 arcsec2 FOV
1.0 arcsec sampling, 16 × 16 arcsec2 FOV

Fiber configuration 256 OH-doped fibers, 150 um core diameter

the properties of the gratings available for PMAS are listed
in Table 4, together with the achievable spectral resolutions.

3. Reducing IFUs with IRAF

3.1. Reduction Steps versus IRAF Tasks. Although there are
some 3D reduction packages (R3D [6, 7], P3D [8], etc.),
we will describe the data reduction using IRAF reduction
package SPECRED. Specific reduction packages probably are
faster ways to reach reduced data (once the user knows how
it works). Reducing using individual IRAF tasks probably
takes a lot of time, mainly because for each reduction stage
a different task must be used, and the output of each of
these stages must be verified; but on the other hand it can be
checked that every task is producing satisfying results.

The data reduction process has several steps that we can
summarize in this way: after bias subtraction, spectra are
traced on the continuum lamp exposure obtained before each
science exposure and wavelength calibrated using a Hg-Ne
arc lamp. The continuum lamp and sky flats are used to
determine the response of the instrument for each fibre and
wavelength. Finally, for the standard stars we coadded the
spectra of the central fibres and compared them with the
tabulated one-dimensional spectra. Due to the complexity
of these data we are going to describe with more detail step

by step the process. In Figure 3 we present a scheme of this
process in which we can see the products after each step.

3.2. Bias Subtraction. The subtraction of the bias level is the
first step in the data reduction. This bias level is introduced
onto the CCD chip for ensuring that the chip is working in a
linear regime.

This pedestal level (bias) can be removed from images
according to one of the following proceedings: get the mean
value on the overscan region of each frame and subtract this
constant off the whole rest of the frame, or average a sample
(around 10) of bias frames pixel by pixel in order to get amean
bias frame, and subtract this frame from each image.

In these datawe have bias subtracted following the second
way using imcobine and imarith tasks of IRAF.

3.3. Spectra Extraction. The extraction of one-dimension
spectra from the two-dimensional image is a multistage
process. First, we must find the spectra from the image using
the continuum lamp as reference.This continuum lamp traces
spectra over theCCD image.The task apall just looks over this
image and extracts the place where spectra will be found (see
Figure 4).This task produces a final multispectra image (with
a.ms extension file).

3.4. Wavelength Calibration. Now, we would like to see the
wavelength calibrated spectra. For this, we need to determine
the dispersion solution in order to transform the pixel to the
wavelength scale. This can be done interactively for the first
time in one calibration lamp reference spectrum (identify
task), and this solution is used as a starting point to determine
the dispersion solution for the rest of the spectra (reidentify
task).

In Figure 5(a) we can see a wavelength calibrated spec-
trum identifying lamp lines using a database. This identifica-
tion gives an initial dispersion solution able to be applied to
the rest of spectra (Figure 5(b)). In Figure 6 we can see the
image resulting to apply the wavelength calibration.

3.5. Instrumental Response. Once spectra have been
wavelength-calibrated, it is necessary to correct from the
instrumental response. This response varies from pixel to
pixel not only for a different sensitivity to the intensity of
the incoming light but also to the response at a different
wavelength.

For both responses we must use continuum lamp and
sky spectra, obtained before each object exposure. Using
msresp1d IRAF task we can obtain that function (see
Figure 7).
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Table 4: Linear dispersions and spectral coverage for different gratings used in PMAS (see http://www.caha.es/pmas/PMAS OVERVIEW/
pmas gratings.html).

Grating design. Cartr. ID number Grooves per mm Dispersion (A/pix) Blaze angle Lambda (nm) dLambda (A)
U1200 1 1200 0.39 10.4 300 794
V1200 2 1200 0.35 17.5 500 725
R1200 3 1200 0.30 26.7 750 609
I1200 4 1200 0.22 36.8 1000 460
J1200 5 1200 0.22 46.0 1200 341
J1200 5 1200 0.17 46.0 600 450

U600 6 600 0.81 5.2 300 1656
V600 7 600 0.80 8.6 500 1630
R600 8 600 0.75 13.9 800 1533

U300 9 300 1.67 2.5 300 3404
V300 10 300 1.67 4.3 500 3404

Figure 3: Sketch of the 3D data reduction process. Data taken from INTEGRAL observations.

Figure 4: Spectra extraction of INTEGRAL data using continuum
lamp.

3.6. Flux Calibration. For some users, leaving the wavelength
calibrated spectra in terms of integrated numbers of counts
is sufficient. For the rest, it is necessary to observe suitable

spectrophotometric standard stars, in order to transform the
data in flux units.

First, we must find the sensitivity function using the
spectrophotometric star spectra with standard and sensfunc
tasks. Then, we need to apply this function to the object
spectra (calibrate task). This way, we obtain spectra in counts
units. At this point, it is necessary to know how much
flux units correspond to one count; to do this, we coadd
all the spectrophotometric spectra and we compare them
with tabulated flux values. In Figure 8(a) we can see how
the response function varies with wavelength; once this
function is applied we obtain a nonflux calibrated spectrum
(Figure 8(b)), and finally if we compare it with tabulated flux
values, we obtain the flux calibrated spectra (Figure 8(c)).

4. Application of 3D Spectroscopy to HH 202

Perhaps the most interesting feature of 3D spectroscopy
is the possibility of having a spectrum for each spaxel in
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(a) (b)

Figure 5:Wavelength calibration using Cu-Ne-Ar calibration lamp spectra ((a) using identify), and application of this wavelength calibration
solution to the rest of the spectra ((b) using reidentify).

Figure 6: Example of wavelength calibrated spectra image of
INTEGRAL data.

Figure 7: Example of instrumental response for one of the spectra
of INTEGRAL data.

the observed field (typically the fiber in the case of fiber-fed
spectrographs as INTEGRAL and PMAS). This means that
the spectral features of interest contained in our spectra can
be measured throughout the observed field of view and, thus,
bidimensional images of these features can be reconstructed
by just arranging properly the spectra in the 2D space.

This capability is an important improvement compared
to the classical long-slit spectroscopy that allowed only
performing one-dimensional analysis. We mention here two
examples showing that bidimensional spectroscopy is also
possible with a long-slit spectrograph, by using a complicated
observing setup consisting of taking several long-slit spectra

at adjacent positions, shifting the pointing of the telescope
by small distances (of the order of the required spatial
resolution) with the position angle of the slit perpendicular
to the spatial shift of the telescope [9, 10]. The results of this
technique were found to be satisfactory although they were
not comparable to those of real 3D spectroscopy and themain
differences were found in the morphological details of the
bidimensional reconstructed images.

In this section we apply the results of the data reduction
and calibration process to a particular scientific case: the
study of the Herbig-Haro object HH202 in the Orion nebula
(see Figure 9). A detailed study on this object and the
complete results of this work can be found in Mesa-Delgado
et al. [2].

Herbig-Haro objects are nebulosities associated to high-
velocity clouds of ionized gas. Several of them have been
detected in the Orion nebula (e.g., HH202, HH203, and
HH204, among others). The origin of these objects is still
uncertain but some authors associate them with infrared
objects [11].

In particular, HH202 was observed at Calar Alto Obser-
vatory with the fiber-fed spectrograph PMAS [5] at the 3.5m
telescope using lens array configuration, giving a field of
view of 16 × 16, with a spectral resolution of 3.6 Å and
a spatial sampling of 1 (see Figure 9). The total spectral
coverage ranged from 3500 Å in the blue end to 7200 Å in
the red end, in two different setups overlapping in the range
5100 Å–5700 Å. This choice of the spectral range ensures the
observation of the emission lines of interest.

In this work, two sets of emission lines were selected with
different purposes.

Balmer lines (H𝛼,H𝛽, . . . ,HII) were used to estimate the
correction for dust extinction (following the theoretical line
ratios from [12], and using the reddening function by [13]).
These lines were used in addition to correct for differential
atmospheric refraction (DAR [14]).

Atmospheric refraction is the deviation of the light as
it passes through the atmosphere due to the variation in
air density as a function of altitude. Bluer wavelengths are



6 Advances in Astronomy

(a) (b) (c)

Figure 8: (a) Response function of INTEGRAL data to the different wavelength. (b) Nonflux calibrated spectrum (counts units). (c) Flux
calibrated spectrum (flux units).

(a) (b)

Figure 9:HST image of the central part of the Orion Nebula, which
combines Wide-Field Planetary Camera 2 (WFPC2) images taken
in different filters [4]. The white square corresponds to the FOV of
PMAS IFU used, covering the head of HH 202. The separate close-
up image on the right shows the H𝛼 map obtained with PMAS.
The original map is 16 × 16 pixel of 1 × 1 arcsec2 size and has been
rebinned to 160 × 160 pixel. Note the remarkable similarity between
the HST image and our rebinned PMAS H𝛼 map. Extracted from
Mesa-Delgado et al. [2].

refracted more strongly than redder wavelengths, which
means that a white point source is spread out into a little
spectrum along the elevation angle producing the called
differential atmospheric refraction. In the absence of DAR
the images of a star at all the wavelengths are coincident,
and the spectra obtained from any aperture are basically
the same, but when DAR is present the images of a star at
different wavelengths are not in positional agreement. One
of the most interesting aspects of IFS is that it is possible
to determine and to correct in the spectra the effects of
this DAR using a posteriori procedure (e.g., [15]). For this,
we use the lines of the Balmer series. The Balmer series
is a set of recombination lines corresponding to H+ and
spanning a wide range of wavelength (although always in
the optical). In the absence of dust, the relative intensities of
these lines are fixed, but this is never observed in real nebula.
In addition, all these lines should be spatially coincident.
But, as mentioned above, the effect of the atmosphere shifts
the emission of the different Balmer lines depending on
their wavelength. This disadvantage can be sorted out since
IFS provides bidimensional maps of any spectral feature of

interest. Thus, a simple spatial matching of the observed
Balmer emission line maps solves this problem.

The first step for the correction of the DAR effects is
to determine the shifts among images generated at different
wavelengths. In our case, we have noticed the effect of the
differential atmospheric refraction in the monochromatic
images of HH 202 obtained for Balmer lines at different
wavelengths reaching the value of∼1.3 arcsec betweenH𝛼 and
H11.Wehavemeasured offsets between all Balmer line images
and shifted with respect to H𝛼.

A second set of emission lines was used to estimate abun-
dances and can be split into two categories: (a) collisionally
excited lines ([OIII]4363, 4959, 5007 Å, [SII]6717, 6731 Å,
[NII]5755, 6548, 6583 Å) to estimate physical properties, like
electronic density and temperature and ionic abundances;
and (b) recombination lines of CII and OII (and others) to
estimate ionic abundances.

To illustrate the power of the 3D spectroscopy technique
we focus on an open astrophysical problem discussed in
Mesa-Delgado et al. [2]. Figure 10 shows the spatial dis-
tribution of the abundances of several ions using different
methods: the collisionally excited lines (CELs) and the
recombination lines (RLs). Figure 10 stresses the relevance of
the abundance discrepancy factor (ADF) which is defined as
the difference between abundances determined from CELs
and RLs. In particular, Figures 10(a) and 10(b) show clear
differences of the same quantity (12 + logO2+/H+) depending
on the method used to compute it, which in some cases
are larger than 0.2dex. Interestingly, these differences are
not constant but vary from point to point, suggesting a
complexity that probably involves several physical variables.
TheADFproblemhas been largely studied in the literature for
HII regions and for planetary nebulae [16–20] with no clear
concluding results about its origin.

The most relevant aspect that 3D spectroscopy can pro-
vide to this fundamental astrophysical problem is the fact that
all the physical information relevant to tackle on this prob-
lem is available for each spatial element: electronic density
and temperature, reddening, underlying stellar population,
and so forth. This means that a complete analysis can be
performed, which will likely result in a particular solution
for each spaxel. But even more, the whole set of solutions
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Figure 10: Ionic abundance maps with H𝛼 contours overplotted: (a) 12 + logO2+/H+ from RLs, (b) 12 + logO2+/H+ from CELs, (c) 12 +
logC2+/H+ from RLs, and (d) 12 + logO+/H+ from CELs. Extracted fromMesa-Delgado et al. [2].

must keep an internal coherence that must be consistent with
the physical assumptions adopted. Moreover, the bidimen-
sional results obtained from 3D spectroscopy must also put
constraints to the physically motivated theoretical models of
radiation transfer in ionized media.
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Vı́lchez, and H. O. Castañeda, “Bidimensional spectroscopy
of NGC, 4214: evolutionary state and interstellar extinction,”
Astronomy and Astrophysics, vol. 329, p. 409, 1998.

[11] C. R. O’Dell and W. J. Henney, “High spatial velocity features
in the Orion Nebula,” Astronomical Journal, vol. 136, no. 4, pp.
1566–1586, 2008.

[12] P. J. Storey and D. G. Hummer, “Recombination line intensities
for hydrogenic ions. IV. Total recombination coefficients and
machine-readable tables for Z=1 to 8,” Monthly Notices of the
Royal Astronomical Society, vol. 272, pp. 41–48, 1995.

[13] K. P. M. Blagrave, P. G. Martin, R. H. Rubin et al., “Deviations
from He I Case B recombination theory and extinction correc-
tions in the Orion Nebula,” Astrophysical Journal, vol. 655, no. 1,
article 299.

[14] A. V. Filippenko, “The importance of atmospheric differential
refraction in spectrophotometry,” Publications of the Astronom-
ical Society of the Pacific, vol. 94, pp. 715–721, 1982.

[15] S. Arribas, E. Mediavilla, B. Garcı́a-Lorenzo, C. del Burgo,
and J. J. Fuensalida, “Differential atmospheric refraction in
integral-field spectroscopy: effects and correction. Atmospheric
refraction in IFS,”Astronomy and Astrophysics, vol. 136, pp. 189–
192.

[16] Y. G. Tsamis, M. J. Barlow, X. W. Liu, I. J. Danziger, and P. J.
Storey, “A deep survey of heavy element lines in planetary neb-
ulae. I: observations and forbidden-line densities, temperatures
and abundances,” Monthly Notices of the Royal Astronomical
Society, vol. 345, no. 1, pp. 186–220, 2003.
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Here we review some of our more recent results on the observed properties of Hii regions using Integral Field Spectroscopy. In
particular, we illustrate the use of this technique to study in detail the ionization conditions across the nebulae for galactic Hii
regions (focused on the OrionNebula) and the statistical study of large samples of extragalactic Hii regions.We review the reported
new scaling relation between the local mass density and the oxygen abundance across the disk galaxies and the recently discovered
universal gradient for oxygen abundances.We update our previous results the lack of a dependence of theMass-Metallicity relation
with the starformation rate, including new unpublished data. Finally we discuss on the relation between the ionization conditions in
the nebulae and the underlying stellar population. All together our results indicate that disk galaxies present a chemical enrichment
dominated by an inside-out growth scenario, with a less evident effect of radial migrations and/or outflows.

1. Introduction

Nebular emission lines from bright-individual Hii regions
have been, historically, the main tool at our disposal for the
direct measurement of the gas-phase abundance at discrete
spatial positions in galaxies. A good observational under-
standing of the distribution of element abundances across the
surface of nearby galaxies is necessary to place constraints on
theories of galactic chemical evolution.The same information
is crucial to derive accurate star formation histories of and
obtain information on the stellar nucleosynthesis in normal
spiral galaxies.

Several factors dictate the chemical evolution in a galaxy,
including the primordial composition, the content and dis-
tribution of molecular and neutral gas, the star formation
history (SFH), feedback, the transport and mixing of gas,
the initial mass function (IMF), (e.g., [1, 2] and references
therein). All these ingredients contribute through a complex
process to the evolutionary histories of the stars and the
galaxies in general. Accurate measurements of the present

chemical abundance constrain the different possible evolu-
tionary scenarios, and therefore it is important to determine
the elemental composition using a common approch, among
different galaxy types.

Previous spectroscopic studies have unveiled some
aspects of the complex processes at play between the chem-
ical abundances of galaxies and their physical properties.
Although these studies have been successful in determin-
ing important relationships, scaling laws and systematic
patterns (e.g., luminosity-metallicity, mass-metallicity, and
surface brightness versus metallicity relations [3–7]; effective
yield versus luminosity and circular velocity relations [8];
abundance gradients and the effective radius of disks [9];
systematic differences in the gas-phase abundance gradients
between normal and barred spirals [6, 10]; characteristic ver-
sus integrated abundances [11], etc.), they have been limited
by statistics, either in the number of observed Hii regions or
in the coverage of these regions across the galaxy surface.

The advent of Multiobject Spectrometers and Integral
Field Spectroscopy (IFS) instruments with large fields of view
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now offers us the opportunity to undertake a new generation
of emission-line surveys, based on samples of hundreds ofHii
regions and full two-dimensional (2D) coverage of the discs
of nearby spiral galaxies (e.g., [12–14]). On the other hand,
these new techniques allow us to study with unprecedent
detail the ionization conditions and chemical enrichment
processes within the individual nebulae in the Galaxy and
provide with unique links between those local processes and
the global ones that govern the evolution of galaxies (e.g.,
[15, 16]).

In the last few years we started amajor observational pro-
gram to understand the statistical and individual properties
of Hii regions and to unveil the nature of the reported phys-
ical relations, using IFS. Here we present a summary of our
main results, including the analysis of the spatially resolved
ionization condition in the Orion Nebula (Section 2), the
connection between the ionization conditions in the Hii
regions and the properties of the underlying stellar popula-
tion (Section 3), some of the highlights of our current IFS
studies (Section 4), and the evidence of an inside-out growth
in disk galaxies on the basis that we have found (Section 5).

2. The Orion Nebula

TheOrionNebula is the brightest and best studied Hii region
in the sky. It has been used for decades as a fundamental
laboratory in the study of the star formation regions, the ion-
ization processes, and the helium and heavy elements enrich-
ment. However, despite the large number of studies on this
target, there is still a lot to know about it, even from optical
studies. The more we know the more complex it seems to be.

Several spectroscopic surveys have tried to characterize
its spectroscopic properties, taken spectra at different “repre-
sentative” locations (e.g., [17, 18]). In particular, Osterbrock
[19] show a compilation of high and low dispersion deep
spectra of the central bright region in the optical-NIR region
(3000–11000 Å).They measured 225 emission lines, 88 at
the wavelength range of our IFS data. Using the relative
intensities of these lines they derived the relative abundances
of several elements, the electronic temperature (𝑇 = 9000K)
and density (𝑁e = 4 × 10

3 cm−3), and the extinction (𝐴
𝑉

∼

1.08mag, derived from the H𝛼/H𝛽 ratio). Such properties
are frequently compared with those of distant Hii regions in
our Galaxy and extragalactic ones (e.g., [20]). However, due
to their distance most of these regions are poorly resolved,
and their integrated properties are compared with those of
particular areas in the Orion Nebula.

Very little effort has been done to study the distribution
of the physical properties across the Nebula, apart from
some peculiar areas (e.g., [18]), or their integrated values
in large aperture areas. Pogge et al. [21] performed Fabry-
Perot (FP) imaging spectrophotometry on an area of ∼6 × 6
centered in the Trapezium area. Their FP data covered the
brightest emission lines in the Nebula H𝛽, [Oiii] 𝜆5007, H𝛼,
[Nii]𝜆6548, 6583, [Sii]𝜆6716, 6731, and [Hei]𝜆6678. They
derived some of the average spectroscopic parameters of the
core of the Nebula, including the integratedH𝛼 flux, the aver-
age extinction, the average ionization line ratios ([Oiii]/H𝛽,

[Nii]/H𝛼 and [Sii]/H𝛼), the He+/ H+ ionic abundance ratio,
and the average electron density. Evenmore, they derived
the first reliable maps of the distribution of these properties
across the Nebula, which show a considerable degree of
structure. They found significant differences with some of
the previously reported values that correspond to particular
regions in theNebula (e.g., [19]). However, due to the reduced
spectroscopic coverage of their dataset, it was not possible to
fully characterize the ionization conditions in the Nebula.

In [15], we presented a low-resolution Integral Field
Spectroscopy (IFS) survey of an almost similar field of view of
the FPobservations presented byPogge et al. [21] but covering
the entire optical wavelength range (∼3700–7100 Å).Thedata,
comprising 8121 individual spectra sampling circular areas of
2.7
 each one, were reduced to be released publicly for the

community (http://www.caha.es/sanchez/orion/). This is the
largest spectroscopic survey ever performed for a single Hii
region.

Line intensity maps for different emission lines were
obtained to study the complex structure of the ionized gas
in the Nebula. The derived H𝛼 intensity map, shown in
Figure 1(a), a tracer of the ionized hydrogen, was found to
be similar to that one found using Fabry-Perot and narrow-
band imaging. The electron density and temperature maps
were derived using the [Sii] line ratios and [Oiii] and [Nii]
line ratios, respectively, as described in [15]. A considerable
amount of structure was found in both distributions. We
used them to create a map of the expected H𝛼/H𝛽 line ratio,
based on case B recombination. A comparison between this
expected line ratio and the observed one, that we show in
Figure 1(b), was used to obtain a dust extinctionmap, thatwas
used to correct all the derived emission lines for reddening.

The ionized structure was studied based on the classical
diagnostic line ratios [Nii]/H𝛼 and [Oiii]/H𝛽, shown in
Figures 1(c) and 1(d). The distribution of helium and oxygen
abundances was derived based on the [Hei]𝜆6678/H𝛼 line
ratio and the temperature metallicity indicator (based on
the [Oii]/H𝛽 and [Oiii]/H𝛽 line ratios). No clear relation
was found between both abundance distributions, contrary
to expected from the study of the integrated properties of
known Hii regions. There is a relation between the helium
abundance and the ionization structure, in the sense that
partially ionized areas are less abundant in helium and more
abundant in heavy elements. Two possible deviations from
case B recombination theory in the Orion Nebula were
proposed by [15] to explain this trend and the lack of relation
between the Helium and Oxygen abundances: (i) the fact
that the Nebula is not fully ionized, which could lead to a
systematic underestimation the helium mass fraction due to
the nonnegligible contribution of neutral helium, and (ii) the
suspicion that there are dust grains mixed with the emitting
gas which absorbs the ionizing Lyman-continuum photons
and not a simple dust screen.

The oxygen abundance presents a rich structure that it is
not clearly related to the ionization structure. At a first order
it has positive gradient, with a minimum near the trapezium
(the ionizing source), of the order of 12 + log(O/H) ∼ 8.2,
increasing towards the outer parts, where it reaches a level
of 12 + log(O/H) ∼ 8.8. This is a good example of how
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Figure 1: (a) Observed H𝛼 Line intensity map in units of 10−12 erg s−1 scm2 arcsec−2 obtained by fitting a single Gaussian function to the
H𝛼 emission line for each single spectrum in the dataset. The intensity map is then reconstructed by interpolating the recovered flux at the
location of each spectrum, as described in the text. (b) Observed H𝛼/H𝛽 line ratio map. ((c) and (d)) Classical diagnostic line ratio maps. (c)
[Nii]𝜆6583/H𝛼 line ratio map. (d) [Oiii]𝜆5007/H𝛽 line ratio map.

the abundance and ionizing condition can change across
an Hii region, and, therefore, to be very precise, it is not
correct to assign a particular abundance and defined ionizing
conditions to thewholeNebula, as frequently done in study of
extragalactic Hii regions.The comparison of the distribution
of ionized conditions across the Orion Nebula with the ones
derived for the integrated spectrum (coadding the ∼8000
individual spectra) indicates that the integrated properties
seem to be representative of the average ones across the
Nebulae. However, it is still unclear how representative these
average properties may be for different Hii regions.

3. Hii Regions and the Underlying
Stellar Population

Classical Hii regions are gas clouds ionized by short lived
hot OB stars, associated with star formation. They are
frequently selected on the basis of demarcation lines defined
in the so-called diagnostic diagrams (e.g., [18, 22]), which
compare different line ratios, like [Oiii]/H𝛽 versus [Nii]/H𝛼,
[Oiii]/H𝛽 versus [Oii]/H𝛼, [Nii]/H𝛼 versus [Sii]/H𝛼, and/or
[Nii]/H𝛼 versus [Sii]6717,6731/H𝛼. In most of the cases these
ratios discriminate well between strong ionization sources,
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like classical Hii regions and powerful AGNs (e.g., [23]).
However, they are less accurate in distinguishing between
low-ionization sources, like weakAGNs, shocks, and/or post-
AGBs stars (e.g., [24, 25]). Alternative methods based on
a combination of the classical line ratios with additional
information regarding the underlying stellar population have
been proposed. For example, Cid Fernandes et al. [24]
proposed the use of the EW(H𝛼), to distinguish between
retired (non-star-forming) galaxies, weak AGNs, and star-
forming galaxies.

Among the classical diagnostic diagrams, themost widely
used is the diagram that uses the ratio between the strongest
emission lines that are, at the same time, less affected by dust
attenuation: [Oiii]/H𝛽 versus [Nii]/H𝛼 [23]. We will refer
hereafter to this diagnostic diagram as the BPTdiagram along
this study. Different demarcation lines have been proposed
for this diagram. The most popular ones are the Kauffmann
et al. [26] and Kewley et al. [27] curves. They are usually
invoked to distinguish between star-forming regions (below
the Kauffmann et al. [26] curve), and AGNs (above the
Kewley et al. [27] curve) The location between both curves
is normally assigned to a mixture of different sources of
ionization. Additional demarcation lines have been proposed
for the region above the Kewley et al. [27] curve to segregate
between Seyfers and LINERs (e.g., [28]).

Despite the benefits of this clean segregation for classi-
fication purposes, it may introduce biases when trying to
select Hii regions. The Kewley et al. [27] curve was derived
on the basis of photoionization models. It corresponds to the
maximum envelope in the considered plane for ionization
produced by hot stars. Therefore, to the extent that these
photoionization models are realistic, any combination of line
ratios below this curve can be produced entirely by OB star
photoionization. Finally it defines all the area above it as
unreachable by ionization associated with photoionization
by OB-stars directly associated with starformation. Other
sources of ionization that may be related somehow with star-
formation at larger time scales, like shocks, ionization by X-
ray binaries are not contemplated in their photoionization
models. However, the derived line ratios and/or morphologi-
cal structure of this ionization are clearly different and inmost
cases above the considered demarcation line.The Kauffmann
et al. [26] curve has a completely different origin. It is an
empirical envelope defined to segregate between starforming
galaxies and the so-called AGN branch in the BPT diagram
based on the analysis of the emission lines for the SDSS
galaxies. It describes well the envelope of classical Hii regions
found in the disks of spiral galaxies. However, it is known that
certain Hii regions can be found above this demarcation line
as we will show below.

Kennicutt et al. [29] first recognized that Hii regions
in the center of galaxies distinguish themselves spectro-
scopically from disk ones by their stronger low-ionization
forbidden emission. The nature of this difference was not
clear. It may be due to contamination by an extra source of
ionization, like diffuse emission or the presence of an AGN.
However, other stellar processes like nitrogen enhancement
due to a natural aging process of Hii regions and the
surrounding ISM can produce the same effect. These early

results were confirmed by Ho et al. [30], who demonstrate
that inner starforming regions may populate the right branch
of the BPT diagram, at a location above the demarcation line
defined latter by Kauffmann et al. [26]. However, we have
found that Hii regions with similar ionisation characteristics
are not restricted to the central regions and can be found at
any galactocentric distances, even at more than 2 effective
radii (𝑟

𝑒

), which excludes a possible contamination by the
ionization of an AGN the origin of the detected line ratios.
The nature of these Hii regions will be addressed in detail
elsewhere. For the purpose of the current study it is important
to define a selection criterion that does not exclude them.
However, we would like to clarify that we do not find
a correlation between the presence of these Hii regions
and other possible contaminating sources of ionization, like
shocks and/or Active Galactic Nuclei (AGN).

Therefore, selecting Hii regions based on the Kauffmann
et al. [26] curve may bias any sample towards classical disk
regions, excluding an interesting population of these objects.
On the other hand, it does not guarantee the exclusion of
other sources of nonstellar ionizations that can populate this
area, like shocks (e.g., [31, 32]), post-AGB stars (e.g., [25]), and
dusty AGNs (e.g., [33]). Following Cid Fernandes et al. [34]
and Cid Fernandes et al. [24], we consider that an alternative
method to distinguish between different sources of ionization
is to compare the properties of the ionized gas with those of
the underlying stellar population. Cid Fernandes et al. [34]
used the EW(H𝛼) in combinationwith the [Nii]/H𝛼 line ratio
to distinguish between strong and weak ionization sources
and between starformation and AGNs.

In Sanchez et al. ([35], submitted) we adopted a different
selection criteria, using the fraction of young stars (𝑓

𝑦

) pro-
vided by the multi-Simple Stellar Population (SSP) analysis
of the underlying stellar population, as a proxy of the star-
formation activity. For starforming regions this parameter
provides a similar information as the EW(H𝛼). Figure 2(a)
shows the distribution of EW(H𝛼) against the fraction of
young stars for the ∼7000 clumpy ionized regions selected
by HIIexplorer. For those regions with EW(H𝛼) > 6 Å,
and/or with a fraction of young stars larger than 20%, both
parameters present a strong log-linear correlation (𝑟corr =
0.95).

The threshold imposed by HIIexplorer on the surface
brightness of H𝛼 and the requirement that the distribution of
emission is clumpy remove efficiently most of the ionization
corresponding to weak-emission lines described. This is
mostly diffuse emission that peaks in the described diagram
at EW(H𝛼) ∼ 1-2 Å and 𝑓

𝑦

∼5–10%. This weak EW(H𝛼)
is dominated mostly by post-AGB stars (e.g., [25, 36]), and,
therefore, no correlation is expected between its intensity
and the fraction of young stars. On the other hand, high
EW(H𝛼) could be produced by othermechanisms, like AGNs
and shocks, that do not require to be correlated with the
properties of the underlying stellar population. A cut in
the EW(H𝛼) cannot remove those regions. Therefore, we
consider that the fraction of young stars provides an indicator
of recent star-formation activity.

Figure 3(a) shows the distribution of the ionized regions
across the BPT diagram, indicating with contours the density
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Figure 2: (a) Absolute value of the equivalent width of H𝛼, in logarithmic scale, plotted against the luminosity fraction of young stars in
the 𝑉-band, in the underlying stellar population (according to the SSP modelling by FIT3D) for the clumpy ionized regions selected with
HIIexplorer. (b) Absolute value of the equivalent width of H𝛼, in logarithmic scale, plotted against the oxygen abundance for the same
ionized regions. (c) Absolute value of the equivalent width of H𝛼, in logarithm scale, plotted against the ionization strength for the same
ionized regions.

of regions at each location. The outermost of those contours
encloses 95% of the detected regions, with each consecutive
one encircling less regions. This contour is located below
the Kewley et al. [27] demarcation curve, which indicates
that the ionization of our selected clumpy regions is already
dominated by star formation. Indeed, only ∼2% of all regions
are located above the Kewley et al. [27] line, and ∼80% are
below the Kauffmann et al. [26] line (i.e., where classical
disk Hii regions are located). If we had adopted this latter
demarcation curve as our selection criteria, we would have
missed a significant number of regions.

The color code in Figure 3 indicates the average luminos-
ity fraction of young stars in the 𝑉-band at each location
(i.e., the 𝑥-axis in Figure 2), ranging from nearly 100% for the
regions at the top-left area of the diagram to nearly 0% for
regions at the top-right location.

Based on these results, we classified as Hii regions those
clumpy ionized regions for which young stars (<500Myr)
contribute at least a 20% to the flux in the 𝑉-band. This
particular fraction is the lowest for which the correlation

coefficient between 𝑓
𝑦

and the EW(H𝛼) is still higher than
𝑟corr > 0.95 and for which the fraction of excluded regions is
not higher than the one that would be excluded by adopting
the more common Kauffmann et al. [26] curve. We would
like to stress that we are not considering that any star younger
than 500Myrmay produce photoionization.The actual age of
the ionizing population should be much younger (<20Myr),
in order to supply enough ionizing photons. However, the
derived age of the underlying population does not depend
only on the physical properties of that population but also on
our ability to distinguish between different ages. This in turn
depends on the S/N of the continuum, its spectral resolution,
the covered wavelength range, and the selected SSP-template.
For many Hii regions, the continuum has a poor S/N, and
therefore we prefer to adopt a very crude SSP library with just
4 ages (and 3 metallicities). Of them, a 50% are younger than
500Myrs and the other ones older than this age. Our spectral
fit assigns all the blue component to ages younger than this
limit, which, obviously, should not be interpreted as the true
age of the ionizing population at all.
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Figure 3: (a) [Oiii]𝜆5007/H𝛽 versus [Nii]𝜆6583/H𝛼 diagnostic diagram for the ∼7000 ionized regions described in the text. The contours
show the density distribution of these regions with the diagram plane, with the outermost contour enclosing 95% of the regions, and each
consecutive one enclosing 20% less regions.The color indicates the fraction of young stellar population in the underlying continuum. (b)The
same diagnostic diagram restricted to those ionized regions with less than a 20% of young stellar population (∼1800 regions). (c) The same
diagnostic diagram restricted to those ionized regions withmore than a 20% of young stellar population (∼5800 regions). In all the panels, the
solid- and dashed-line represent, respectively, the Kauffmann et al. [26] andKewley et al. [27] demarcation curves.They are usually invoked to
distinguish between classical star-forming objects (below the solid line) and AGN powered sources (above the dashed line). Regions between
both lines are considered intermediate ones.

Figure 3(b) shows the same distribution as the one shown
in Figure 3(a) but restricted to the 1787 regions for which
the fraction of young stars is lower than 20%. The fraction
of regions above the Kewley et al. [27] curve is significantly
larger (∼7%), with more than a 40% above the Kauffmann
et al. [26] one. Although there are still 1043 regions below
this latter curve, they comprise just ∼15% of the original
sample. We consider this fraction as the incompleteness limit
of detected Hii regions.

Figure 3(c) shows the same distribution, but for the 5229
regions with a fraction of young stars larger than 20%, that is,
our final sample of Hii regions. Of them, only 23 are above
the Kewley et al. [27] curve (∼99.5% are below it). On the
other hand, there are 713 regions in the so-called intermediate
region, with a significant fraction of young stars (∼40% on
average). These regions would have been excluded if we had

adopted the Kauffmann et al. [26] curve as our selection
criteria, losing Hii at any galactocentric distance.

Figures 3 and 2(a) indicate that the location of an Hii
region in the BPT diagram is strongly correlated with the
properties of the underlying stellar population. It is important
to recall here that the EW(H𝛼) is a proxy of the specific
star-formation rate (sSFR) or the current star-formation
compared to the total stellar mass (e.g., [37]). Evenmore,
the fraction of young stars is a direct measurement of the
most recent star-forming activity. Therefore, the EW(H𝛼)
and 𝑓

𝑦

are tracers of the composition of the underlying
stellar population and the recent star-formation history of
the galaxy at the location of the Hii region. We must
mention also that both parameters are measured including
the line-of-sight underlying stellar population, since the
extraction of the spectra is performed on simple apertures
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(segmented regions) and therefore these spectra comprise
both young and old stars (although only the young ones are
responsible of the gas ionization).

Under the assumption of a particular IMF, a particu-
lar burst (instantaneous or continuous), a particular dust
model, and a fixed evolutionary track for the stars and the
prescriptions for the stellar atmosphere (which are model
dependent), the location in the BPT diagram is well defined
by two parameters: (i) the ionization strength, 𝑢 (directly
related to the ionization parameter), and (ii) the metallicity
(e.g., [27]). This is clearly illustrated in Figure 3, where the
distribution of the same ionized regions is shown as in
Figure 3, without discriminating between different sources
of ionization, together with the expected location for two
ionization models produced with MAPPINGS-III [27, 38],
under certain reasonable assumptions for the dust attenua-
tion and adopting the evolutionary tracks for the ionizing
population derived from the PEGASE code [39]. The models
assume a fixed electron density of 𝑛

𝑒

= 350 cm−3 (near
the average value reported for our Hii regions) and a set of
ionization strengths and metallicities. Two model grids are
considered, one assuming an instant starburst at a zero age
(left panel) and the other assume a continuous starformation
process, which is represented at 4Myr (right panel). The
ionized regions located within the BPT diagram in the
area described by the classical Hii regions in the disk of
galaxies are characterized well by models comprising a single
instataneus starburst, with different ionization strengths and
metallicities. However, those ionized regions located above
the Kauffmann et al. [26] demarcation line can be reproduced
only if a continuous starformation is assumed. A similar
behaviorwas reported byTerlevich et al. [40], when analyzing
the age of Hii galaxies, that corresponds much better with a
sequence of star-formation events rather than with a single
burst. It seems that the Hii regions located in the inner-most
areas and in the older galaxies present a similar behavior.

In any case, it is clear that the location in the BPT diagram
is directly related to the ionization strength and metallicity.
On the other hand, in Figure 3 this location is directly related
with the properties of the underlying stellar population,
weighted by the EW(H𝛼) or the fraction of young stars,
parameters that are strongly correlated (Figure 2). Taking
both results together, a strong correlation is expected between
the properties of the underlying stellar population and both
the ionization strength and the gas abundance. Indeed, this
is the case. Figures 2(a) and 2(b), shows the clear correlation
between the EW(H𝛼) and both the gas abundance and the
ionization strength, directly derived from different emission
line ratios (see [14], for details on the calculations). Similar
correlations are found with the fraction of young stars, 𝑓

𝑦

,
defined before. Thus, although Hii regions are short-lived
events, its ionization conditions appear to be strongly related
to the preexisting underlying stellar population and therefore
to the overall star-formation history at their location.

4. Highlights on Our Previous Results

Our program to understand the star-formation processes
and chemical evolution of galaxies based on the study of

ionized gas in Hii regions has two approaches. In the first one
we focused on the study of the ionization processes within
individual Hii regions in our Galaxy, like Orion Nebula [15]
or M1-67 [16]. In the second one we focused on the study of
the statistical properties of large samples of extragalactic Hii
regions, the main highlights of which we summarize here.

This statistical program was initiated with the PINGS
survey [12], which acquired IFS mosaic data for a number
of medium size nearby galaxies. In Sánchez et al. [41] and
Rosales-Ortega et al. [42] we studied in detail the ionized
gas and Hii regions of the largest galaxy in the sample
(NGC 628). The main results of these studies are included
in the contribution by Rosales-Ortega in the current edition.
We then continued the acquisition of IFS data for a larger
sample of visually classified face-on spiral galaxies [43], as
part of the feasibility studies for the CALIFA survey [13]. The
spatially resolved properties of a typical galaxy in this sample,
UGC9837, were presented by [44].

In Sánchez et al. [14] we presented a new method to
detect, segregate, and extract the main spectroscopic proper-
ties of Hii regions from IFS data (HIIexplorer (http://www
.caha.es/sanchez/HII explorer/)). In this paper a catalog of
∼2600 Hii regions and aggregations extracted from 38 face-
on spiral galaxies compiled from the PINGS and CALIFA
feasibility studies was presented. Using this catalog we found
a new local scaling relation between the stellar mass density
and oxygen abundance, the so-called Σ-𝑍 relation, that can
naturally explain the well-known mass-metallicity relation
[45]. This relation is consistent with an inside-out growth
scenario for disk-dominated galaxies, supported by different
observational results based on photometric studies (e.g., [46–
49]), classical slit spectroscopy (e.g., [50, 51]), and recent IFS
results (e.g., [52, 53]).

The same catalog allows us to explore the galactocentric
radial gradient of the oxygen abundance [14]. Models based
on the standard inside-out scenario of disk formation predict
a relatively quick self-enrichment with oxygen abundances
and an almost universal negative metallicity gradient once
this is normalized to the galaxy optical size Boissier and
Prantzos [54, 55]. In Sánchez et al. [14], we confirmed that
up to ∼2 disk effective radii there is a negative gradient of
the oxygen abundance in all the analyzed spiral galaxies.
The gradient presents a very similar slope for all the galaxies
(∼−0.12 dex/𝑟

𝑒

), when the radial distances are measured in
units of the disk effective radii. We found no difference in the
slope for galaxies of different morphological types: early/late
spirals, barred/nonbarred, and grand-design/flocculent.

Beyond ∼2 disk effective radii our data show evidence
of a flattening in the abundance, consistent with several
other spectroscopic explorations, based mostly on single
objects (e.g., [42, 56–59]).The same pattern in the abundance
has been described in the case of the extended UV disks
discovered by GALEX [60, 61], which show oxygen abun-
dances that are rarely below one-tenth of the solar value.
Additional results, based on the metallicity gradient of the
outer disk of NGC 300 from single-star CMD analysis [62],
or spectroscopic analysis of the Hii region NGC 2579 in the
outer regions of the Milky-Way [63], support the presence
of a flatter gradient towards the outer disk. Despite all these



8 Advances in Astronomy

0.2
0.5

1.0

1.5

2.0−1

−0.5

0

0.5

1

−1.5 −1 −0.5 0 0.5

𝜆
5
00
7

/H
𝛽

)

𝜆6583/H𝛼)

lo
g(

[O
iii
]

]log([Nii

(a)

0.2
0.5 1.0

1.5
2.0

3.0

−1

−0.5

0

0.5

1

−1.5 −1 −0.5 0 0.5

𝜆
5
00
7

/H
𝛽

)

𝜆6583/H𝛼)

lo
g(

[O
iii
]

]log([Nii

(b)

Figure 4: (a) [Oiii]𝜆5007/H𝛽 versus [Nii]𝜆6583/H𝛼 diagnostic diagram for the ∼7000 ionized regions shown in Figure 3(a).The color solid-
lines represent the expected line ratios derived from the MAPPINGS-III ionization models, based on an instantaneous zero-age starbust
model based on the PEGASE spectral energy distribution. Each solid-line corresponds to a different metallicity, which is indicated with the
corresponding label in units of solar abundance, with a different ionization strength that varies from strong to weak ionizations from left
to right in each line. (b) Identical diagram to that in (a), with the only difference that in this particular case the color solid-lines represents
the expected line ratios for a continuous starburst model after 4Myr of its ignition. In ((a), (b)), the dot-dashed and dashed-line represent,
respectively, the Kauffmann et al. [26] and Kewley et al. [27] demarcation curves. They are usually invoked to distinguish between classical
star-forming objects (below the solid line) and AGN powered sources (above the dashed line). Regions between both lines are considered
intermediate ones.

results, the outermost parts of the disk have not been explored
properly, either due to the limited number of objects explored
by the previous studies or due to the limited spatial coverage
(e.g., [14]).

To further explore these issues, we applied the same
procedure to the IFS data provided by theCALIFA survey [13]
(http://califa.caha.es/). CALIFA is an ongoing exploration
of the spatially resolved spectroscopic properties of galaxies
in the Local Universe (𝑧 < 0.03) using wide-field IFS
to cover the full optical extent (up to ∼ 3-4𝑟

𝑒

) of ∼600
galaxies of any morphological type, distributed across the
entire color-magnitude diagram (Walcher et al., in prep.),
and sampling the wavelength range 3650–7500 Å. So far,
the survey has completed ∼1/2 of its observations, with 306
galaxies observed (May 2013), and the first data release,
comprising 100 galaxies, was already delivered in November
2012 by Husemann et al. [64].

In Sánchez et al. [35] we presented the first results based
on the catalog of Hii regions extracted from these galaxies.
In Here, we studied the dependence of theM-𝑍 relation with
the star-formation rate, for the 113 galaxies with enough Hii
regions to derive the characteristic oxygen abundance. We
found no secondary relation different than the one induced
by the well-known relation between the star formation and
the mass, contrary to what was claimed by other authors
[65, 66], based on single aperture spectroscopic data (SDSS).
Although the reason for the discrepancy is still not clear, we
postulate that simple aperture bias, like the one present in pre-
vious datasets, may induce the reported secondary relation.

Figure 6 presents an updated version of these results, includ-
ing the last list of analyzed galaxies (193 galaxies from the
CALIFA sample together with 31 galaxies from the CALIFA-
pilot studies). Figure 4(a) shows the M-𝑍 relation found for
these galaxies, with color code indicating the integrated SFR
for each galaxy. It is appreciated that the stronger gradient in
SFR be along the stellar mass, as expected for star-forming
galaxies. Once the best fitted function to the M-𝑍 relation
subtracted, the residual of the abundance does not present
any evident secondary relation with the SFR (as it is seen
in Figure 4(b)). That is, the results presented in [35] are
confirmed with a sample of galaxies enlarged by almost a
factor two.

We also confirmed the localΣ-𝑍 relation unveiled by [42],
with a larger statistical sample of Hii regions (∼5000). Both
the Σ-𝑍 relation, the evidence for a common slope in the
gradient of the oxygen abundance, and the lack of depen-
dence of the M-𝑍 relation with the star-formation rate are
consistent with chemical evolution dominated by an inside-
out growth with little/limited influence of processes that
redistribute metals, like out flows and/or radial migrations.

In Sanchez et al. [67] we used the updated CALIFA
catalog of ∼5000 Hii regions, extracted from 193 individual
galaxies shown in Figure 6, to study the radial oxygen abun-
dance gradient up to 3-4 disk effective radii. We confirmed
that the abundance gradients present a common slope up to
∼2 effective radii, with a distribution compatible with that
being produced by random fluctuations, for all galaxies when
normalized to the disk effective radius of 𝛼O/H = −0.1 dex/𝑟𝑒.
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Figure 5: (a) IFS-based H𝛼maps, in units of 10−16 erg s−1 cm−2 arcsec−2, derived for two representative galaxies of the sample (color images),
together with the detected Hii regions shown as black segmented contours. (b) Radial distribution of the oxygen abundance derived for
the individual Hii regions with abundance errors below 0.15 dex, as a function of the deprojected distance (i.e., corrected for inclination),
normalized to the effective radius, for the same galaxies. The size of the circles is proportional to the H𝛼 intensity.

Figure 5 shows the segregation map based on H𝛼 intensity
to define the Hii regions, and the radial gradient in the
oxygen abundance two galaxies in our sample (a poor metal
and a rich one). No significant differences are found on
the basis of the morphological type, presence or absence of
bars, absolute magnitude and/or stellar mass. The only clear
deviation from the common slope is seen in galaxies with
evidence of interaction or undergoing a merging process. For
these galaxies the gradient is significantly flattered. change.
These results agree with the main conclusion of our previous
study [14], where a limited sample of 38 face-on spiral galaxies
was analysed, using similar methods as the ones described
here. In a companion article (Sánchez-Blazquez [51] in prep.),
we analyse the radial gradient of stellar metallicity, where we
have found consistent results.

Beyond ∼2𝑟
𝑒

our data reveal clear evidence of a flattening
in the abundance in most of the galaxies with detected Hii

regions at this radial distances. A change in the slope of
the radial gradient of oxygen abundance has been reported
by several authors (e.g., [14, 56, 58, 59]), although with less
significant numbers. We cannot provide a conclusive answer
regarding the origin of this flattening.

5. Evidence for an Inside-Out Growth

Along this paper we described the different results we have
obtained in our studies of Hii regions using IFS. Our main
results can be summarized as follows.

(i) Hii regions present a large variety of properties across
their optical extent, both with regard to the ionization
strength and gas abundances, and they do not seem to
be fully ionized everywhere across their entire optical
extent (as seen in the IFU data of the Orion Nebula).
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Figure 6: (a) Distribution of the oxygen abundances at the effective radii as a function of the integrated stellar masses for the CALIFA
galaxies (193, circles). For comparison purposes, we show similar values for the galaxies observed in theCALIFA feasibility studies (31, squares)
included in the Hii regions catalog described in Sánchez et al. [14].The size of the symbols is proportional to the integrated SFR.The solid line
represents the best-fitting curve, as described in Sanchez et al. [35]. The colors represent the logarithm of the integrated SFR for each galaxy.
(b) Distribution of the differential oxygen abundances with respect to the solid-line shown in (a) (i.e., the dependence on the stellar mass),
as a function of the integrated SFR for the CALIFA galaxies (113, blue solid circles). The size of the symbols is proportional to the oxygen
abundances shown in Figure 6. The histogram shows the same distribution of differential oxygen abundances. The solid line represents a
Gaussian function with the same central value (0.01 dex) and standard deviation (0.07 dex) as the represented distribution, scaled to match
the histogram.

(ii) The spectroscopic properties derived using integrated
spectra over large areas of Hii regions seem to
be representative of the average properties derived
when analysing individual spectra across their optical
extent.

(iii) The ionization strength and gas abundance and there-
fore the location of the Hii regions in the different
diagnostic diagrams correlate with the properties of
their underlying stellar population and thus reflect the
local star-formation history.

(iv) Thegas abundance presents a negative radial gradient,
with more metal rich Hii regions in the inner areas
and more metal poor ones in the outer ones. Inde-
pendently of the galaxy properties all galaxies present
a common slope for this gradient up to 2 effective
radii of 𝛼O/H = −0.1 dex/𝑟𝑒, when the galactocentric
distance is normalized to the effective radius of the
disk.

(v) The gas abundance is strongly correlated with the
stellar surface mass density (Σ-𝑍 relation), following
a correlation similar to theM-𝑍 relation.

(vi) Our high-quality data do not reveal any evidence for
a secondary relation between the M-𝑍 relation (or
the Σ-𝑍 relation) with the star-formation rate (or the
SFR density), different than the well-known relation
between the SFR and the stellar mass for star-forming
galaxies.

The existence of a universal radial decrease in the oxygen
abundance has been already reported in many previous stud-
ies (e.g., [5, 9, 14, 42, 56–59]). This observational property is
compatible with our current understanding of the formation
and evolution of spiral galaxies (e.g., [68] and the references

therein). Gas accretion brings gas into the galactic center,
where it first reaches the required density to ignite star
formation. Thus the inner regions are populated by older
stars, and they have undergone a faster gas reprocessing,
and galaxies experience an inside-out mass growth (e.g.,
[54, 69]). Both the extinction-corrected color gradients in
nearby galaxies, [49] and weak dependence of the mass-
size relation with redshift [46–48] support an inside-out
scenario for the evolution of disks. Recent results, based the
on analysis of the star-formation history of CALIFA data,
found undisputed evidence of the inside-out growth of the
stellar mass in galaxies [52], at least for galaxies more massive
than 7 × 1010M

⊙

. These results are also supported by the
radial distribution of the stellar ages found for the same
dataset [53].

However, the described characteristic slope for the abun-
dance gradient, independent of many of the properties of the
galaxies, was only recently proposed [14].This result imposes
amore severe restriction to our current understanding of how
disk galaxies growth. In essence, it agrees with the recently
proposed Σ-𝑍 relation [45] that links the gas abundance
with the mass density of the underlying stellar population.
It describes how the stellar mass and the gas abundance,
both fundamental products of the star formation history,
growth consistently in disk galaxies, from the center to the
outer-parts. Together with the M-𝑍 relation, they indicate
that more massive galaxies (that trace the strongest potential
wells) are formed before and faster, accumulatingmore stellar
mass and more metals. The presence of a common gradient
in the abundance indicates that all disk dominated galaxies
of the same disk effective radius (hence, the same disk mass)
build up theirmetal content at a given normalized radiuswith
a similar efficiency.
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The common slope suggests that the chemical evolution
of galaxies is very similar in all disk galaxies, being compatible
with a closed-boxmodel.The classical closed-boxmodel con-
siders that each radial bin of a galaxy comprises primordial
gas from the which stars which are born, live all their life
time, and die in-situ, according to a given SFR and IMF
prescriptions [70].Therefore, if the amount of primordial gas
is proportional to the depth of the potential well and the
efficiency of the SFR is the same for all the galaxies, both the
stellar mass and the enrichment would be just proportional
to the time, for a given halo mass. The lack of dependence of
theM-𝑍 and Σ-𝑍 relations with the SFR (or the SFR surface
density) supports also this scenario. Under this assumption
all galaxies should have a universal gradient of their oxygen
abundance with its zero point being proportional to the total
mass.

However, it is well known that the closed-box model
cannot predict the right fraction of metal-poor stars with
respect to the observed metallicity distribution of nearby
long-lived stars in the Milky Way (e.g., [71]). A more realistic
model overcomes this problem by allowing the disk of
galaxies to form via continuous accretion gas, driven by the
gravitational force. This accretion can be compensated or
even overcome for certain galaxies and certain periods by
supernova explosions (e.g., [72]). However, the outflow of
gas is not expected to feature in the history of most spiral
galaxies and is usually neglected in the models [71]. This
modified model is consistent with the described common
radial gradient if the local gas recycling is faster than other
timescales involved [73], and if the radial inflow is similar for
those radial bins with the same stellar mass.

Despite these evidences, other authors consider that
galactic winds play a fundamental role in the shaping of
spiral galaxies (e.g., [74]) and may be an essential ingredient
in their formation. Galactic winds are normally associated
with strong star-formation events, but there is also evidence
for such winds at more moderate SFR. They seem to be
a ubiquitous event in high redshift galaxies (e.g., [75, 76]),
and some theoretical work emphasizes that they are a fun-
damental ingredient in the evolution of galaxies (e.g., [77,
78]). In particular, they may play a role in the enrichment
of the intergalactic medium, although in most of the cases
they do not seem to escape the dark matter halo around
the considered galaxy. However, our results indicate that gas
flows seem to have a less relevant effect in the shape of the
chemical gradient in galaxies than anticipated, that is, their
net effect is not clearly evident.

Our results do not rule out the existence of radial gas
motions and metal mixing, and they, however, add new
constraints on their net effect on the chemical abundance
patterns of disk galaxies. Contrary to the isolated disk
galaxies, interacting/merging galaxies show a clearly flatter
metallicity distribution, in agreement with Kewley et al. [79]
and Rich et al. [80]. This indicates that galaxy interactions
can result in an effective mixing of metals. The absence of a
clear difference in the radial abundance slopes of barred and
unbarred galaxies suggests that bars (i) do not significantly
enhance the efficiency of metal mixing in galaxies or (ii)
produce a roughly proportional change in the gas abundance

and stellar mass distribution that compensates each other
when normalized to the disk effective radius, or (iii) are
of temporary nature and their lifetime is shorter than the
timescale for chemical abundance mixing in galaxies.

In general, the properties of the ionized gas in late-type
galaxies are consistent with a quiescent evolution, where
gas recycling is faster than other times scales involved [73].
This would imply that the galaxies seem to behave more
locally in a similar manner than globally dominated by a
radial mass distribution following the potential well of the
matter, with an inside-out growth that is regulated by gas
inflow and local downsizing star formation. Therefore, the
dominant parameter that defines the amount of metals is the
stellar mass, since both parameters are the consequence of
a (almost) closed-box star-formation process. However, we
should remark that our results are only valid for galaxies
with stellar masses higher than ∼109.5M

⊙

, where the CALIFA
sample becomes complete.
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Hispano Alemán (CAHA) at Calar Alto, operated jointly by
the Max-Planck-Institut für Astronomie and the Instituto
de Astrof sica de Andalucia (CSIC). The author thanks
the anonymous referee for the many useful and detailed
comments. The author also thanks P. Papaderos for the
useful comments and the suggestions to clean and clarify
the text. We thank the Viabilidad, Diseño, Acceso y Mejora
funding program, ICTS-2009-10, for supporting the initial
development of this project. He thanks the Plan Nacional de
Investigación y Desarrollo funding programs, AYA2010-22111-
C03-03 and AYA2010-10904E, of the Spanish Ministerio de
Ciencia e Innovación, for the support given to this project.
He thanks the the Ramón y Cajal project RyC-2011-07590
of the spanish Ministerio de Econom a y Competitividad, for
the support give to this project. He acknowledges suuport by
the Grants nos. M100031241 andM100031201 of the Academy
of Sciences of the Czech Republic (ASCR internal support
program of international cooperation projects—PIPPMS)
and by the Czech Republic program for the long-term
development of the research institution no. RVO67985815.

References
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The Mitchell Spectrograph (a.k.a. VIRUS-P) on the 2.7m Harlan J. Smith telescope at McDonald Observatory is currently the
largest field of view (FOV) integral field unit (IFU) spectrograph in the world (1.7 × 1.7

). It was designed as a prototype for the
highly replicable VIRUS spectrographwhich consists of amosaic of IFUs spread over a 16 diameter FOV feeding 150 spectrographs
similar to the Mitchell. VIRUS will be deployed on the 9.2 meter Hobby-Eberly Telescope (HET) and will be used to conduct the
HET Dark Energy Experiment (HETDEX). Since seeing first light in 2007 the Mitchell Spectrograph has been widely used, among
other things, to study nearby galaxies in the local universe where their internal structure and the spatial distribution of different
physical parameters can be studied in great detail. These observations have provided important insight into many aspects of the
physics behind the formation and evolution of galaxies and have boosted the scientific impact of the 2.7meter telescope enormously.
Here I review the contributions of the Mitchell Spectrograph to the study of nearby galaxies, from the investigation the spatial
distribution of dark matter and the properties of supermassive black holes, to the studies of the process of star formation and the
chemical composition of stars and gas in the ISM, which provide important information regarding the formation and evolution of
these systems. I highlight the fact that wide field integral field spectrographs on small and medium size telescopes can be powerful
cost effective tools to study the astrophysics of galaxies. Finally I briefly discuss the potential of HETDEX for conducting studies
on nearby galaxies. The survey parameters make it complimentary and competitive to ongoing and future surveys like SAMI and
MANGA.

1. Introduction

The Mitchell Spectrograph (a.k.a. VIRUS-P) was commis-
sioned in early 2007 on the 2.7m Harlan J. Smith telescope
at McDonald Observatory. It is owned and operated by the
University of Texas at Austin and was designed as a prototype
for the Visible Integral Field Replicable Unit Spectrograph
(VIRUS; [1]), a massively replicated fiber-fed IFU spectro-
graph for the 9.2m Hobby-Eberly Telescope (HET). VIRUS
consists of amosaic of 75 50× 50 IFUs spread regularlywith
a 1/4 filling factor over a 16 diameter field of view. The IFUs
themselves have a 1/3 filling factor and feed 150 spectrographs
similar to the Mitchell Spectrograph. VIRUS will be used
to conduct the HET Dark Energy Experiment (HETDEX;
[2–4]), a large (∼90 deg2) blind integral field spectroscopic
survey aimed at studying the properties of dark energy at high
redshift by measuring the power spectrum of ∼8 × 105 Ly𝛼

emitting galaxies (LAEs) at 1.9 < 𝑧 < 3.5. VIRUS is currently
under construction and first light is expected to occur inmid-
2014.

In its 6-year lifetime the Mitchell Spectrograph has
provided a test bench for the technology and the components
involved in the construction of VIRUS and a proof of concept
for the observing strategy, data processing, and analysis
algorithms that will be used in HETDEX [3]. Although these
were the main goals behind the design and construction of
the Mitchell Spectrograph, the prototype has proved to be a
unique and powerful instrument for the study of galaxies not
only in the nearby universe but also at high redshift (e.g., [3–
7]).

In this paper I review the impact that the Mitchell
Spectrograph has had on the field of galaxy astrophysics.
Numerous studies that use Mitchell Spectrograph data have
been published during the last few years. These studies are
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focused on a large range of astrophysical processes that are
important for galaxy evolution, including the physics of super
massive black holes (SMBHs) in the centers of galaxies [8–11];
the spatial structure of the dark matter (DM) halos in which
galaxies live [12, 13]; the chemical composition, dynamics,
and physical conditions of gas in the interstellar medium
(ISM) and the circumgalactic medium (CGM) of galaxies
[14–16]; the process of star formation on galactic scales [17,
18]; and the physical properties of the stellar populations
present in different regions of nearby star forming and early-
type systems [19–21].

During the last decade a new generation of wide field
integral field spectrographs, like SAURON on the 4.2m
William Herschel Telescope [22], PPAK on the 3.5m at
Calar Alto Observatory [23], SparsePak on the WIYN 3.5m
telescope [24], and the Mitchell Spectrograph on the 2.7m,
have demonstrated the power of integral field spectroscopy as
a tool that is extremelywell suited for small andmediumaper-
ture telescopes. These instruments have been systematically
used to study nearby galaxies. Surveys like SAURON [25],
ATLAS3D [26], PINGS [27], CALIFA [28], VENGA [29], and
VIXENS [18] either have or are in the process of building
revolutionary spectroscopic datasets on these systems.

The large fields of view and large plate scales that typically
characterize these instruments allow for an efficient mapping
of large areas on the sky and make these instruments
extremely sensitive to low surface brightness emission. At
a fixed focal ratio, the plate scale is inversely proportional
to the telescope aperture size. Therefore, modulo differences
in transmission between different telescopes, the surface
brightness sensitivity of an IFU with a fixed spatial resolution
element size in physical units is independent of the size of
the telescope in which it is installed.This fact, combined with
moderate instrument building costs and the relative facility
with which large amounts of time can be scheduled for an
observing program in smaller facilities, makes wide field IFU
spectrographs extremely cost effective and scientifically com-
petitive instruments for small and medium size telescopes.
I hope this review helps spread this idea by presenting the
Mitchell Spectrograph as an example of what can be achieved
with this type of instruments.

In Section 2 I provide a brief description of the instru-
ment and its various components. I present a showcase of
scientific results on nearby galaxies and discuss ongoing
surveys being conducted with the Mitchell Spectrograph
in Section 3. I discuss the prospects for studying nearby
galaxies with VIRUS in the context of the HETDEX survey
in Section 4 and present some final conclusions in Section 5.

2. The Mitchell Spectrograph (a.k.a. VIRUS-P)

TheMitchell Spectrograph (http://www.as.utexas.edu/mcdo-
nald/facilities/2.7m/virus-p.html) design and construction
are described in detail in Hill et al. [30]. The instrument is
shown in Figure 1. The IFU uses a densepak-type 246 fiber
bundle. Fibers are arranged following an hexagonal pattern
with a 1/3 filling factor across a square 1.7



× 1.7
 FOV,

requiring three dithered observations to ensure an almost

complete coverage of the field.The IFU is fed at f/3.65 through
a telecentric, two-group dioptric focal reducer. At the plate
scale of the 2.7m telescope fibers subtend a 4.2 diameter on
sky.

The spectrograph has a double-Schmidt optical design.
It uses a volume phase holographic (VPH) grating at the
pupil between the articulating f/3.32 folded collimator and
the f/1.33 cryogenic prime focus camera. Gratings are inter-
changeable and can be blazed at different angles. A set
of four VPH gratings are available which can be used in
different modes to provide spectral resolutions in the 800 <

𝑅 < 4000 range and sample different bandpasses across the
3600–6900 Å range. High on-sky throughput is achieved by
the use of high reflectivity dielectric coatings. The Mitchell
Spectrograph is gimbal-mounted on the telescope to allow
short fibers for high UV throughput, while maintaining
high mechanical stability. This translates in good instrument
stability and observing efficiency as it eliminates the need
for calibration frames at the position of the science targets.
The instrument software and the 4.5



× 4.5
 field, fixed-

offset guider provide rapid acquisition, guiding, andprecision
dithering. A customdata reduction pipeline calledVACCINE
[3] yields Poisson noise limited sky subtracted spectra.

3. Nearby Galaxies Studies

Thanks to the fact that we can resolve nearby galaxies down
to small physical scales, they offer unique laboratories in
which we can test our understanding of the critical pro-
cesses involved in galaxy formation and evolution. Integral
field spectroscopy allows one to study important processes
affecting baryons in galaxies like star formation, chemical
enrichment, and feedback, in a spatially resolved manner.
Furthermore, wide field stellar and gas kinematics can be
used to constrain the shape of the dark matter gravitational
potential in which all these processes take place. Being able
to map the kinematics and physical properties of stars and
gas across the different environments and morphological
structures present in galaxies allows one to study in detail
the fossil record of the processes by which these objects have
formed and evolved.

In this section I provide an overview of the contributions
of the Mitchell Spectrograph to the study of nearby galaxies.
This might not be a complete compilation of papers in
the literature that use Mitchell data but rather a selection
of the most relevant works to the field of nearby galaxy
astrophysics that I am aware of and that are based onMitchell
Spectrograph data.

3.1. Stellar Populations: The Assembly of Nearby Spheroids
and Disks. By modeling the relative strength of different
absorption features in the integrated stellar spectrum of
galaxies or regions within galaxies we can estimate relevant
physical properties of the stellar populations that are present
(e.g., [31, 32]). Integral field spectroscopy provides two
important advantages at the time of conducting this type of
measurement in nearby galaxies. First, the two-dimensional
nature of the data allows one to study stellar populations as
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(a) (b) (c)

Figure 1: The Mitchell Spectrograph. (a) Diagram showing the interior of the instrument. The casing of the fiber output pseudoslit can be
seen in black at the top right, from there light is reflected onto the collimator mirror (purple), back onto a flat mirror at the position of the
pseudo-slit, and down through the VPH grating (yellow) and into the Schmidt camera at the bottom of the spectrograph (gold). Dispersed
light is reimaged onto a Fairchild Instruments 2048 × 2048 backside illuminated, antireflection coated CCD. The liquid N

2

dewar is also
shown in the foreground. (b) The Mitchell Spectrograph installed on the broken Cassegrain focus of the 2.7m telescope. The gimbal mount
can be seen in blue. (c) A zoom into the input head of the 246 fiber IFU.

a function of position or environment within galaxies in a
way that is challenging for slit spectroscopy. Second, integral
field spectroscopy allows the observer to integrate the spectra
over large arbitrarily shaped regions across nearby galaxies.
Smart binning schemes can be used to boost the signal to
noise (S/N) of the spectra allowing themeasurement of stellar
population parameters in low surface brightness regions.
The latter, combined with the good low surface brightness
sensitivity at the native spatial resolution of IFUs with large
spaxels like the Mitchell Spectrograph (4.2 diameter fibers),
has opened a new avenue in the study of stellar populations
in nearby galaxies by permitting measurements at large
galactocentric radii. This is important as, in a hierarchical
universe like the one we live in, the outskirts of galaxies can
provide valuable information regarding their merging and
gas accretion history.

Almost all aspects of galaxy formation and evolution are
encoded in the physical properties of the stellar populations
present in galaxies. The metallicities, abundance ratios, and
ages of different generations of stars across a galaxy are set
by the history of gas accretion, star formation, and feedback
induced outflows within the galaxy itself and its accreted
satellites. The Mitchell Spectrograph has been used to study
stellar populations in both nearby early-type (E, S0) and spiral
galaxies.

Elliptical galaxies have long been known to show color
gradients with bluer colors towards their outer regions (e.g.,
[33]). Spectroscopic stellar population studies have shown
that these color gradients are mainly driven by gradients in
metallicity with the abundance of metals decreasing towards
larger radii (e.g., [34, 35]). In view of the recent discovery of
a population of massive compact passively evolving galaxies
at 𝑧 = 1 − 2 [36, 37] and the dramatic size evolution implied
if one attempts to link these objects as progenitors of present
day elliptical galaxies, studying the stellar populations present
in the halos of nearby massive ellipticals can shed light on the
processes that drive this evolution. The most likely scenario
currently invoked to explain the growth of the outer halo

of early type galaxies is late time minor merging at 𝑧 < 1

([38, 39]).
In Greene et al. [21] the authors use the Mitchell Spectro-

graph to observe a sample of eight nearby (∼85Mpc) early
type galaxies (six ellipticals and two S0s) with the goal of
conducting a spatially resolved stellar population analysis out
to large radii (2.5𝑅

𝑒

). In only 40minutes of effective exposure
time per fiber (i.e., per dither) and after coadding the spectra
in elliptical annuli with a width of 0.5𝑅

𝑒

(∼4 or one fiber
at the typical distance of the targets) they are able to reach
S/Ns∼40 in continuum for the outermost radial bins at 2.5𝑅

𝑒

.
Figure 2 shows an example of the azimuthally binned spectra
for NGC 7509. Using these high S/N spectra the authors can
make quality measurements of the EWs of the H𝛽, Mg𝑏, and
⟨Fe⟩ absorption features out to large galactocentric radii (see
Figure 2). These spectral indexes are used to derive gradients
in age, metallicity [Fe/H], and 𝛼-abundance [𝛼/Fe].

A common trend in all the galaxies observed in Greene
et al. [21] is the presence of a steep gradient in the Mg𝑏 EW
which drops towards the outer regions while the ⟨Fe⟩ and
H𝛽 indexes remain roughly flat out to 2.5𝑅

𝑒

. Modeling the
observed EWs the authors find that this average behavior
is driven by significant [Fe/H] gradients in the majority of
the galaxies accompanied by a subtler gradient in [𝛼/Fe]
which decreases slightly towards large radii. This is the first
detection of an [𝛼/Fe] gradient in elliptical galaxies.

One interesting result of this study is the observed
change in behavior of the well established Mg𝑏-𝜎

∗

relation
[40, 41] when considering regions at larger distance from
the galaxy nucleus. Within 𝑅

𝑒

elliptical galaxies show a
tight correlation between the Mg𝑏 index and the effective
stellar velocity dispersion. Greene et al. [21] find that if one
measures Mg𝑏 in regions outside 𝑅

𝑒

the normalization of the
Mg𝑏-𝜎

∗

relation decreases, the scatter increases significantly,
and there are indications of a steepening. These effects are
stronger towards larger radii. They reflect a clear change in
the stellar populations of the outskirts of early type galaxies
with respect to their centers and are consistent with a scenario
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Figure 2: (a) Coadded spectra in elliptical annuli at 0 − 0.5 𝑅
𝑒

, 0.5 − 1𝑅
𝑒

, 1.5 − 2𝑅
𝑒

, and 2 − 2.5 𝑅
𝑒

(from top to bottom) for NGC 7509. (b)
Index EW radial profiles for Mg𝑏 (green), ⟨𝐹𝑒⟩ (red), and H𝛽 (blue). Taken from Greene et al. [21].

in which the stellar halos of elliptical galaxies are formed by
the accretion of objects formed at earlier times in small halos
that have truncated star formation histories.

By matching the observed Mg𝑏 EW at >2𝑅
𝑒

to galaxy
mass using the relations of Graves et al. [42] the authors
find that the stellar halo of present day ellipticals was most
likely formed by the accretion of satellites with stellar masses
which are typically a factor of ∼10 smaller than the central
object.The data also implies that the progenitors of the stellar
halo had lower metallicities and higher 𝛼-abundance than
present day ellipticals of similar masses. This is in contrast
with predictions from the “monolithic collapse” scenario in
which 𝛼-abundances are lower than expected in the stellar
halo as winds can eject metals more easily than from the
central regionswhere the potential is deeper [43].The authors
conclude that “the outer parts of these galaxies [massive
ellipticals] are built up viaminormerging with a ratio of ∼10 : 1,
but that the accreted galaxies did not have sufficient time to
lower their 𝛼-abundance ratios to those seen in ∼𝐿

∗

elliptical
galaxies today.”

TheMitchell Spectrograph has also been used to study the
stellar populations in the outskirts of late-type star forming
disk galaxies by Yoachim et al. [19, 20]. These two papers are
aimed at studying the nature of breaks in the exponential
surface brightness profiles of disk galaxies at large radii.
Pohlen and Trujillo [44] used the Sloan Digital Sky Survey
(SDSS) to show that the majority (60%) of late-type disk
galaxies in the local universe show truncated exponential
profiles which transition to a steeper exponential at some
break radius typically found at 1.5–4.5 times the scale length
of the inner component. Of the rest of their sample, 30% show
shallower exponential profiles outside the break radius, and
10% can be best fit by a single component.

The classical explanation for the existence of a truncation
in the edge of disk galaxies is the presence of a star formation
threshold [45] ormore likely a significant drop in the star for-
mation efficiency in the low gas surface density environments
typical of the outskirts of galaxies [46]. Work by Schruba

et al. [47] has shown that this low star formation efficiency
at large radii is caused by a low-molecular-to-atomic gas
fraction and not by an actual drop in the star formation
efficiency of molecular gas. On top of in situ star formation,
another process that could be important at populating the
outskirts of disk galaxies is secular stellarmigration caused by
gravitational interactions with disk structure (e.g., [48, 49]).
Since stellar migration is a random walk stars require longer
times to venture further out in the disk.Therefore if the stellar
populations beyond the edges of disks are dominated by this
process we expect to observe significant changes in stellar
population parameters beyond the break radius, where the
contrast between migrated and formed in situ stars is the
greatest and the ages of migrated stars are the oldest.

In Yoachim et al. [20] the authors observe a sample of
twelve nearby spiral galaxies chosen to match the Mitchell
Spectrograph field of view. The bulk of the sample (9/12)
shows truncated photometric profiles, one object shows an
upbending profile, and the remaining two galaxies are best
fit by single exponentials. In only 20–45 minutes of effective
exposure time and after binning the spectra in 4

 wide
elliptical annuli they obtain spectra deep enough (S/N∼
40) to measure stellar population parameters down to a 𝑉-
band surface brightness 23-24mag arcsec−2.This allows them
to successfully measure ages outside the break radius for
six galaxies in the sample (all of them with downbending
profiles).

An interesting contribution from this work comes from
the detailed study that the authors do of the systematics
associated measuring stellar population parameters in late-
type systems. While individual absorption features (e.g., Lick
indices) have been successfully used to study the stellar
populations of old passively evolving early-type galaxies (as
in the Greene et al. [21] study described above), they are not
reliable tools to use for studying star forming objects. The
multiple generations of stars present in the disks of spiral
galaxies due to their extended star formation histories (SFH)
and the presence of significant dust extinction complicate
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the interpretation of Lick indices as degeneracies between
different populations are introduced (e.g., [50]). The two
approaches that are typically used to overcome this problem
are the fitting of linear combinations of single stellar popu-
lations (SSP, e.g., [51, 52]) and the use of parametrized SFHs
to construct composite stellar populations (e.g., constant and
exponentially declining or increasing SFHs, a.k.a.±𝜏models).
After conducting detailed simulations the authors recom-
mend and adopt the latter approach as linear combinations
of SSPs are found to perform poorly in the young age and
low metallicity regimes. It is worth noting though that these
problems, which arise from degeneracies among the large
number of parameters inherit to the linear combination of
many SSP templates, can be overcome to some extent by using
regularization schemes that limit the solutions to conform
with certain imposed conditions (e.g., smoothness of the
SFH, [52]).

Three of the six disks for which age measurements could
be conducted beyond the profile break in Yoachim et al.
[20] show evidence for a significant contribution from stellar
migration to the stellar populations beyond the truncation
radius. This is seen as an upbend in the stellar age radial
profile at a position close to the surface brightness profile
break and a transition from increasing SFHs to decreasing
SFHs towards large radii. In these three objects the changes
in stellar population parameters are also clearly seen in the
radial profiles of the D4000 and Balmer absorption indices.
Two of these objects also show a decrease in stellar metallicity
which is correlated with the increase in age at large radii.
No significant change in metallicity is seen for the third
system.The authorswarn that theirmetallicitymeasurements
are “rather crude” as their SFHs do not include a chemical
enrichment model.

For the other three objects with good stellar population
measurements at large radii the authors find “little or no sign
of the outer disk being formed through stellar migration despite
having some of the strongest profile breaks”. Although these
objects do not show up bending age profiles at large radii like
the ones discussed above, they do show a flattening in the
stellar age profile towards large radii. An interesting result,
although based on low number statistics, is that the objects
with the weakest profile breaks show the strongest evidence
for radial migration and the objects with the strongest profile
breaks show young stars most likely formed in situ in
the outer disk. This is consistent with stellar migration as
objects which have experienced the most migration should
have the weakest profile breaks. Given the wide range of
stellar population behaviors found beyond the profile breaks
of these galaxies the authors conclude that “while radial
migration can contribute to the stellar populations beyond the
break, it appears that more than one mechanism is required to
explain all of our observed stellar profile breaks”.

3.2. Galaxy Dynamics: DarkMatter Haloes and Super Massive
Black Holes. Dark matter is a fundamental mass component
in galaxies and drives both the dynamics and evolution of
these systems. Similarly SMBHs, which appear to live in the
center of all massive galaxies in the universe, seem to be
closely linked to the evolution of the central stellar compo-
nent of galaxies as are evidenced by the tight correlations

seen between black hole (BH) mass (𝑀BH) and the stellar
velocity dispersion, stellar mass, and luminosity of central
stellar spheroids ([53–55] and references therein). It is not
well established if this link is caused by the effects of AGN
feedback following gas accretion or simply by the averaging
effects of subsequentmergers (e.g., [56, 57]). Both darkmatter
and SMBHs affect the dynamics of stars and gas in galaxies
in a way that can be significantly detected using modern
spectroscopic techniques. The Mitchell Spectrograph has
been systematically used to measure the stellar and gaseous
dynamics of nearby galaxies in order to put constraints on
the shape of the DMhalos in that they inhabit and the masses
of their central SMBHs.

A problem that has received a lot of attention in the last
decade is the apparent discrepancy between the cuspy DM
halo profiles predicted by cosmological N-body simulations
(e.g., NFW, [58]) and observations of low surface brightness
and late-type dwarf galaxies which suggest the presence of
cored DM halos (e.g., [59–61]). In Adams et al. [13] the
authors use the 2400 linesmm−1 grating in the Mitchell
Spectrograph which provides a velocity resolution of 40–
60 km s−1 to measure the stellar and ionized gas kinematics
of the late-type dwarf galaxy NGC 2976. This galaxy was one
of the cleanest examples of a cored DMhalo based on ionized
gas kinematics [59]. The goal of Adams et al. [13] study is to
constrain the shape of the DM halo in NGC 2976 by using
a noncollisional dynamical tracer of the potential (i.e., the
stellar component) and compare the results to those obtained
using gas kinematics.

Using amassmodel based on amulti-Gaussian expansion
fit to the 𝑅-band and HI 21 cmmaps to account for the stellar
and atomic gas components and conducting an anisotropic
Jeans modeling of the second moment velocity field 𝑉rms =

√𝑉
2

los + 𝜎
2, [62] the authors put simultaneous constraints

on the inner slope of the DM halo profile 𝛼 and the 𝑅-
band stellar mass-to-light ratio Υ

∗,𝑅

. The results from this
fitting are shown in Figure 3. The authors find that if both
the profile slope and the mass-to-light ratio are fitted freely,
both parameters are highly correlated and no significant
statistical distinction can be made between the cusp and
core scenarios (Figure 3(a)). In this case the best-fit value
for Υ
∗,𝑅

is 3.49 which is largely inconsistent with the Υ
∗,𝑅

=

1.1 ± 0.8 value derived from synthetic stellar population fits
to both the integrated spectrum and the optical through
near-IR photometric SED of the galaxy. Repeating the fit
adopting the value and uncertainty of the mass-to-light ratio
derived from stellar populations yields the constraints shown
in Figure 3(b). If a realistic value of the stellar mass-to-light
ratio is adopted, a cuspy DM halo (𝛼 = 1) profile is consistent
with the observed stellar dynamics while a cored profile (𝛼 =

0) is rejected at 2.2𝜎 significance. This is at odds with the
results of Simon et al. [59] where the ionized gas velocity field
measured from H𝛼 is better fit by a cored model.

In Adams et al. [13] the authors also measure the ionized
gas velocity field using the [OII]𝜆3727 doublet. Modeling the
gas dynamics with a harmonic decomposition method [63]
similar to the one used by Simon et al. [59] yields results
that are consistent with that study. That is, a cored DM halo
is preferred. On the other hand using a tilted-ring model
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Figure 3: Confidence intervals for the inner slope of the DM halo (𝛼) and the 𝑅-band mass-to-light ratio (Υ
∗,𝑅

) for NGC 2976.The left panel
shows the result of leaving both parameters free while fitting. The right panel shows the same fit but constraining Υ

∗,𝑅

to lie within the limits
allowed by a synthetic stellar population fit to the integrated optical spectra and SED of the galaxy. Taken from Adams et al. [13].

with a variable position angle to fit the velocity field [64]
excludes a cored model and is compatible with the results
from the stellar kinematics analysis. These discrepancies
highlight the challenges faced by measurements of the radial
mass profile of DM halos, where results can depend on both
the adopted dynamical tracer of the gravitational potential
and the methodology used to model the observed dynamics.
The authors conclude that “the analysis of this first galaxy
shows promising evidence that dark matter halos in late-type
dwarfs may in fact be more consistent with cuspy dark matter
distributions than earlier work has claimed”.

The Mitchell Spectrograph has also been used to study
the properties of DM halos in massive early type galaxies.
Murphy et al. [12] measures stellar kinematics in the second-
rank galaxy of the Virgo cluster M87 out to 238

 (∼2𝑅
𝑒

)
by tiling five IFU pointing. The authors complement the
dataset with higher spatial resolution IFU spectroscopy from
SAURON [65] in the inner 13 of the galaxy and globular
cluster (GC) kinematics out to 540

 (∼5𝑅
𝑒

). By fitting this
extended kinematical information with axisymmetric orbit-
based dynamical models [66, 67] the authors constrain the
mass and shape of the dark matter halo in M87 as well as the
𝑉-band stellar mass-to-light ratio (Υ

∗,𝑉

) and the behavior of
the stellar velocity ellipsoid (SVE) as a function of radius for
this system. A central SMBH with a mass of 6.6 × 10

9

𝑀
⊙

is
included in the dynamical models ([8]; see below).

The authors find that the dynamics of M87 are best
described by a logarithmic DM halo (i.e., a flat core in the
center that transitions to a 𝜌 ∝ 𝑟

−2 profile at radius 𝑟
𝑐

),
which is statistically preferred over a classical cuspy NFW
profile. Models without a DM halo are excluded at high
significance.Out to 5𝑅

𝑒

the best-fit logarithmic halo implies a
total enclosed mass in the system of 5.7+1.3

−0.9

× 10
12

𝑀
⊙

making
M87 one of the most massive galaxies in the local universe,
with dark matter accounting for 17%, 49%, and 85% of the
total mass at 1, 2, and 5𝑅

𝑒

, respectively. The stellar mass-to-
light ratio is constrained to be Υ

∗,𝑉

= 9.1 ± 0.2. Interestingly
the inclusion of the GC kinematics reaching out to large radii

has a significant impact on the derived value of Υ
∗,𝑉

yielding
much higher values if this data is ignored.This is because the
kinematics at large radii strongly influence the measurement
of the total enclosed mass in the DM halo so any mass not
assigned to the dark matter component artificially boosts the
mass-to-light ratio of the stars.

The addition of the Mitchell Spectrograph data extends
the stellar kinematics in M87 to larger radii by about an
order of magnitude compared to what had been achieved
with previous IFU and long-slit datasets (e.g., [68]). This has
a significant impact on the derived values of the circular
velocity and core radius of the DM halo and highly reduces
the covariance between these two parameters seen in pre-
vious datasets covering only the central parts of the galaxy.
This, together with the impact of the GC kinematics on the
derived mass-to-light ratio discussed above, highlights the
importance of measuring kinematics out to large radii when
studying the dynamics of nearby galaxies. This is an area
in which wide field of view IFU spectroscopy is having a
tremendous impact.

Finally, in Murphy et al. [12] the orbital structure in
the best-fit dynamical model implies a drastic change in
the anisotropy of the SVE at around 0.5𝑅

𝑒

. Within this
radius stars show a significant amount of radial-to-tangential
anisotropy (𝜎

𝑟

/𝜎
𝑡

∼ 1.1) while outside this radius the orbits
becomemildly tangentially anisotropic (𝜎

𝑟

/𝜎
𝑡

≲ 1). Although
the authors do not explore the origin of this behavior they
state that it can be related to the formation mechanism that
gave rise to this system.

An accompanying paper to Murphy et al. [12] is that by
Gebhardt et al. [8] which discusses the mass of the SMBH
in the center of M87. Here the authors add adaptive optics
(AO) corrected Gemini NIFS integral field spectroscopy
to the SAURON+Mitchell Spectrograph dataset discussed
above. The AO data provides spatially resolved kinematics
for the central 2 (170 pc) of the galaxy at 0.08

 (7 pc)
FWHM spatial resolution and therefore resolves the region
where the kinematic influence of the SMBH is important.
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The degeneracy discussed above between the DM halo mass
and the stellar mass-to-light ratio has an impact on the
determination of SMBHmasses when the sphere of influence
of the BH is not resolved. Neglecting or underestimating the
dark halo artificially increases the mass-to-light ratio in the
stellar component which translates into underestimated BH
masses in the best-fit dynamical models (factors of two are
common, e.g., [68]).Therefore if the relatively expensive high
spatial resolution data (HST or AO) is not available, one can
only expect to be able to measure unbiased BH masses if the
DM halo is well constrained by kinematic measurements at
large radii.

After removing any contamination from theAGNand the
jet in the nucleus ofM87 and doing a detailedmodeling of the
AOPSF in the NIFS data Gebhardt et al. [8] measure a SMBH
mass of 6.6 ± 0.4 × 10

9. The previously reported covariance
between BH mass, mass-to-light ratio, and dark halo param-
eters seen in Gebhardt andThomas [68] disappears once the
AO data is included. That is, directly resolving the sphere
of influence of the BH yields unbiased BH masses that are
independent of the inclusion of the dark halo. The authors
further test this by excluding the large radii kinematics
(>100) from theirmodeling finding amodest 2% (0.5𝜎) drop
in the BH mass. The similarity between the measured BH
mass and its uncertainty in this study and the 6.4±0.5×109𝑀

⊙

BHmassmeasured byGebhardt andThomas [68] support the
idea that unbiased BH masses can be accurately measured if
the DM halo is properly modeled and constrained by large
scale kinematic measurements which wide field integral field
spectrographs like the Mitchell Spectrograph provide. The
authors conclude that “if one has sufficient signal to noise
and two-dimensional coverage (e.g., SAURON or VIRUS-P),
then it should be possible to measure a BHmass robustly.Thus,
it is not necessarily required to resolve the region influenced
by the BH. Being able to use data that do not resolve well
the BHs influence on the kinematics allows us to study BHs
that are either distant or of low mass. Both of these regimes
are important for understanding the physical nature of the BH
correlations with the host galaxy”.

A similar study is that by McConnell et al. [10] who also
use AO corrected IFU spectroscopy from Gemini+NIFS and
Keck+OSIRIS in combination with Mitchell Spectrograph
data at large radii tomeasure the SMBHmass in four brightest
cluster galaxies (BCGs) in nearby clusters. Using the same
dynamical modeling techniques as Gebhardt et al. [8] they
measure SMBH masses of 2.1+1.6

−1.6

× 10
10

𝑀
⊙

for NGC 4889,
9.7
+3.0

−2.5

× 10
9

𝑀
⊙

for NGC 3842, and 1.3
+0.5

−0.4

× 10
9

𝑀
⊙

for
NGC 7768, while putting an upper limit of <9.0×109𝑀

⊙

on
the central BH mass in NGC 2832. The results for two of
these objects (NGC3842 in Abell 1367 and NGC 4889 in the
Coma Cluster) were previously reported in McConnell et al.
[9] as the two highest BH masses ever measured in the local
universe.

Interestingly the measured BHmasses in all these objects
are systematically higher than those predicted by even the
steepest versions of the 𝑀BH − 𝜎 relation found in the
literature. For NGC 4889 andNGC 3842 the deviations are in
excess of the intrinsic scatter in the relation. A similar trend

is seen when comparing the measured values to predictions
from the 𝑀BH − 𝐿 (i.e., black hole versus bulge luminosity)
relation and from less well established relations between BH
mass and DM halo mass or circular velocity. The authors
state that the data suggests a steepening in the 𝑀BH − 𝜎

relation at the high mass end. Such a steepening is expected
if the most massive elliptical galaxies form by means of “dry”
(i.e., gas poor) mergers of early-type systems. Furthermore,
both McConnell et al. [10] and Gebhardt et al. [8] observe
significant tangential anisotropy in the orbital structure in
the centers of these galaxies over spatial scales comparable
to their photometric cores. A depletion of radial orbits in the
centers of these systems is consistent with a scenario in which
following a merger a binary BH preferentially ejects stars on
radial orbits from the central regions.

In McConnell et al. [11] the authors extend the dynamical
modeling on NGC 4889, NGC 3842, and NGC 7768 to allow
the inclusion of a spatial gradient in the stellar mass-to-
light ratio Υ in order to study the systematic effects that
this quantity has on the derived BH masses. It is standard
practice in this type of dynamical modeling to assume a
constant Υ across the galaxy therefore equating the stellar
surface density to the surface brightness in a given band.
On the other hand, as we mentioned above when discussing
the stellar population work of Greene et al. [21], many
of these systems show gradients in broad-band colors and
absorption line indexes which are caused by underlying
changes in the metallicity and star formation history of the
stellar populations. McConnell et al. [11] modify the code by
Gebhardt et al. [53] in order to include a radial gradient in Υ

which they parameterize as 𝛼 = 𝑑 log(Υ)/𝑑 log(𝑟) and rerun
the fitting for a grid of values in the −0.2 < 𝛼 < 0.1 range.
This range covers the values allowed by current constraints
on the broad-band color and stellar population gradients
of these objects which support a slightly negative value for
𝛼. For example, stellar population modeling of the Mitchell
Spectrograph data in NGC 3842 implies 𝛼 = −0.13 ± 0.30.

The authors find a ∼25% decrease in the BH mass as 𝛼 is
decreased from 0 to −0.2. For two of the three galaxies this
difference is comparable to the statistical uncertainties in the
measured BH mass so the effect is significant. Models with
positive 𝛼 are mildly disfavored by the data, which is con-
sistent with the negative color gradients of the three objects,
and yield higher BH masses. It is seen that introducing a
gradient with a negative value moves more stellar mass in the
dynamical models to smaller radii, therefore requiring lower
BHmasses to explain the kinematics.This also translates into
slightly more massive DM halos necessary to compensate for
the lower stellar mass at large radii. This effect might prove
important not only for individual BH mass determinations
in systems with strong stellar population gradients but also
for determining the slope of BH mass scaling relations. The
authors state that “A systematic variation in 𝛼 with galaxy
stellar mass or velocity dispersion can have an impact on the
slopes of the𝑀BH−𝑀bulge and𝑀BH−𝜎 scaling relations, which
are currently determined assuming 𝛼 = 0”.

3.3. The ISM of Nearby Star Forming Galaxies. Nebular emis-
sion lines at optical wavelengths are important coolants for
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ionized gas in HII regions and are therefore typically bright
in star forming galaxies. The observed brightness and line
ratios of these transitions have been used extensively in the
literature to determine important quantities like metallicity,
ionization parameter, electron density, dust extinction, and
the SFR ([69] and references therein). Furthermore, AGN
activity, shocks, and diffuse ionized gas in the ISM can also
contribute significantly to the nebulae emission line spectrum
of galaxies. The Mitchell Spectrograph has been widely used
to study the star formation activity and the properties of
ionized gas in nearby star forming galaxies.

A fundamental aspect of galaxy evolution is the formation
of stars from cold gas in the ISM. Star formation gives
rise to galaxies and drives their evolution by building up
their stellar mass, injecting energy and metals into the ISM,
and consuming their gas reservoirs. Understanding what
sets the SFR in the different environments present within
galaxies is therefore of great importance. In Blanc et al.
[17] the authors use data gathered as part of the VIRUS-P
Exploration of Nearby Galaxies (VENGA, Blanc et al. [29],
Section 3.4.1) to study the spatially resolved star formation
law (SFL, a.k.a. the Schmidt-Kennicutt Law) in the inner disk
of the nearby spiral galaxy NGC 5194 (a.k.a. M 51a). The SFL
is the relation between either the atomic, molecular, or total
gas surface densities (ΣHI, ΣH2, ΣHI+H2) and the SFR surface
density (ΣSFR). It has been long known that when integrated
measurements of these quantities are made over disk galaxies
and starburst nuclear regions in nearby galaxies the total gas
surface density correlates with the SFR surface density with
relatively small scatter and a slope 𝑁 ≃ 1.5 over several
orders ofmagnitude in both quantities [70]. Spatially resolved
measurements of the SFL at sub-kpc scales have shown that
it is the molecular gas component of the ISM that drives
this correlation while the atomic gas surface density and the
SFR surface density are largely uncorrelated on small scales
(102−3 kpc, e.g. [71, 72]).

Different authorsmeasure different slopes for the spatially
resolved molecular SFL with some favoring a value close to
𝑁 ∼ 1.5 (similar to that of the integrated SFL, e.g., [71, 73])
while others find slopes closer to unity or slightly lower (e.g.,
[17, 72, 74, 75]). Determining the slope of this correlation
is important as different theoretical models attempting to
explain the process of star formation on galactic scales
make different predictions regarding its value (e.g., [76–
78]). In Blanc et al. [17] the authors combine the Mitchell
Spectrograph data with CO (1-0) andHI 21 cmmaps from the
literature to study the atomic and molecular SFL at ∼200 pc
scales across the inner disk of the galaxy.They use the Balmer
decrement to calculate nebular dust extinctions and correct
the observed H𝛼 fluxes in order to measure ΣSFR. A major
advantage of using integral field spectroscopy comes from
the ability to use different emission line ratio diagnostics to
identify regions contaminated by AGN photoionization and
shocks and to separate the contribution to the H𝛼 flux from
extraplanar diffuse ionized gas and localized star formation
in the disk of the galaxy (i.e., HII regions).

The authors find that the level of discrepancy seen in the
slope of the molecular SFL in the literature can be partly

attributed to systematic biases associated with the different
linear regression methods used to fit the correlation. They
propose a new Monte Carlo based method for fitting SFL
which includes the intrinsic scatter in the relation as a free
parameter and is unbiased. This method has been used latter
by Leroy et al. [79] who provide a detailed analysis of its
robustness. Using this new fitting method Blanc et al. [17]
find no correlation between ΣSFR and ΣHI, in agreement with
previous studies, a clear correlations between ΣSFR and ΣH2
with a slope 𝑁 = 0.82, and a typical gas depletion timescale
𝜏 = ΣHI+H

2

/ΣSFR ≈ 2 Gyr (see Figure 4). At ∼200 pc
resolution the molecular SFL shows an intrinsic scatter 𝜖 =

0.43 ± 0.02 dex in good agreement with the measurements
by Schruba et al. [80] and Leroy et al. [79]. These results
reject a superlinear molecular gas SFL in NGC 5194 at high
significance in agreement with the work of Bigiel et al. [46].
This has been latter confirmed using Bayesian inference by
Shetty and Ostriker [81]. In Blanc et al. [82] the authors fit
the data of Kennicutt et al. [71] using the method proposed
by Blanc et al. [17] and derive a best-fit slope of 𝑁 = 1.0,
in contrast with the 𝑁 = 1.56 value derived by the original
study. It is currently thought that the steeper slope seen for
the integrated SFL arises from a combination of two effects.
First, a drop of the molecular-to-atomic gas fraction at low
densities which steepens the correlation between the SFR and
the total gas surface densities and a true steepening of the
small scale molecular SFL in the high surface density regime
of starbursts caused by a physical transition in the properties
of GMCs in an overpressurized ISM (e.g., [76]). Under the
normal conditions typical of the disks of spiral galaxies the
relation between ΣH2 and ΣSFR on 102−3 pc scales is roughly
linear. Studies such as Blanc et al. [17] showcase the power
of combining optical IFU spectroscopy with observations at
other wavelengths (e.g., radio, mm) to obtain a complete
picture of the ionized, atomic, and molecular ISM and its
relation to the stellar component of galaxies.

A major observational challenge faced by star formation
and ISM studies in general is the proper characterization
of molecular gas. Measuring and studying molecular gas in
galaxies are fundamental to understand star formation and
the physical processes setting the balance between the dif-
ferent phases of the ISM. Molecular hydrogen (H

2

) amounts
for the bulk of the mass in molecules in the universe, but its
transitions are rarely excited at the typically cold tempera-
tures (∼10 K) of gas inside giant molecular clouds (GMCs).
To overcome this observational difficulty, the second most
abundant molecule in GMCs, the carbon monoxide (CO)
molecule, is typically used as a proxy for estimating the
total mass in H

2

. Rotational transitions of CO observed at
millimeter (mm) wavelengths can be easily excited under
the typical density and temperature conditions in GMCs
and are therefore bright enough to be detectable. Using CO
emission to estimate the H

2

mass requires knowledge of the
CO intensity to H

2

column density conversion factor 𝑋CO
and, while evidence exists that this factor changes in different
environments, it is common usage in the literature to assume
it has a constant value ([85], and references within).

Blanc et al. [16] use Mitchell Spectrograph observations
of the nearby face-on grand design spiral NGC 628 (also
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Figure 4: (a) Maps of the HI 21 cm, CO (1-0), and H𝛼 emission (from left to right) from the THINGS [83], BIMA-SONG [84], and VENGA
[29] surveys used in Blanc et al. [17] to study the spatially resolved SFL in the central 4 kpc of NGC 5194. (b) The HI, H2, and total SFL as
measured by Blanc et al. [17]. Each blue dot corresponds to a single Mitchell Spectrograph fiber. Upper limits are shown in red and dotted
lines show lines of constant depletion time. The best-fit relations are also shown as well as the corresponding best-fit parameters.

taken as part of VENGA; see Section 3.4.1) in combination
with CO (1-0) and CO (2-1) maps from different sources as
well as Spitzer 24𝜇 and GALEX far-UV data to look for
changes in the CO-to-H

2

conversion factor 𝑋CO across the
disk of this galaxy. Their method consists in inverting the
molecular gas SFL to estimate the H

2

surface density from
the SFR surface density. By comparing this estimate to the
observed CO surface brightness they measure the radial𝑋CO
profile in NGC 628.

This study finds a drop by a factor of 2 in𝑋CO from 𝑅 ∼ 7

kpc to the center of the galaxy, implying brighterCOemission
at a given H

2

surface density in the central regions. Using line
ratio diagnostics from the Mitchell Spectrograph data they
canmeasure how themetallicity and the ionization parameter
change across the disk of the galaxy and study how changes
in 𝑋CO follow changes in these quantities. By comparing
to theoretical models for CO radiative transfer in the ISM
[86, 87] they show that the observed gradient in 𝑋CO can
be explained by a combination of decreasing metallicity, and
decreasing ΣH2 with radius. Photoelectric heating from the
local UV radiation field appears to contribute to the decrease

𝑋CO in higher density regions. The authors state that “Our
results show that galactic environment plays an important role
at setting the physical conditions in star forming regions, in
particular the chemistry of carbon in molecular complexes,
and the radiative transfer of CO emission. We caution against
adopting a single 𝑋

𝐶𝑂

value when large changes in gas surface
density or metallicity are present”.

The Mitchell Spectrograph has also been used to study
nebular chemical abundances in nearby galaxies. Integral
field spectroscopy allows one to measure gas-phase metal-
licity gradients in spiral galaxies in an efficient manner, as
spectra for multiple HII regions can be obtained in a single
IFU pointing. Robertson et al. [88] take advantage of this
fact and use the Mitchell Spectrograph to study how the
gas-phase metallicity of cluster spiral galaxies depends on
HI deficiency. As infall into the intra-cluster medium can
remove gas from galaxies by means of ram pressure and tidal
stripping and cutoff of the accretion of low metallicity IGM
gas into these systems (strangulation), one can expect the
environment to affect the chemical enrichment of galaxies by
regulating the amount of gas available for star formation and
mixing enriched and pristine gas in the ISM.
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In Robertson et al. [88] the authors observe six spiral
galaxies in the Perseus I cluster with the Mitchell Spec-
trograph and measure their metallicity gradients using the
R23 strong line method of Zaritsky et al. [89]. In about 1
hr of effective exposure time per dither the authors obtain
reliable measurements of H𝛽 and the [OII] and [OIII]
doublets for about a dozen HII regions in each galaxy. At
the distance of Pegasus I the targets easily fit in the Mitchell
Spectrograph field of view. They estimate a characteristic
metallicity for each galaxy from the radial metallicity profile
and compare this to the HI deficiency parameter (DEF)
measured by Levy et al. [90] which quantifies the deviation in
HI contentwith respect to the average expectation value given
a galaxy luminosity and Hubble type. A clear correlation
between metallicity and DEF is observed with more HI
deficient systems showing higher chemical abundances. This
is consistent with previous results based on Virgo cluster
spirals by Skillman et al. [91].

Robertson et al. [88] test the possibility that the observed
correlation is driven by a dependance ofDEFwith stellarmass
combined via the well established mass-metallicity relation
of galaxies [92]. They find that for the Pegasus I and Virgo
samples DEF is uncorrelated with stellar mass and that using
a differential in metallicity with respect to the expectation
from the mass-metallicity relation instead of the metallicity
absolute value makes the correlation with DEF even stronger.
Therefore they conclude that HI deficiency (either by gas
removal or strangulation) has a significant effect on the level
of chemical enrichment in cluster galaxies in a way that
is independent of the stellar mass. The authors compare
their results for cluster spirals to a small sample of field
galaxies from Zaritsky et al. [89] finding lack of correlation
betweenmetallicity and DEF for the latter.This leads them to
interpret the observed effect as something particular of dense
environments, although a recent extension of their work to
a larger and better selected sample of field galaxies shows
that the relation between HI deficiency andmetallicity is also
present in the field and shows a similar slope as that seen in
clusters [93].

The Mitchell Spectrograph has also been used recently to
study the properties of blue compact galaxies by Cairós et al.
[15]. Understanding these type of objects is of great interest
as the most massive galaxies in this class are the closest local
universe analogs to the high redshift star forming galaxies
typically selected using the Lyman break and Ly𝛼 techniques.
Therefore they offer a window to the conditions under which
star formation occurs at high redshift but at a distance at
which physical processes can be studied in a spatially resolved
manner. Cairós et al. [15] observed the five massive blue
compact galaxies II Zw 33, Haro I, NGC 4670, Mrk 314, and
III Zw 102 with the Mitchell Spectrograph as part of a long
term campaign to obtain integral field spectroscopy of blue
compact galaxies. The goal of this study is to characterize the
morphology and kinematics of both the stellar and ionized
gas components in these objects and to use emission line
ratio diagnostics to investigate the spatial distribution of gas
ionization and dust extinction. The authors also measure
the global gas phase metallicity of the these objects from
integrated spectra.

While all the objects analyzed in this study show a
relatively smooth and regular morphology in the stellar con-
tinuum, a large morphological diversity is seen in the ionized
gas which displays more complex patterns with some objects
revealing filamentary emission and the presence of bubbles
and holes.The galaxies display a variety of different ionization
patterns as revealed by maps of the [OIII]𝜆5007/H𝛽 ratio.
While in II Zw 33 andMrk 314 high ionization regions follow
star forming regions, as expected from ionization from hot
OB stars, NGC 4670 also shows peaks in [OIII]/H𝛽 over two
filaments seen in ionized gas emission above and below the
plane of the galaxy, likely caused by shock excitation. Haro
I and III Zw 102 on the other hand simply show a positive
radial gradient in the line ratio consistent with the metallicity
gradients typically seen in spiral galaxies and with the fact
that they are the two most massive objects in the sample.
All systems show significant amounts of dust extinction and
a variety of kinematical behaviors are present in the sample
from rotating disks to complex velocity fields consistent with
the presence of multiple kinematic components.

Finally, an extremely interesting application that takes
advantage of the superb sensitivity to low surface brightness
emission of the Mitchell Spectrograph is the study of Adams
et al. [14]. In this work the authors attempt to detect H𝛼

emission arising from the rim of the outer HI disk of two
edge-on late type disk galaxies (UGC 1281 andUGC7321) as it
becomes ionized by the metagalactic ultraviolet background
(UVB). If the atomic gas spatial distribution is known at
the edge of the HI disk, then a direct measurement of the
H𝛼 flux can be directly linked to the strength of the UVB.
The authors use deep HI 21 cm VLA data on these objects
to fit an exponential HI distribution in both the radial and
vertical directions. This profile is then extrapolated to the
expected position of the disk rim given by the UVB induced
photoionization front. This extrapolation seems reasonable
since both of the systems analyzed by Adams et al. [14] show
extremely thin disks with minimal warping and no signs of
flaring at large radii, as well as no massive nearby neighbors
which could disturb their HI disks. Despite this, the authors
also attempt a measurement that is independent of the above
extrapolation and which yields very similar results.

After obtaining extremely deep exposures (∼15 hours)
using two different gratings providing 𝑅 = 1288 for UGC
1281 and 𝑅 = 3860 for UGC 7321 and trying different
binning strategies to coadd the spectra of different fibers, the
authors do not detect H𝛼 to a 5𝜎 limit in surface brightness
of 6.4 × 10

−19 erg s−1 cm−1 arcsec−1 in UGC 7321 and 25 ×

10
−19 erg s−1 cm−1 arcsec−1 in UGC 1281. The difference in

depth between the two galaxies is mainly driven by the
higher spectral resolution grating used to observe UGC 7321
and exemplify how the combination of large fiber size and
high spectral resolution is ideal to achieve good low surface
brightness sensitivity. These limits translate in upper limits
for the UVB induced HI photoionization rate of Γ(𝑧 = 0) <

1.7 × 10
−14 s−1 for UGC 7321 and Γ(𝑧 = 0) < 14 × 10

−14 s−1
for UGC 1281. The UGC 7321 is currently the most stringent
limit on the strength of the UVB at 𝑧 = 0 and falls below the
predictions of current theoretical models.
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3.4. Nearby Galaxies Surveys. The Mitchell Spectrograph
has been used to conduct two surveys of galaxies in the
nearby universe. The first of these surveys, the VIRUS-P
Exploration of Nearby Galaxies (VENGA, [29]), is focused
on the study of normal star forming disk galaxies while
the second one, the VIRUS-P Investigation of the eXtreme
ENvironments of Starbursts (VIXENS, [18]), is focused on the
study of starburst/interacting systems.Herewe describe these
observing campaigns, their goals, and some recent scientific
results that have come out of them.

3.4.1. VENGA: The VIRUS-P Exploration of Nearby Galaxies.
VENGA uses the Mitchell Spectrograph to map the disks of
30 nearby spiral galaxies which span a wide range in Hubble
type, star formation activity, morphology, and inclination.
The Mitchell Spectrograph data can be used to produce 2D
maps of the star formation rate, dust extinction, electron
density, stellar population parameters, the kinematics and
chemical abundances of both stars and ionized gas, and other
physical quantities derived from the fitting of the stellar spec-
trum and the measurement of nebular emission lines. The
goal of VENGA is to measure relevant physical parameters
across different environments within these galaxies, allowing
a series of studies on star formation, structure assembly,
stellar populations, chemical evolution, galactic feedback,
nuclear activity, and the properties of the interstellar medium
in massive disk galaxies.

The survey strategy and data processing methods are
thoroughly described in Blanc et al. [29]. The VENGA dat-
acubes have 5.6 FWHMspatial resolution and ∼5 Å FWHM
spectral resolution, sample the 3600 Å–6800 Å range, and
cover large areas typically sampling galaxies out to ∼0.7𝑅

25

.
The VENGA sample together with the fields covered by the
Mitchell Spectrograph is shown in Figure 5.

VENGA has produced a series of scientific results regard-
ing the properties of the ISMand the process of star formation
in nearby spirals. These include the studies on the SFL in
NGC 5194 and the 𝑋CO gradient in NGC 628 discussed in
Section 3.3 [16, 17]. In the near future a series of studies
addressing the chemical composition and the kinematics of
the ionized gas in nearby spirals are expected to be published.

3.4.2. VIXENS: VIRUS-P Investigation of the Extreme Envi-
ronments of Starbursts. The VIXENS survey [18] uses the
Mitchell Spectrograph to map 15 nearby infrared bright
(𝐿 IR > 3×10

10

𝐿
⊙

) starburst/interacting galaxies.The sample
covers a wide range of interaction stages, from early (close
pairs) to late phases (coalesced systems with multiple nuclei)
with mass ratios in the 1/3 < 𝑀

1

/𝑀
2

< 1/1 range. All the
objects possess a wealth of ancillary data including Spitzer
24𝜇m, GALEX far-UV, and existing 12CO(1-0) and HI
maps. The VIXENS sample is shown in Figure 6. A parallel
campaign to map high density molecular gas tracers (e.g.,
HCN(1-0), HCO+(1-0), and HNC(1-0)) for the VIXENS
sample is being conducted with the Nobeyama 45m and
IRAM 30m telescopes as well as with the CARMA array.
VIXENS will explore the relation between the star formation
rate and gas content on spatially resolved scales of ∼0.2–1 kpc

in starburst/interacting galaxies as a function of interaction
phase [18, 97].

4. VIRUS and HETDEX: A Look
into the Future

As mentioned in Section 1 the Hobby-Eberly Telescope
Dark Energy Experiment (HETDEX) will use the VIRUS
instrument to conduct a blind spectroscopic survey covering
an effective area of ∼90 degrees2. While the main goal of
HETDEX is to detect Ly𝛼 emitters at high redshift (2 <

𝑧 < 3.5), large numbers of lower redshift objects, including
nearby galaxies andMWstars, will fall in the survey footprint.
HETDEX will reach a depth in continuum of 𝑚AB = 22.6

(21.5, 20.7) at S/N = 3 (5, 10) per fiber per resolution element.
VIRUS observes in the 3500–5500 Å range, has a resolving
power of 𝑅 = 700, and a spatial resolution given by the
1.5 diameter fiber size. Given these parameters, 𝑔 < 17

spiral galaxies will typically have S/N > 3 continuum detec-
tions per resolution element per fiber out to 2 effective radii
and emission line spectra out to at least their optical radius.
HETDEX will spatially resolve ∼4500 local galaxies down
to that limit without any photometric preselection, and an
additional ∼10000 local galaxies will have spatially resolved
(i.e., 𝐷

25

> 5
) spectroscopy below that limit 17 < 𝑔 < 19

(Niv Drory private communication). At g = 19HETDEXwill
still obtain integrated galaxy spectra at S/N = 10 per resolu-
tion element in the continuum.These parameters and the lack
of photometric pre-selection make HETDEX very com-
petitive and complimentary with ongoing and future surveys
like SAMI [98] and MANGA (http://www.sdss3.org/future/
manga.php), although science applications will be con-
strained to the restricted blue wavelength range of VIRUS.

The spatially resolved absorption and emission spectra
will provide information on star formation and dust extinc-
tion, the ISM chemical abundance and ionization state, and
the properties of stellar populations, as well as rotation
curves for an unbiased galaxy sample unprecedented in
size. A wealth of information regarding a galaxy’s formation
history is encoded in the spatial distribution (mostly gradi-
ents) of these properties within galaxies, so moving beyond
single-fiber (SDSS-like) spectra for large samples of spatially
resolved galaxies opens a new parameter space for future
studies of galaxy formation and evolution.

5. Conclusions

TheMitchell Spectrograph has proven to be a unique instru-
ment for studying nearby galaxies. It is characterized by its
large FOV and its high sensitivity to low surface brightness
emission which make it an extremely efficient tool to observe
extended sources. As I have reviewed throughout this article,
the instrument has produced a large number of scientific
results regarding the properties of nearby galaxies and the
physical processes involved in the formation and evolution
of their components, including their stars, ISM, dark matter
halos, and central SMBHs.
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Figure 5: Digital Sky Survey cutouts of the 30 galaxies in the VENGA sample. The targets are ordered by Hubble type (taken from RC3, de
Vaucouleurs et al. [94–96]) from earlier to later. White boxes show the VIRUS-P 1.7



× 1.7
 pointing observed on each galaxy. Taken from

Blanc et al. [29].
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Figure 6: SDSS RGB (i,r,g) images of the VIXENS interacting galaxy sample. White boxes show the Mitchell Spectrograph field of view and
the yellow lines indicate a scale of 10 kpc. Taken from Heiderman et al. [18].

The commissioning of the Mitchell Spectrograph on
the McDonald 2.7m telescope has boosted the scientific
output of this facility enormously. Wide field integral field
spectrographs are extremely powerful scientific instruments
for small and medium sized telescopes. The Mitchell Spec-
trograph and similar instruments in its category have shown
during the last decade that relatively modest investments
in advanced instrumentation can turn a relatively small
telescope into a competitive forefront facility with unique
capabilities. Given the difficulties being faced by scientific
funding agencies across the world and the current prospects
for small optical facilities in the US, this is a very important
concept to keep in mind.

Beyond single IFU spectrographs, more ambitious
projects like HETDEX andMANGAwill soon begin to move
the IFU business into the “large data” era. Spatially resolved
spectroscopy for tens of thousands of galaxies will soon be
available to us. An enormous effort is currently underway
to develop the tools necessary to digest and analyze these
enormous datasets. While these projects will undoubtedly
have an enormous impact on our understanding of galaxies,
more detailed studies on smaller numbers of sources for
which high spatial resolution, high S/N, full multiwavelength
datasets are available will continue to provide a reference
point to interpret the statistical results coming out of big
surveys. On all fronts integral field spectroscopy is becoming
a widely used technique and it is providing an invaluable
contribution to the field of galaxy astrophysics.
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We review the results from our studies, and previous published work, on the spatially resolved physical properties of a sample of H
ii/BCD galaxies, as obtainedmainly from integral-field unit spectroscopy with Gemini/GMOS and VLT/VIMOS.We confirm that,
within observational uncertainties, our sample galaxies show nearly spatially constant chemical abundances similar to other low-
mass starburst galaxies. They also show He ii 𝜆4686 emission with the properties being suggestive of a mix of excitation sources
and withWolf-Rayet stars being excluded as the primary ones. Finally, in this contribution, we include a list of all H ii/BCD galaxies
studied thus far with integral-field unit spectroscopy.

1. Introduction

The concept of compact galaxies was introduced by Zwicky
[1], who has described them as “galaxies barely distinguish-
able from stars” on the Palomar Sky Survey plates. The
term blue compact dwarf (BCD) galaxies [2] identify those
objects that show low luminosity, small linear dimensions,
strong emission lines superposed on a blue continuum, and
spectral properties that indicate low chemical abundances.
BCDs form a subset of H ii galaxies, a large number of which
have been identified on objective prism surveys by [3–6]
by the presence of strong emission lines, similar to Giant
H ii regions (GH iiRs) in our galaxy. Here, we will refer to
H ii/BCD galaxies as objects with a metallicity 7.0 ≤ 12 +
log(O/H) ≤ 8.4 (e.g., [7]), low luminosity (𝑀

𝐵

≳ −18),
and gas-rich objects (e.g., [8]) undergoing vigorous starburst
activity in a relatively small physical size (≲1 Kpc). The
star forming component, in these objects, typically contains
multiple knots of star-formation with unresolved ensembles
of young star clusters (e.g., [9, 10]). The hypothesis of these
systems being young, forming their first generation of stars,
has been discarded by the detection of an evolved underlying
stellar host with an age >1 Gyr, in the majority of the nearby
H ii/BCDpopulation (e.g., [11, 12]). Figure 1 shows the optical

spectrum of the galaxy Tol 2146-391 obtained using integral
field unit (IFU) observations with Gemini/GMOS. In this
figure, we label the most important emission lines used
in our studies, in particular, the strong Balmer hydrogen
recombination lines and collisionally excited emission lines,
such as [O ii] 𝜆𝜆3726,3729, [O iii] 𝜆4363, [O iii] 𝜆5007,
[S ii] 𝜆𝜆6717,6731, and [N ii] 𝜆6584, which have been used
for the determination of physical conditions (e.g., electron
temperature and density) and chemical abundances (e.g.,
oxygen, nitrogen, etc.).We also detect in some of our galaxies
the high-ionization emission line He ii 𝜆4686.

Although progress has been made in this field, important
unsolved questions remain with regard to the mode of star
formation (e.g., quasicontinuous versus fluctuating), and
the triggering mechanism of ongoing starburst activity in
H ii/BCDs. It has been suggested [10] that the cluster forma-
tion efficiency is lower in compact H ii/BCD galaxies than
the one found in more luminous galaxies. These luminous
systems generally show an irregular outer shape and kine-
matical signatures of merging in their interstellar medium
(ISM). In some cases, the formation of star cluster complexes
occurs coevally [10], whereas in others star formation occurs
in a propagating manner [13, 14]. In any case, the mechanism
whichmay trigger the current star formation in these galaxies
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Å
−
1
)

[O
iii

]𝜆
43

63

(a)

Tol 2146-391 R600

5500 6000 6500

Chip
Gap

Chip
Gap

4

3

2

1

0

Rest frame wavelength (Å)
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Figure 1: Integrated spectra of the H ii/BCD galaxy Tol 2146-
391. Top panel: blue spectrum (grating B600). Bottom panel: red
spectrum (grating R600).

is not well understood; in particular the relative importance
of intrinsic and environmental properties remains a subject
of investigation.

Another important issue is the chemical and kinematical
imprints of star cluster formation and evolution on the
spatially resolved properties of the ISM inH ii/BCD galaxies.
As a natural consequence of star formation driven feedback,
the newly synthesized elements will be dispersed and mixed
across the ISM via hydrodynamic mechanisms (e.g., [15]),
leading to chemical homogeneity in the oxygen abundance [16,
17] of H ii/BCD galaxies (e.g., [18] and references therein).
The nitrogen-to-oxygen ratio N/O has also been found to be
rather constant (log(N/O) ≃ −1.6; [19–21]) at low metallicity
(12 + log(O/H) ⩽ 7.6), suggesting primary production
by massive stars [21] as the main contribution to nitrogen
enrichment at those very low metallicities. A small fraction
of H ii/BCD galaxies fall in this very low metallicity regime
[22] and are commonly referred to as extremely metal-
poor (XMP) galaxies or XMP BCDs. These galaxies are the
best nearby candidates for cosmologically young objects, as
various arguments imply that they have formed most of their
stellar mass in the past 1–3Gyr [14, 23]. At intermediate
metallicity (7.6 ≤ 12 + log(O/H) ≤ 8.3), the large observed
spread in N/O has been attributed mainly to the loss of
heavy elements via galactic winds [24], and/or to the delayed
release of nitrogen by intermediate and/or massive stars and
oxygen bymassive stars [19, 25]. However, the delayed-release
scenario cannot explain the presence of some H ii/BCD

galaxies with a high N/O ratio at low metallicities. The most
plausible explanation for the high N/O ratio observed in
these objects is the chemical pollution of the ISM by nitrogen
released by massive Wolf-Rayet (WR) stars as is, apparently,
the case of the well-studied BCD NGC 5253 [26–29]. Finally,
at higher metallicities (12 + log(O/H) ≥ 8.3), the N/O ratio
clearly increases with increasing oxygen abundance and the
nitrogen content is mainly due to secondary production by
intermediate-mass stars.

So far, an increasing number of H ii/BCD galaxies has
been studied with IFU spectroscopy (see Table 1 where we
provide an overview of the literature) with the main focus
on the spatial properties of the ISM. Recently, we have
started a program investigating with IFU spectroscopy the
physical conditions in the ISMof themost compactH ii/BCD
galaxies, laying special emphasis on the extinction patterns,
emission line ratios, oxygen and nitrogen abundances, kine-
matics and the relation to the intrinsic properties of star
formation as well as possible evolutionary effects [18, 33].
To this end, we observed a sample of H ii/BCD galaxies
using the GMOS-IFU onGemini South andNorth and, more
recently, with VLT/VIMOS. The GMOS-IFU observations
were performed using the gratings B600 and R600 in one slit
mode, covering a total spectral range from ∼3000 to ∼7230 Å.
This observational setup provides a pattern of 500 hexagonal
elements with a projected diameter of 0.2, covering a total
3


.5 × 5
 field of view (FoV). The VIMOS-IFU observations

were obtained using the gratings HR blue and HR orange
covering a spectral range from ∼3710 to ∼7700 Å. Our data
yield a scale on the sky of 0.33 per fiber and cover a FoV
of 13 × 13. In Figure 2, we show the g-band acquisition
image of the XMP BCD galaxy HS2236+1344, in which we
indicated the total field of view of 4 × 8 and the H𝛼 map
of the galaxy obtained from the composition of two different
pointings with GMOS-IFU. In Figure 3, we show the H𝛼
emission linemap of the galaxies UM461 and Tol 65 obtained
using VIMOS-IFU. Table 2 lists the general parameters of our
sample of galaxies.

This contribution is organized as follows: the metallicity
content and the spatial distribution of the ISM in our sample
galaxies are described in Section 2, and in Section 3, we
discuss the high-ionization emission line He ii 𝜆4686 and its
relationship to the properties of the ISM. Finally, in Section 4,
we summarize our results and conclusions.

2. The Metal Content in the ISM of
H ii/BCD Galaxies

Using the reddening corrected emission line intensities of
the spectra of each one of the spaxels, we can derive the
physical conditions (electron temperature and density) and
the chemical abundances (O and N) across the ISM of the
galaxies. We calculate oxygen abundances in regions where
the [OIII] 𝜆4363 emission line has been detected assuming
O/H = O+/H+ + O++/H+, while nitrogen abundances are
obtained assuming N/H = ICF(N) × N+/H+, with ICF(N)
denoting the ionization correction factor (O+ + O+2)/O+.
For the sake of illustration, in Figure 4, we show the spatial
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Table 1: H ii/BCD galaxies with published IFU observations. The list could be incomplete and does not include Fabry-Perot observations.
Redshift distances obtained from NED assuming 𝐻

0

= 73 km s−1Mpc−1. 𝑀
𝐵

computed from the tabulated values of 𝑚
𝐵

obtained from
HyperLeda.

Name Coordinates (J2000) Distance (Mpc) 𝑀
𝐵

(mag) Reference Instrument
IC 10 00 : 20 : 17.3 +59 : 18 : 14 0.8 −12.73 [30] PMAS
Haro 11 00 : 36 : 52.7 −33 : 33 : 17 84.6 −20.30 [31] FLAMES
Tol 0104−388 01 : 07 : 02.2 −38 : 31 : 51 91.6 — [32, 33] GMOS-IFU
Mrk 996 01 : 27 : 35.5 −06 : 19 : 36 22.2 −16.56 [34] VIMOS-IFU
HS0128+2832 01 : 31 : 21.3 +28 : 48 : 12 66.3 — [35] PMAS
UM 408 02 : 11 : 23.4 +02 : 20 : 30 49.3 −15.76 [18, 36] GMOS-IFU
UM 420 02 : 20 : 54.5 +00 : 33 : 24 240.1 −21.19 [37] VIMOS-IFU
Mrk 370 02 : 40 : 29.0 +19 : 17 : 50 10.8 −16.40 [38] INTEGRAL
SBS 0335−052 03 : 37 : 44.0 −05 : 02 : 40 55.6 −16.77 [39, 40] SINFONI, FLAMES
IIZw 33 05 : 10 : 48.1 −02 : 40 : 54 38.81 −18.45 [41] VIRUS-P
IIZw 40 05 : 55 : 42.6 +03 : 23 : 32 10.8 −16.69 [42, 43] SINFONI, GMOS-IFU
Haro 1 07 : 36 : 56.7 +35 : 14 : 31 51.9 −21.02 [41] VIRUS-P
He 2−10 08 : 36 : 15.1 −26 : 24 : 34 12.0 −17.93 [44, 45] FLAMES, SINFONI
HS0837+4717 08 : 40 : 29.9 +47 : 07 : 10 172.4 −18.15 [35] PMAS
Mrk 1418 09 : 40 : 27.0 +48 : 20 : 15 10.6 −16.27 [46] PMAS
Mrk 407 09 : 47 : 47.6 +39 : 05 : 03 21.8 −16.50 [47] PMAS
Mrk 409 09 : 49 : 41.2 +32 : 13 : 16 21.2 −17.11 [48] PMAS
Tol 1004−296 10 : 06 : 33.4 −29 : 56 : 05 15.3 −17.56 [39] SINFONI
Mrk 32 10 : 27 : 02.0 +56 : 16 : 14 11.4 −14.20 [47] PMAS
Mrk 35 10 : 45 : 22.4 +55 : 57 : 37 12.9 −17.33 [38] INTEGRAL
Mrk 178 11 : 33 : 28.9 +49 : 14 : 14 3.4 −13.25 [49] INTEGRAL
UM 448 11 : 42 : 12.4 +00 : 20 : 03 76.3 −19.93 [50] FLAMES
Mrk 750 11 : 50 : 02.7 +15 : 01 : 23 10.3 −14.30 [47] PMAS
UM 462 11 : 52 : 37.2 −02 : 28 : 10 14.5 −16.20 [37] VIMOS-IFU
Mrk 206 12 : 24 : 17.0 +67 : 26 : 24 18.0 −15.90 [47] PMAS
NGC 4670 12 : 45 : 17.1 +27 : 07 : 31 14.7 −17.68 [41] VIRUS-P
NGC 5253 13 : 39 : 55.9 −31 : 38 : 24 5.6 −17.68 [29, 45, 51, 52] SINFONI, FLAMES, GMOS-IFU
Tol 1434+032 14 : 37 : 08.9 +03 : 02 : 50 23.4 −14.94 [47] PMAS
Mrk 475 14 : 39 : 05.4 +36 : 48 : 22 8.0 −13.10 [47] PMAS
IIZw 70 14 : 50 : 56.5 +35 : 34 : 18 16.2 −16.28 [53] PMAS
I Zw 123 15 : 37 : 04.2 +55 : 15 : 48 9.1 −14.35 [47] PMAS
Mrk 297 16 : 05 : 13.0 +20 : 32 : 32 65.0 −20.60 [38] INTEGRAL
I Zw 159 16 : 35 : 21.0 +52 : 12 : 52 37.0 −17.19 [47] PMAS
Tol 2146−391 21 : 49 : 48.2 −38 : 54 : 09 120.7 — [32, 33] GMOS-IFU
HS2236+1344 22 : 38 : 31.1 +14 : 00 : 30 84.5 — [54] GMOS-IFU
Mrk 314 23 : 02 : 59.2 +16 : 36 : 19 28.5 −18.20 [38, 41] INTEGRAL, VIRUS-P
III Zw 102 23 : 20 : 30.1 +17 : 13 : 32 22.4 −18.81 [38, 41] INTEGRAL, VIRUS-P
Mrk 930 3 : 31 : 58.3 +28 : 56 : 50 75.2 — [35] PMAS

distribution of 12 + log(O/H) in the GMOS-IFU FoV of the
galaxy Tol 2146-391. We can see in this figure that, despite a
slight depression in the inner part of the galaxy, the oxygen
abundance appears to be uniform across the galaxy (see
Figure 18 in [33]). In [36], we compare the spatial distribution
of 12 + log(O/H), found in [18], with the position of the
star cluster/complexes detected in the galaxy UM 408 by [10]
using high resolution near-IR K

𝑝

-band images. We found
that the variation of the observed data points (see Figure 9
in [18] and Figure 1 in [36]) may not be statistically signif-
icant, indicating that these regions have identical chemical

properties within the errors. It is interesting to note that we
observed a marginal gradient of decreasing abundance from
the center outward in UM 408, indicating that the highest
abundance values are found near the peak of H𝛼 emission
and extinction c(H𝛽), and coincident with the position of the
brightest star cluster/complex [10]. In any case, the absence
of chemical overabundances in the ISM of UM 408, Tol 2146-
391, Tol 0104-388, andHS2236+1344 and in the dwarf galaxies
studied in the literature (e.g., [16, 17, 57–60]) indicates that the
population of young star clusters is not producing localized
oxygen overabundances. The most likely explanation for this
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Table 2: General parameters of our studied galaxies.

Name Coordinatesa (J2000) 𝐷 (Mpc)a 𝑀
𝐵

b (mag) 12 + log (O/H) Instrument
Tol 0104−388 01 : 07 : 02.2 −38 : 31 : 51 91.6 — 8.02 [33] GMOS-IFU
UM 408 02 : 11 : 23.4 +02 : 20 : 30 49.3 −15.76 7.87 [18] GMOS-IFU
Mrk 600 02 : 51 : 04.6 +04 : 27 : 14 13.8 −15.38 7.88 [55] VIMOS-IFU
UM 461 11 : 51 : 33.3 −02 : 22 : 22 14.2 −14.36 7.72 [56] VIMOS-IFU
Tol 65 12 : 25 : 46.9 −36 : 14 : 01 38.5 −15.44 7.53–7.56 [55] VIMOS-IFU
Tol 2146−391 21 : 49 : 48.2 −38 : 54 : 09 120.7 — 7.82 [33] GMOS-IFU
HS2236+1344 22 : 38 : 31.1 +14 : 00 : 30 84.5 — 7.55 [54] GMOS-IFU
aObtained from NED.
bObtained from HyperLeda.
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Figure 2: GMOS-IFU observation of the XMP galaxy
HS2236+1344. Left: g-band acquisition image of the galaxy.
The rectangle indicates the total field of view of 4 × 8 obtained
from the composition of two different pointings with GMOS-IFU.
Right: H𝛼 map of the galaxy. log F(H𝛼) in units of ergs cm−2 s−1.
Further details will be presented in a forthcoming paper [54].

is that metals formed in the current star-formation episode
reside in a hot gas phase (T ∼ 107 K; [15]); thus, they
are not observable in optical wavelengths, whereas metals
from previous star formation events are well mixed and
homogeneously distributed through the whole galaxy. In Tol
2146-391, the 12+ log(N/H) radial distribution shows a slight
decrease with radius. This would argue in favor of heavy
elements being produced in a previous burst of star formation
and dispersed within the ISM by starburst-driven supershells
[33], while the depressed central region could be attributed to
radial inflow of relatively low metallicity gas from large radii
to the center, thus diluting the abundance of the gas in the
nuclear region.

Regarding the integrated properties of the galaxies, [61–
63] suggest that there is a dependence between N/O and
the EW(H𝛽), in the sense of an increasing N/O ratio with
decreasing EW(H𝛽). Izotov et al. [61] argues that this trend
is naturally explained by nitrogen ejection fromWR stars. In
the following analysis, we mainly concentrate on the spatially
resolved physical properties of the ISM in individual galaxies

and their possible relation to the star formation process (e.g.,
the star formation history, burst parameter, and WR star
content). In Figure 5 (see [33]), we show the log(N/O) versus
EW(H𝛽) and 12 + log(O/H) versus log(N/O) for all spaxels
of the galaxies Tol 0104-388 and Tol 2146-391. From that
figure, it can be seen that the EW(H𝛽) values are rather
constant, with a very small variation of equivalent widths as
the N/O ratio increases. A comparison of log(N/O) versus
12+log(O/H) in Tol 2146-391 (Figure 3(b)) reveals that the log
(N/O) values increase with the 12+ log(O/H).This data point
distribution has similar patterns to those found in H ii/BCD
galaxies by [21] of increasing N/O ratios with respect to the
oxygen abundance. The inner region of Tol 2146-391 (near
the peak of H𝛼) presents N/O ratios which are larger than
those expected by pure primary production of nitrogen. This
might be a signature of time delay between the release of
oxygen and nitrogen [17], or gas infall or outflow. In any case,
for the metallicity of Tol 2146-391 purely secondary nitrogen
enrichment appears implausible. In the case of HS2236+1433,
we reported in [54] evidence for a highN/O ratio in one of the
three GH iiRs of the galaxy. But again, the spatial distribution
of these abundances, at large scales, leads us to consider that
oxygen and hydrogen are well mixed and homogeneously
distributed over the ISM of the galaxy.

In summary, the results obtained in our studies suggest
that the chemical properties (O,N andN/O) acrossH ii/BCD
galaxies are fairly uniform, although a slight gradient of O
and N is observed in the ISM of UM 408 and Tol 2146-
391, respectively. We suggest that global hydrodynamical
processes, such as starburst-driven supershells or/and inflow
of gas might be governing the transport andmixing of metals
across these galaxies, keeping the N/O ratio constant through
the ISM at large scales [33, 35].

3. The High Ionization Emission
Line He ii 𝜆4686

The origin of high-ionization emission lines, such as [Ne V]
𝜆3426, [Fe V] 𝜆4227, and He ii 𝜆4686, in starburst and
H ii/BCDgalaxies has been a subject of study in the last years,
given that photoionization models of H ii regions generally
fail to reproduce the observed intensities of these lines (see,
e.g., [64]). Several mechanisms for producing hard ionizing
radiation have been proposed in the literature, such as WR
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stars [65], primordial (zero-metallicity) stars, high-mass X-
ray binaries (HMXB; [66]), radiative shocks [67], and O stars
at low metallicity [62]. In [33, 54], we studied with GMOS-
IFU the spatial distribution of He ii 𝜆4686 in the compact
H ii galaxies Tol 0104-388 and Tol 2146-391 and in the XMP
BCD galaxy HS2236+1344, respectively, in order to gain
insights into the nature of their hard ionization radiation and
its possible dependence on the properties of the ISM [64, 66].

Based on a spaxel-by-spaxel analysis, instead of the
integrated properties of the galaxies (see Figure 15 in [33]),
our results indicate that the spatial distribution of He ii
𝜆4686 relative to H𝛽 does not depend on the EW(H𝛽),
oxygen abundance, or log(N/O). In particular, the oxygen
abundance appears to be constant through the whole
extent of our sample galaxies, as already is observed in
other H ii/BCD galaxies (e.g., [18]; and references therein).
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The opposite trend is found if we consider the integrated
spectra of galaxies, in the sense that this emission line is
stronger in galaxies at low metallicity [61]. The lack of a
relationship between the hardness of the ionizing radiation
and the EW(H𝛽), or age, [68] suggests that the presence
of high-ionization lines, in particular He ii 𝜆4686, is not
due to a single excitation mechanism. For instance, in [69],
it was found for a sample of galaxies, with detected and
non-detected WR features, the same dependence of I (He ii
𝜆4686)/I(H𝛽) on the EW(H𝛽). This indicates that WR stars
are not the sole origin of He ii 𝜆4686 in star-forming regions
(see also [70]). In galaxies with detected WR stars, the He ii
𝜆4686 commonly appears to not be coincident with the
location of the WR bumps (e.g., Mrk 178) and these stellar
features are not always seen when nebular He ii is observed
(e.g., Tol 2146-391, HS2236+1344, Tol 65). The spatial offset
betweenWR stars andHe ii 𝜆4686, inMrk 178, is interpreted
by [49] as an effect of the mechanical energy injected by WR
star winds, so WR stars are not ruled out as the main source
of the observed He ii 𝜆4686 in that galaxy. An examination
of individual spaxels in our data cubes, and also in the
integrated spectra of our sample galaxies (e.g., Figure 1 in
this contribution), does not reveal any clear stellar WR
features. In the case of the XMP BCD galaxy HS2236+1344,
we detected the He ii 𝜆4686 emission line in only one of

the GH iiRs of the galaxy (the brightest one). In this galaxy,
the He ii 𝜆4686 line appears to be excited through point
sources within a compact volume which, interestingly, does
not coincide with the position where a high N/O abundance
ratio has been observed. We discuss, in [54], the possibility
that the He ii 𝜆4686 emission line, in HS2236+1344, is asso-
ciated with WR stars, high-mass X-ray binaries (HMXBs),
O stars at low metallicities, and/or a low-luminosity Active
Galactic Nucleus. However, since clear WR features have not
been detected in that galaxy, WR stars are excluded as the
primary excitation source of He ii 𝜆4686 emission.

4. Conclusions

As far as the spatial distribution of oxygen abundances is
concerned, we did not detect localized overabundances in
any of our sample galaxies. However, we found evidence
for a marginal negative radial abundance gradient, with the
highest abundances seen at the position of the brightest star
cluster complexes (peak of H𝛼 emission), in the H ii/BCD
galaxy UM 408 at least. If real, the slight trend for an
increasing 12 + log(N/H) abundance, in the galaxy Tol 2146-
391, suggests rapid self-enrichment by the freshly produced
heavy elements in the present starburst on scales of hundreds
of pc, or, alternatively, metal pollution by a previous star
formation episode. In any case, the oxygen and nitrogen
appear to be well mixed across the ISM of H ii/BCD galaxies,
suggesting efficient transport by expanding starburst-driven
supershells and/or gas infall from the halo.

Our spectroscopic IFU studies suggest a mixture of com-
pact sources as the main excitation source for localized
He ii 𝜆4686 emission in H ii/BCD galaxies, without clear
WR signatures, with WR stars probably being of secondary
importance. In the galaxy Tol 2146-391, we favor the idea
of extended He ii 𝜆4686 emission being primarily due to
radiative shocks in the ISM.
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A new generation of wide-field emission-line surveys based on integral field units (IFU) is allowing us to obtain spatially resolved
information of the gas-phase emission in nearby late-type galaxies, based on large samples of HII regions and full two-dimensional
coverage. These observations are allowing us to discover and characterise abundance differentials between galactic substructures
and new scaling relations with global physical properties. Here I review some highlights of our current studies employing this
technique: (1) the case study of NGC 628, the largest galaxy ever sampled with an IFU; (2) a statistical approach to the abundance
gradients of spiral galaxies, which indicates a universal radial gradient for oxygen abundance; and (3) the discovery of a new scaling
relation of HII regions in spiral galaxies, the local mass-metallicity relation of star-forming galaxies. The observational properties
and constrains found in local galaxies using this new technique will allow us to interpret the gas-phase abundance of analogue
high-z systems.

1. Introduction

The study of the interstellar medium (ISM), like many other
areas of astrophysics, has undergone a remarkable accelera-
tion in the flow of data over the last few years. Large surveys
such as the 2dFGRS [1], SDSS [2], GEMS [3], or COSMOS [4],
to name a few, have revolutionised our understanding of the
Universe and its constituents as they have enabled us to study
the global properties of a large number of objects, allowing
for meaningful statistical analysis to be performed, together
with a broad coverage of galaxy subtypes and environmental
conditions.

The nebular emission arising from extragalactic objects
has played an important role in this new understanding.
Nebular emission lines have been, historically, the main tool
at our disposal for the direct measurement of the gas-phase
abundance at discrete spatial positions in low redshift galax-
ies.They trace the young,massive star component in galaxies,
illuminating and ionizing cubic kiloparsec-sized volumes of
ISM. Metals are a fundamental parameter for cooling mech-
anisms in the intergalactic and interstellar medium, star-
formation, stellar physics, and planet formation. Measuring

the chemical abundance in individual galaxies and galactic
substructures, over a wide range of redshifts, is a crucial step
to understanding the chemical evolution and nucleosynthesis
at different epochs, since the heavy atomic nuclei trace
the evolution of past and current stellar generations. This
evolution is dictated by a complex array of parameters,
including the local initial gas composition, star-formation
history (SFH), gas infall and outflows, radial transport and
mixing of gas within discs, stellar yields, and the initial
mass function. Although it is difficult to disentangle the
effects of the various contributors, determinations of current
elemental abundance constrain the possible evolutionary
histories of the existing stars and galaxies, and the interaction
of galaxies with the intergalactic medium. The details of
such a complex mechanism are still observationally not
well established and theoretically not well developed and
threaten our understanding of galaxy evolution from the early
Universe to the present day.

The relevance of the study of the ISM in the local Universe
cannot be underestimated, since it actually constitutes the
bases of the methods and calibrations employed to derive
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abundance and their relations with global galaxy parame-
ters in high redshift galaxies (e.g., [5, 6]), objects that are
typically solely identifiable by their emission line spectra.
Nearby galaxies offer a unique opportunity to study the
SFH-ISM coupling on a spatially resolved basis, over large
dynamic ranges in gas density and pressure, metallicity, dust
content, and other physically relevant parameters of gas and
dust. However, most of the observations targeting nebular
emission in nearby galaxies have beenmadewithmultibroad-
band and narrow-band imaging in the optical and near-
infrared, or single-aperture or long-slit spectrographs, result-
ing in samples of typically a dozen or fewer HII regions
per galaxy. These observations have been used to derive
the properties of their dominant stellar populations, gas
content, and kinematics (e.g., [7–9]). Nevertheless, despite
many efforts, it has been difficult to obtain a complete picture
of the main properties of these galaxies, especially those ones
that can only be revealed by spectroscopic studies (like the
nature of the ionization and/or the metal content of the gas).
This is because previous spectroscopic studies only sampled
a very few discrete regions in these complex targets (e.g.,
[10, 11]), or used narrow-band imaging of specific fields to
obtain information of star-forming regions and the ionized
gas (e.g., [9]), and in many cases they were sampling very
particular types of regions [12–15]. Integrated spectra over
large apertures were required to derive these properties in
a more complete way (e.g., drift-scanning, [16]), but even in
these cases, only a single integrated spectrum is derived, and
the spatial information is lost.

On the other hand, although large spectroscopic surveys
like the 2dFGRS or the SDSS do provide a large number
of objects sampled and vast statistical information, they are
generally limited to one spectrum per galaxy, thus missing
all the radial information and spatially resolved properties
of the galaxy. These surveys have been successful to describe
the integrated properties and relations of a large number of
galaxies along a wide redshift range. But galaxies are complex
systems not fully represented by a single spectrum or just
broad band colours. Disc and spheroidal components are
structurally and dynamically different entities with different
SFH and chemical evolution. A main drawback of this tech-
nique is that it leads to aperture bias that is difficult to control,
as the area covered to integrate the spectra corresponds to
different physical scales at different redshifts (e.g., SDSS),
and also the physical mechanisms involved in ionizing the
gas may be very different within the sampled area, as this
would include regions with emission due to diffuse ionized
gas (DIG), shocks, or AGN/LINER activity.

The advent of Multi-Object Spectrometers (MOS) and
Integral Field Spectroscopy (IFS) instruments with large
fields of view (FoV) now offers us the opportunity to
undertake a new generation of surveys, based on a full two-
dimensional (2D) coverage of the optical extent of nearby
galaxies. The first application of IFS to obtain spatially
resolved, continuously sampled spectroscopy of certain por-
tions of nearby galaxies was due to the SAURON project
[17, 18]. SAURON was specifically designed to study the
kinematics and stellar populations of a sample of nearby
elliptical and lenticular galaxies.The application of SAURON

to spiral galaxies was restricted to the study of spiral bulges
[19]. However, IFS was rarely used in a “survey mode” to
investigate sizeable samples. There were several reasons for
the lack of a systematic study targeting galaxies in the local
Universe using IFS that could cover a substantial fraction of
their optical sizes. The reasons included small wavelength
coverage, fibre-optic calibration problems, but mainly the
limited FoV of the instruments available worldwide. Most
IFUs have a FoV of the order of arcsec, preventing a good
coverage of the target galaxies on the sky in a reasonable
time, even with a mosaicking technique. Furthermore, in
some cases the emission lines used in chemical abundance
studies were not covered by the restrictedwavelenght range of
the instruments. Moreover, the complex data reduction and
visualisation imposed a further obstacle.

In order to fill this gap, in the last few years we started
a major observational programme aimed at studying the
2D properties of the ionized gas and HII regions in a
representative sample of nearby face-on spiral galaxies using
IFS. The spatially resolved information provided by these
observations is allowing us to test and extend the previous
body of results from small-sample studies, while at the same
time it opens up a new frontier of studying the 2D gas
abundance on discs and the intrinsic dispersion inmetallicity,
progressing from a one-dimensional study (radial abundance
gradients) to a 2D understanding (distributions), allowing us
at the same time to strengthen the diagnostic methods that
are used to measure HII region abundance in galaxies.

Here we present the highlights of our current studies
employing this large spectroscopic database: (1) the case of
NGC628, the largest galaxy ever sampledwith IFS; (2) an IFS-
based statistical approach to the abundance gradients of spiral
galaxies; and (3) the discovery of a new scaling relation of HII
regions in spiral galaxies and how we use it to to reproduce—
with remarkable agreement—the mass-metallicity relation of
star-forming galaxies.

2. A IFS Sample of Nearby Disc Galaxies

The studies here described were performed using IFS data
of a sample of nearby disc galaxies. The observations were
designed to obtain continuous coverage spectra of the whole
surface of the galaxies. They include observations from the
PPAK IFSNearby Galaxies Survey: PINGS [20], and a sample
of face-on spiral galaxies fromMármol-Queraltó et al. [21], as
part of the feasibility studies for the CALIFA survey [22, 23],
a legacy project which aims to observe a statistically complete
sample of ∼600 galaxies in the local Universe; all projects are
carried out at the Centro Astronómico Hispano-Alemán of
Calar Alto, Spain.

PINGS represented the first attempt to obtain continuous
coverage spectra of the whole surface of a representative
sample of late-type galaxies in the nearby Universe. This
first sample includes normal, lopsided, interacting and barred
spirals with a good range of galactic properties and star-
forming environments with available multiwavelength public
data (e.g., see Figure 1).The second sample consists of visually
classified face-on spirals from Mármol-Queraltó et al. [21]
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Figure 1: (a) Examples of the PINGS IFS mosaics, each panel shows a 𝐵-band Digital Sky Survey image of the galaxy with the PPAK mosaic
pointings as overlaid hexagons indicating the FoV of the central fibre bundle. (b) Examples of the face-on spirals drawn from the Mármol-
Queraltó et al. [21] sample of IFS galaxies, each panel shows a colour-composite SDSS image of the galaxy with the PPAK FoV footprint
overlaid.

extracted from the SDSS DR4 imaging sample selecting
galaxies brighter than r < 15.75mag with redshifts in the
range 0.005 < 𝑧 < 0.025 (selection in volume and limiting
magnitude) and from face-on disc galaxies included in the
DiskMass Survey [24] with appropriate sizes to fill the FoV of
the PPAK instrument (angular isophotal-diameter selection,
see below).

Both samples were observed with the PMAS spectro-
graph [25] in the PPAK mode [26, 27] on the 3.5m telescope
in Calar Alto with similar setup, resolutions, and integration
times, covering their optical extension up to ∼2.4 effective
radii within a wavelength range ∼3700–7000 Å. The PPAK
fiber bundle consists of 382 fibers of 2.7 arcsec diameter each.
Of these 382 fibers, 331 (the science fibers) are concentrated
in a single hexagonal bundle covering a field-of-view of 74 ×
64 arcsec2, with a filling factor of ∼60%. The sky background
is sampled by 36 additional fibers, distributed in 6 bundles of
6 fibers each, along a circle ∼72 arcsec from the center of the
instrument FoV.

In the case of PINGS, the observations consisted of IFU
spectroscopic mosaics for 17 spiral galaxies within a maxi-
mum distance of 100Mpc; the average distance of the sample
is 28Mpc (for 𝐻

0

= 73 km s−1Mpc−1). Most of the objects
in PINGS could not be covered in a single pointing with
IFS instruments, so a new observing-reduction technique
had to be developed to perform accurate mosaicking of the
targets. The spectroscopic mosaicking was acquired during
a period of three years and the final data set comprises
more than 50 000 individual spectra, covering in total an

observed area of nearly 80 arcmin2, and an observed surface
without precedents by a IFS study up to that point (the case
study of NGC 628 presented in Section 3 is based in the
data of this survey). For the second sample, the galaxies
were observed over fifteen nights in several observing runs.
The main difference is that, for the latter sample, a single
pointing strategy using a dithering scheme was applied,
while, for the largest galaxies of the PINGS survey, a mosaic
comprising different pointingswas required.This is due to the
differences in projected size, considering the different redshift
range of both samples: the PINGS galaxies correspond to
𝑧 ∼ 0.001–0.003, while, for the face-on spirals, it is 𝑧 ∼
0.01–0.025.Therefore, in both survey samples, the data extent
corresponds to about ∼2 effective radii for all galaxies (The
effective radius is classically defined as the radius at which
one half of the total light of the system is emitted). So the final
sample comprises 38 objects, with a redshift range between
∼0.001 and 0.025. Although this sample is by no means a
statistical subset of the galaxies in the local Universe, it is a
representative sample of face-on, mostly quiescent, and spiral
galaxies at the considered redshift range (see Figure 1).

Data reduction was performed using R3D [31], obtaining
as an output a data cube for each galaxy, with a final spatial
sampling between 1-2 arcsec/pixel, which translates to a linear
physical size between a few hundreds of parsecs to ∼1 kpc.
Using this database we catalogued more than ≈2500 HII
regions with good spectroscopic quality in all 38 galaxies,
representing one of the largest and more homogeneous
2D spectroscopic HII region surveys ever accomplished.
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Figure 2: (a) Spatial map of the fibres within the IFS mosaic of NGC 628 where nebular emission was detected. Blue fibres indicate regions
above a S/N threshold for a proper abundance analysis, and grey fibres correspond to a diffuse emission. The size and position of the fibres
(at real scale) are displayed in the standard NE-positive orientation. The crosshairs mark the central reference point of the IFS mosaic. The
colour intensity of each fibre in the blue sample has been scaled to the flux intensity of H𝛼 for that particular spectrum. (b) Oxygen abundance
map of NGC 628 derived by applying the O3N2 calibrator [28] to the emission line maps of the galaxy. The figure shows a clear gradient in
metallicity, with more abundant regions in the inner part or the galaxy. Figure adapted from Sánchez et al. [29] and Rosales-Ortega et al. [30].

The discussion presented in Sections 4 and 5 is based on these
databases. The primary scientific objectives of these surveys
were to use the 2D IFS observations to study the small and
intermediate scale variation in the line emission and stellar
continuum by means of pixel-resolved maps across the discs
of nearby galaxies, as described in the following sections.

3. NGC 628: A Case Study of IFS-Based
Nebular Emission Studies

NGC 628 (or M 74) is the largest galaxy in projected angular
size (∼10.5 × 9.5 arcmin2, 𝑧 ∼ 0.00219 ∼ 9Mpc) of the
PINGS sample. Due to the large size of NGC 628 compared
to the FoV of the PPAK instrument (72 × 64 arcsec2) a
mosaicking scheme was adopted, employing 34 different
pointings. The initial pointing was centered on the bulge of
the galaxy. Consecutive pointings followed a concentric ring-
shaped pattern, adjusted to the shape of the PPAKbundle (see
Figure 1).The observations of this galaxy spanned a period of
three years. The area covered by all the observed positions
accounts approximately for 34 arcmin2, making this galaxy
the widest spectroscopic survey ever made on a single nearby
galaxy. The spectroscopic mosaic contains 11094 individual
spectra.

With such dimensions, this galaxy allows us to study the
2Dmetallicity structure of the disc, the second order proper-
ties of its abundance distribution, and—as a very important

byproduct—a complete 2D picture of the underlying stellar
populations of the galaxy. Note that the linear physical scale
that a single PPAK fibre samples at the assumed distance
of the galaxy is ∼120 pc. This scale can be compared to the
physical diameter of a well-known HII region in our Galaxy,
that is, the Orion nebula (𝐷 ∼ 8 pc), or to the extent of what
is considered prototypes of extragalactic giant HII regions,
such as 30 Doradus (𝐷 ∼ 200 pc) or NGC 604 (𝐷 ∼ 460 pc).
The area sampled by an individual fibre in the mosaic would
subtend a fraction of a typical giant HII region in NGC 628,
but the same area would fully encompass a number of small
and medium size HII regions of the galaxy (see Figure 2).

The IFS analysis of NGC 628 was taken as a case study
in order to explore different spectra extraction and analysis
methodologies, taking into account the signal-to-noise of the
data, the 2D spatial coverage, the physical meaning of the
derived results, and the final number of analysed spectra.The
analysis performed on this object represents an example of
the potential and extent of studies based on IFS on nearby
galaxies. In the first paper of the series ([29], hereafter
Paper I), we present a study of the line emission and stellar
continuum of NGC 628 by means of pixel-resolved maps
across the disc of the galaxy. This study includes a qualitative
description of the 2D distribution of the physical properties
inferred from the line intensity maps and a comparison of
these properties with both the integrated spectrum of the
galaxy and the spatially resolved spectra. In the second article
([30], hereafter Paper II), we present a detailed, spatially
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resolved spectroscopic abundance analysis, based ondifferent
spectral samples extracted from the area covered by the IFS
observations of NGC 628, and we define a spectra selec-
tion methodology specially conceived for the study of the
nebular emission in IFU-based spectroscopic observations.
This allows us to derive the gas chemistry distribution across
the surface of the galaxy with unprecedented detail. In the
third paper of the series (Sánchez-Blázquez et al., submitted;
hereafter Paper III), we present a stellar population analysis of
the galaxy, after applying spectral inversionmethods to derive
2-dimensional maps of star-formation histories and chemical
enrichment.

In Paper I, spatially resolved maps of the emission line
intensities and physical properties were derived for NGC 628.
Contrary to previous attempts to perform a 2D wide-field
analysis based on narrow-band (or Fabry-Perot) imaging,
which only allowed a basic analysis of the physical parameters
and/or required assumptions on the line ratios included
within individual filters (e.g., H𝛼), the emission line maps
presented in this paper were constructed from individual
(deblended) emission lines at any discrete spatial location
of the galaxy, where enough signal-to-noise was found. This
fact allowed investigating the point-to-point variation of the
physical properties over a considerable area on the galaxy.
Extinction, ionization, and metallicity-sensitive indicator
maps were derived from reddening corrected emission line
maps. In general, they show that the ionized gas in these
spiral galaxies exhibits a complex structure, morphologically
associated with the star-forming regions located along the
spiral arms. The (thermal) ionization is stronger along the
spiral arms, associatedwith theHII regions, andmore intense
in the outer than in the inner ones. Indeed, the surface SFR
is an order of magnitude stronger in the outer HII regions, at
distance larger than ∼100 arcsec (4.5 kpc), than in the inner
ones. Considering that in these outer regions there is a lower
mass density, the growing rate of stellar mass is considerably
larger there than in the inner ones. Therefore, the growth of
the galaxy is dominated by the inside-out process.

The spatially resolved distribution of the abundance
shows a clear gradient of higher oxygen metallicity values
from the inner part to the outer part of the galaxy, and
along the spiral arms (see right-panel of Figure 2). However,
in some instances, the value of the oxygen abundance (and
other physical properties like extinction and the ionization
parameter) varies withinwhat would be considered a classical
well-definedHII region (orHII complex), showing some level
of structure. Indeed, the 2D character of the data allows us to
study the small-scale variation of the spectra within a given
emitting area.The values of the emission line ratiosmeasured
using different extraction apertures vary considerably as a
function of the aperture size, and the scatter of the central
value is larger than the statistical error in the measurements,
reflecting that this might in fact be a physical effect. By
constructing 2Dmaps of the oxygen abundance distributions,
we found that the 2Dmetallicity structure of the galaxy varies
depending on the metallicity calibrator employed in order
to derive the oxygen abundance. Different calibrators find
regions of enhanced log(O/H) at spatial positions which are
not coincident among them. This implies that the use of

different empirical calibrations does not only reflect in a lin-
ear scale offset but may introduce spurious inhomogeneities.
This information is usually lost in a simple radial abundance
gradient, and that might be relevant when constructing a
chemical evolution model based on a particular abundance
determination (see Figure 3).

The emission line maps presented in Paper I proved to be
useful in describing the general 2D properties of the galaxy.
More robust conclusions were presented in Paper II, where
we analysed specific individual regions across the disc of the
galaxy, either by taking individual spectra above as a certain
S/N threshold, or by coadding spectra with the same physical
properties and comparing the results in the 2D context. With
the firstmethodwewere able to identify regions of interstellar
diffuse emission (see left panel of Figure 3), while with the
second we created a classic catalogue of HII regions from
a purely geometrical principle, that is, by coadding fibres
considered to belong to the same morphological region.

Some highlights of this study (which also apply to the rest
of the PINGS galaxies analysed so far) are the following.

(1) Despite the large number of spectra contained in the
original observed mosaic, the final number of fibres
containing analysable spectra of enough signal-to-
noise for a spectroscopic study of the ionized gas
represents only a reduced percentage of the total
number of fibres contained in the full IFS mosaic.
For the particular case of NGC 628, less than 10%
of the total area sampled by the IFU observations is
considered of sufficient quality.

(2) Independently of the abundance calibrator used, the
metallicity distribution of NGC 628 is consistent with
a nearly flat distribution in the innermost regions of
the galaxy (𝜌/𝜌

25

< 0.2), a steep negative gradient for
0.2 ≲ 𝜌/𝜌

25

< 1, and a shallow or nearly constant
distribution beyond the optical edge of the galaxy,
that is, implying a multimodality of the abundance
gradient of NGC 628. The same feature is observed
for theN/O versus𝜌 distribution.The existence of this
feature may be related to the differences in the 2D gas
surface density and star-formation rate between the
inner and outer disc which inhibits the formation of
massive stars in the outer regions, causing a lack of
chemical evolution in the outer disc compared with
the inner regions.

(3) The observed dispersion in the metallicity at a given
radius is neither a function of spatial position, nor due
to low S/N of the spectra, and shows no systematic
dependence on the ionization conditions of the gas,
implying that the dispersion is real and is reflecting a
true spatial physical variation of the oxygen content
(see Figure 3).

(4) The values of the oxygen abundance derived from
the integrated spectrum for each calibrator equal
the abundance derived from the radial gradient at
a radius 𝜌 ∼ 0.4𝜌

25

, confirming for this galaxy
the previous results obtained for other objects, that
is, that the integrated abundance of a normal disc
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Figure 3: (a) Radial abundance gradient derived for NGC 628 based on the PINGS HII region catalogue (green symbols), and HII regions
from the literature (black symbols) using the O3N2 calibrator. The horizontal grey lines correspond to the abundance derived using the
integrated spectrum as reported in Paper I. The top𝑋-axis values correspond to the projected radii in arcsec for the radial average data. Note
the flattening of the gradient for innermost regions of the galaxy and for radii > 𝜌

25

, that is, a multimodality of the abundance gradient. (b) 2D
distribution of the oxygen abundance derived from the IFS H II regions catalogue of NGC 628 (plus selected HII regions from the literature),
for the KK04 (top-left) metallicity calibrators. The shape and colours of the symbols correspond to the difference Δ [12 + log(O/H)] ≡ Δlog
(O/H) between the abundance obtained on each HII region with respect to the characteristic abundance 12 + log(O/H)

𝜌=0.4𝜌25
of the same

calibrator, grouped into bins of 0.0, ±0.1, 0.2 dex (e.g., +0.1 dex = 0.05 ≤ Δlog (O/H) < 0.15). The large symbol in red colour stands for the
location of theHII regionwith themaximum amount of 12 + log(O/H)measured for that calibrator.The grey thick lines define the operational
spiral arms of the galaxy. The dotted circle corresponds to the size of the optical radius 𝜌

25

. Figure adapted from Rosales-Ortega et al. [30].

galaxy correlates with the characteristic gas-phase
abundance measured at 𝜌 ∼ 0.4𝜌

25

.
(5) While trying to find axisymmetric variations of the

metallicity content in the galaxy, we found slight
variations between the central oxygen abundance
and slopes for both the geometrical (quadrants) and
morphological (arms) regions of the galaxy. How-
ever, these small variations fall within the expected
errors involved in strong-line empirical calibrations
(see Figure 4). If the radial trends in the ionization
parameter andmetallicity abundance were somewhat
distinct, this would indicate that, to a certain extent,
the physical conditions and the star-formation his-
tory of different-symmetric regions of the galaxy
would have evolved in a different manner. Likewise,
[32] found no evidence for significant large-scale
azimuthal variations of the oxygen abundance across
the whole disk of M 101 and marginal evidence for
the existence of moderate deviations from chemical
abundance homogeneity in the interstellarmediumof
this galaxy.

In the case of the stellar populations, in Paper III we
derive maps of the mean (luminosity and mass weighted)
age and metallicity that reveal a negative age gradient and
the presence of structures such as a nuclear ring, previously

seen in molecular gas (see Figure 5). The disc is dominated
in mass by an old stellar component at all radii sampled by
the IFS data, while the percentage of young stars increases
with radius, as predicted in an inside-out formation scenario,
where outer parts of the disc formed later due to the
increasing timescales for gas infall with radius.We also detect
an inversion of the metallicity gradient at the very centre of
the galaxy (∼1 kpc), where apparently there exists a ring of
old stars at this distance, with a trend to younger ones at the
very center. Similar results are found in theMilkyWay (MW)
using Open Clusters and Cepheids, that is, a clear bimodal
gradient for the older population, with a flat outer plateau,
and a more continuous gradient for the younger population
(e.g., [33–36]). This behaviour has also been reported in
other galaxies, mostly Sa/S0, where the inner regions of their
bulges present bluer colors, consistent with younger stellar
populations (e.g., [37]).

The relevance of this study regarding the nebular emis-
sion is that the young component shows ametallicity gradient
that is very similar to that of the gas, and that is flatter
than that of the old stars. Although the metallicity gradients
for the young stars and the gas also show a break, this is
much less prominent than for the old stars. The position of
the break is more coincident with the corotation radius of
the oval distortion than that of the spiral pattern, which is



Advances in Astronomy 7

1.5

1.0

0.0

0.0

0.5

0.5

−0.5

−0.5

−1.0

−1.0−2.0 −1.5

lo
g(

[O
 II

I]
𝜆
5
00
7

/H
𝛽

)

log([N II]𝜆6584/H𝛼)

(a)

0.0 0.2 0.4 0.6 0.8 1.0

−2.0

−2.5

−3.0

−3.5

−4.0

−4.5

North spiral arm
South spiral arm

Radius 𝜌/𝜌25
lo

g u

(b)

Figure 4: (a) BPT diagnostic diagram for HII regions coded according to the geometric position (quadrants) with respect to the an arbitrary
axis drawn across the galaxy surface. The locus of different sectors does not show a clear trend or do not populate a clearly visible region on
any diagram, compared to the rest of the quadrants. Points from all the regions are equally distributed within the cloud of points on each
diagnostic diagram, indicating that the emission line ratios of the HII regions are not a function of azimuthal angle across the disc. (b) Radial
gradients of the ionization parameter log 𝑢 for morphologically selected HII regions of NGC 628.The panel shows the log 𝑢 versus 𝜌 relation
for the regions belonging to the north and south spiral arms of the galaxy. The difference between the two spiral arms resides in the slope of
the gradient of log 𝑢, for the north arm, and the values of log 𝑢 increase moderately with galactocentric distance, while, for the south arm,
the ionization parameter increases with a steeper slope, although within the errors of the linear fittings. Figure adapted from Rosales-Ortega
et al. [30].

beyond the radius sampled by our data. We speculate about
the possible origen of this break, the possibilities being due
to star-formation variation with the spiral pattern speed or
that is due to radial mixing produced by either the spiral
arms, the oval distortion, or a coupling of both. We argue
that NGC 628 could represent a good example of secular
evolution due to the presence of a dissolving bar. In this
scenario, the strong bar has funneled large amounts of gas
into the central regions while radial flows induced in the disc
have flattened the O/H gradient. Nuclear starbursts resulting
from the gas sinking into the center contributed to the bulge’s
growth until enough mass was accreted to dissolve the bar by
dynamical instabilities. The oval distortion observed in the
central region could be the remains of the bar. Forthcoming
studies analysing a sample of galaxies with different masses
and showing different morphological features (e.g., bars of
different strength, spiral arms with different morphologies,
etc.) using, for example, the CALIFA survey that will help
to elucidate the importance of the different mechanisms
producing radial mixing in the galaxy discs.

4. Hints of a Universal Abundance Gradient

IFS offers the possibility to analyse and study a single object
in great detail, such as the case of NGC 628 described

above. However, it also offers the unique chance of studying
the spectroscopic properties of thousands of HII regions
in a homogeneous way. We used our catalogue of HII
regions introduced in Section 2 to characterize the radial
trends and the physical properties of the HII regions of
the galaxy sample. However, contrary to the case of NGC
628 where the HII regions on the disc of the galaxy were
basically selected and extracted by-hand, the HII regions
in these galaxies were detected, spatially segregated, and
spectrally extracted using HIIexplorer [39], a new automatic
procedure to detect HII regions, based on the contrast
of the H𝛼 intensity maps extracted from the data cubes.
Once detected, the algorithm provides with the integrated
spectra of each individual segmented region. This change of
paradigm is totally necessary when working with thousands
of HII regions, contrary to the case of a handful of targets
in classic long-slit spectroscopy. We detected a total of 2573
HII regions with good spectroscopic quality. This is by far
the largest spatially resolved, nearby spectroscopic HII region
survey ever accomplished.The emission lines were decoupled
from the underlying stellar population using FIT3D [40],
following a robust and well-tested methodology [20, 29].
Extinction-corrected, flux intensities of the stronger emission
lines were obtained and used to select only star-forming
regions based on typical BPT diagnostic diagrams. The final
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Figure 5: Mean age 2-D maps weighted by the mass (a) and by the light (b) of the stars. The different regions correspond to a Voronoi-
tessellation binning scheme performed to the IFS mosaic of NGC 628. Figure adapted from Sánchez-Blázquez et al. (submitted).

sample comprises 1896 high-quality, spatially resolved HII
regions/aggregations of disc galaxies in the local Universe
[39].

It is well known that different spectroscopic properties
of HII regions show strong variations across the area of disc
galaxies. In particular, some of these parameters (e.g., oxygen
abundance, EW[H𝛼], etc.), show a strong radial gradient,
that in average indicates that more evolved, metal rich, stellar
populations are located in the center of galaxies, and less
evolved, metal poor ones are in the outer ones. Despite
the several different studies describing these observational
events, there is a large degree of discrepancy between the
actual derived parameters describing the gradients: (i) slope
of the gradient, (ii) average value and dispersion of the zero-
point, and (iii) scale length of the truncation. In general, this
ismostly due to different observational biases and the lack of a
proper statistical number of analysed HII regions per galaxy.

For each galaxy of our sample we derived the correlation
coefficient, the slope, and the zero point of a linear regression
for a number of parameters showing radial distributions
across the discs of the galaxies. For those properties showing
a strong correlation, we investigated if the gradient was
universal within our range of explored parameters. We
found that, for the equivalent width of H𝛼 and the oxygen
abundance, the slopes of the gradients are consistent with a
Gaussian distribution; that is, the dispersion of values found
for each individual galaxy is compatible with the average one,
not showing strong statistical deviations.This implies that we
can define a characteristic value for the slope and that we do
not find a population of galaxies with slopes inconsistent with

this normal distribution. The right panel of Figure 6 shows
the radial density distribution for the oxygen abundance
derived using the O3N2 indicator [28], once scaled to the
average value at the effective radius for each galaxy.The radial
distance was normalised to the effective radius of each galaxy.
The solid line shows the average linear regression found for
each individual galaxy. The red-dashed line shows the actual
regression found for all the HII regions detected for all the
galaxies.

Our results seem to indicate that there is a universal
radial gradient for oxygen abundance and the equivalent
width of H𝛼 when normalized with the effective radii of
the galaxies; that is, they present a radial gradient that,
statistically, has the same slope for all the galaxies in our
sample. The derived slopes for each galaxy are compatible
with a Gaussian random distribution and are independent of
the morphology of the analysed galaxies (barred/nonbarred,
grand-design/flocculent). This is one of the most important
results in the abundance gradients of spiral galaxies, obtained
thanks to the use of IFS.

5. The Local Mass-Metallicity Relation

The existence of a strong correlation between stellar mass
and gas-phase metallicity in galaxies is a well-known fact.
The mass-metallicity (M-Z) relation is consistent with more
massive galaxies being more metal-enriched; after the sem-
inal work on this relationship by Lequeux et al. [41], it was
firmly established observationally by Tremonti et al. ([42],
hereafter T04) using the SDSS. However, there has been no
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major effort to test the M-Z relation using spatially resolved
information. We used our IFS observations in order to test
the distribution of mass and metals within the discs of the
galaxies. We derived the (luminosity) surface mass density
(ΣLum, 𝑀⊙ pc

−2) within the area encompassed by our IFS-
segmented HII regions, using the prescriptions given by Bell
and de Jong [43] to convert 𝐵-𝑉 colors into a 𝐵-band mass-
to-light ratio (𝑀/𝐿).

The left panel of Figure 7 shows the striking correlation
between the local surface mass density and gas metallicity
for our sample of nearby HII regions, that is, the local M-
Z relation, extending over ∼3 orders of magnitude in ΣLum
and a factor ∼8 inmetallicity [38].The notable similarity with
the global M-Z relation can be visually recognised with the
aid of the blue lines which stand for the [42] fit (±0.2 dex)
to the global M-Z relation, shifted arbitrarily both in mass
and metallicity to coincide with the peak of the HII region
M-Z distribution. Other abundance calibrations were tested
obtaining the same shape (and similar fit) of the relation.

In addition, we find the existence of a more general rela-
tion between mass surface density, metallicity, and the equiv-
alent width of H𝛼, defined as the emission-line luminosity
normalized to the adjacent continuum flux, that is, a measure
of the SFR per unit luminosity [44]. This functional relation
is evident in a 3D space with orthogonal coordinate axes
defined by these parameters, consistent with |EW(H𝛼)| being

inversely proportional to both ΣLum andmetallicity, as shown
in Figure 8. As discussed in Rosales-Ortega et al. [38], we
interpret the localM-Z-EW(H𝛼) relation as the combination
of (i) the well-known relationships between both the mass
and metallicity with respect to the differential distributions
of these parameters found in typical disc galaxies, that is,
the inside-out growth, and (ii) the fact that more massive
regions form stars faster (i.e., at higher SFRs), thus earlier in
cosmological times.

In order to test whether the globalM-Z relation observed
by [42] using SDSS data is a reflection (aperture effect) of the
local HII region mass-density versus metallicity relation, we
perform the following exercise. We simulate a galaxy with
typical 𝑀

𝐵

and 𝐵-𝑉 values drawn from flat distributions
in magnitude (−15 to −23) and colour (∼0.4−1). A redshift
is assumed for the mock galaxy, drawn from a Gaussian
distribution with mean ∼0.1 and 𝜎 = 0.05, with a redshift
cut 0.02 < 𝑧 < 0.3 in order to resemble the SDSS [42]
distribution. The mass of the galaxy is derived using the
integrated 𝐵-band magnitudes, 𝐵-𝑉 colours, and the average
𝑀/𝐿 ratio following Bell and de Jong [43]. The metallicity
of the mock galaxy is derived using the local M-Z relation
within an aperture equal to the SDSS fiber (3 arcsec), that is,
themetallicity that corresponds to themass density surface at
this radius.The process is repeated over 10,000 times in order
to obtain a reliable distribution in the mass and metallicity of
the mock galaxies.

The right panel of Figure 8 shows the result of the
simulation, that is, the distribution of the mock galaxies in
theM-Z parameter space. We reproduce—with a remarkable
agreement—the overall shape of the global M-Z relation
assuming a local M-Z relation and considering the aperture
effect of the SDSS fiber. The overlaid lines correspond to
the [42] fit (black) and the Kewley and Ellison [45] ±0.2 dex
relation (blue), for which the agreement is extremely good
over a wide range of masses. The result is remarkable
considering that we are able to reproduce the global M-Z
relation over a huge dynamical range, using a local M-Z
relation derived from a galaxy sample with a restricted range
in mass (9.2 < log𝑀Lum < 11.2) and metallicity (8.3 < 12 +
log(O/H) < 8.9), indicated by the rectangle shown in the right
panel of Figure 8.

Therefore, by using the power of IFS applied to a sample
of nearby galaxies we demonstrate the existence of a local
relation between the surface mass density, gas-phase oxygen
abundance, and |EW(H𝛼)| in ∼2000 spatially resolved HII
regions of the Local Universe. The projection of this distri-
bution in the metallicity versus ΣLum plane—the local M-
Z relation—shows a tight correlation expanding over a wide
range in this parameter space. We use the localM-Z relation
to reproduce the global M-Z relation by means of a simple
simulation which considers the aperture effects of the SDSS
fiber at different redshifts.

Note that the “local” M-Z-|EW(H𝛼)| relation is concep-
tually different from the “global”M-Z-SFR relation proposed
by Lara-López et al. ([46], dubbed FP), Mannucci et al. ([47],
dubbed FMR), or Hunt et al. [48], based on the integrated
spectra of galaxies (the basic difference between these rela-
tions is the proposed shape in the 3D distribution, that is, a
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Distribution of HII regions along the localM-Z relation for three galaxies of the sample at different redshifts.The size of the symbols is linked
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surface or a plane). However, the obvious parallelism between
these two scaling relations deserves a discussion. While the
“local” M-Z-|EW(H𝛼)| relation is related to the intrinsic
physics involved in the growth of the galaxy disc in an inside-
out scenario, the existence of the “global”M-Z-SFR relation is
explained, according to Mannucci et al. [47], by the interplay

of infall of pristine gas and outflow of enriched material at
different redshifts epochs, supporting the smooth accretion
scenario, where galaxy growth is dominated by continuous
accretion of cold gas in the local Universe. However, Sánchez
et al. [49], using CALIFA data, found no secondary relation
of the mass and metallicity with the SFR other than the one
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induced by the primary relation of this quantity with the
stellar mass. The same was found with respect to the specific
SFR rate. The results by Sánchez et al. [49] agree with a
scenario in which gas recycling in galaxies, both locally and
globally, is much faster than other typical timescales, such
like that of gas accretion by inflow and/or metal loss due to
outflows. In essence, late-type/disc-dominated galaxies seem
to be in a quasi-steady situation, with a behavior similar to
the one expected from an instantaneous recycling/closed-box
model.

In this scenario, the inner regions of the galaxy form first
and faster, increasing the gas metallicity of the surround-
ing interstellar medium. As the galaxy evolves and grows
with time, the star-formation progresses radially creating a
radial metallicity gradients in the disk of spirals. Mass is
progressively accumulated at the inner regions of the galaxy,
raising the surface mass density and creating a bulge, with
corresponding high metallicity values but low SSFR (low
|EW(H𝛼)|), that is, an “inside-out” galaxy disk growth. In
such a case, the local M-Z relation would reflect a more
fundamental relation between mass, metallicity, and star-
formation efficiency as a function of radius, equivalent to
a local downsizing effect, similar to the one observed in
individual galaxies. Following this reasoning, the origin of the
globalM-Z relation can be explained as the combined effect
of the existence of the localM-Z relation, an aperture bias due
to the different fibers covering factors of the spectroscopic
surveys fromwhich the FMRandFPwere derived (as second-
order effect), and a possible selection of a bias of the galaxy
populations which are most common at a particular redshift,
and may not reflect the physics of how galaxies evolve.
Supporting evidence in favour of the inside-out scenario of
galaxy growth comes from the recent analysis of the spatially
resolved history of the stellar mass assembly in galaxies of the
local Universe [50]. In summary, the existence of the M-Z-
SFR relation could also be interpreted as a scaled-up version
of the local M-Z-sSFR relation in the distribution of star-
forming regions across the discs of galaxies as described in
Rosales-Ortega et al. [38] and confirmed by Sánchez et al.
[49]; that is, the relationship is not primary, but obtained
from the sum of a number of local linear relations (and their
deviations) with respect to the galaxy radius.

6. Conclusions

The emergence of a new generation of instrumentation, that
is, multiobject and integral field spectrometers with large
fields of view, capable of performing emission-line surveys
based on samples of hundreds of spectra in a 2D context,
are revolutionising themethods and techniques used to study
the gas-phase component of star-forming galaxies in the
nearby Universe (objects which were typically studied with
small samples based on long-slit spectroscopy). A new body
of results is coming out from these studies, opening up
a new frontier of studying the 2D structure and intrinsic
dispersion of the physical and chemical properties of the discs
of nearby spiral galaxies. In this paper we review some of
the projects that in the last years tackled for the first time

the problem of obtaining spatially resolved spectroscopic
information of the gas in nearby galaxies. PINGS represented
the first endeavour to obtain full 2D coverage of the discs
of a sample of spiral galaxies in the nearby Universe. The
PINGS sample covered different galaxy types, including
normal, lopsided, interacting, and barred spirals with a good
range of galactic properties and star-forming environments,
with multiwavelength public data. The spectroscopic data
set comprises more than 50 000 individual spectra, covering
an observed area of nearly 80 arcmin2, an observed surface
without precedents by an IFS study by the time.

The IFS analysis of NGC 628, the largest spectroscopic
mosaic on a single galaxy, was taken as an example of the
newmethodology and analysis that could be performed with
a large spectroscopic database for a single object. The con-
tribution of PINGS also resides in defining a self-consistent
methodology in terms of observation, data reduction and
analysis for present and future IFS surveys of the kind, as
well as a whole new set of visualization and analysis software
that has been made public to the community (e.g., [51, 52]).
Despite all the complexities involved in the observations,
data reduction, and analysis, PINGS proved to be feasible.
In less than a three-year period, it was possible to build
a comprehensive sample of galaxies with a good range of
galactic properties and available multiwavelength ancillary
data,maximising both the original science goals of the project
and the possible archival value of the survey. In fact, the
science case of the PINGS project was the inspiration for the
ongoing CALIFA survey. The face-on spirals from Mármol-
Queraltó et al. [21] were part of the feasibility studies for
the CALIFA survey. On completion, CALIFA will be the
largest and the most comprehensive wide-field IFU survey
of galaxies carried out to date. It will thus provide an
invaluable bridge between large single aperture surveys and
more detailed studies of individual galaxies.

6.1. Results fromOther IFU Projects on Star-Forming Galaxies.
Other projects have followed this initiative; for example, the
Mitchell spectrograph instrument at McDonald Observatory
(a.k.a VIRUS-P) is currently used to carry out two small IFS
surveys, namely, VENGA [53] and VIXENS [54]. VENGA
(VIRUS-P Exploration of Nearby Galaxies) is an integral
field spectroscopic survey, which maps the disks of 30
nearby spiral galaxies, in a very similar manner to PINGS
in terms of spectral coverage, resolution, and area sampled
(3600 Å–6800 Å, ∼5 Å FWHM, ∼0.7R

25

) although with a
different spatial resolution (5.6 arcsec FWHM). Their targets
span a wide range in Hubble type, star-formation activity,
morphology, and inclination. Likewise PINGS, the VENGA
group used the data cubes of their observations to produce
2D maps of the star-formation rate, dust extinction, electron
density, stellar population parameters, the kinematics and
chemical abundance of both stars and ionized gas, and other
physical quantities derived from the fitting of the stellar
spectrum and the measurement of nebular emission lines.
Their first results focus on (1) the spatially resolved star-
formation law of NGC 5194 where they give support to the
evidence for a low, and close to constant, star-formation
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efficiency (SFE = 𝜏−1) in the molecular component of the
interstellar medium [55] and (2) using IFS observations of
NGC 628, they measure the radial profile of the 12CO(1–
0) to H

2

conversion factor (𝑋C𝑂) in this galaxy and study
how changes in𝑋C𝑂 follow changes inmetallicity, gas density,
and ionization parameter [56], and also they use the IFS
data to propose a new method to measure the inclination of
nearly face-on systems based on the matching of the stellar
and gas rotation curves using asymmetric drift corrections
[53]. In the case of VIXENS (VIRUS-P Investigation of the
eXtreme ENvironments of Starburst), their goal of our survey
is to investigate the relation between star-formation and gas
content in the extreme environments of interacting galaxy
pairs and mergers on spatially resolved scales of 0.2–0.8 kpc,
by using IFS of 15 interacting/starburst galaxies. VIXENS
will make extensive use of multiwavelength data in order to
investigate the star-formation in this object, including data
from Spitzer, GALEX, IRAM, CARMA archival CO, and Hi
maps. These projects and datasets are clearly focused on spe-
cific science questions, adopting correspondingly optimized
sample selection criteria and also observing strategies.

Other surveys in the local Universe using the power
of IFS for a detailed study of nearby galaxies include the
next generation surveys like Sydney university AAO MOS
IFU [57] (SAMI) and Mapping Nearby Galaxies at APO,
PI: Kevin Bundy, IPMU (MaNGA), or the new generation
instrumentation for Very Large Telescope (VLT, ESO) like
Multi Unit Spectroscopic Explorer [58] (MUSE), which aim
at studying the the chemical and dynamical evolution history
and dark matter contents of galaxies, the physical role of
environment in galaxy evolution, when, where, and why does
star-formation occur, and so forth, based on spatially resolved
spectroscopic surveys of 104–105 galaxies. The continuous
coverage spectra provided by the imaging spectroscopy
technique employed in these projects are already allowing
us to study the small and intermediate linear scale variation
in line emission and the gas chemistry for a statistically
representative number of galaxies of the nearbyUniverse.The
primary motivation common to all of these observational
efforts is to use this information to link the properties of
high redshift galaxies with those we see around us today
and thereby understand the physical processes at play in
the formation and evolution of galaxies. The power and
importance of all these projects resides in the fact that they
will provide an observational anchor of the spatially resolved
properties of the galaxies in the local Universe, which will
have a potential impact in the interpretation of observed
properties at high redshift from new generation facilities,
such as the James Webb Space Telescope (JWST), the Giant
MagellanTelescope (GMT), or the EuropeanExtremely Large
Telescope (E-ELT), projects that will hopefully revolutionise
the understanding of our Universe in future years.
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Astrof́ısica de Andalućıa (CSIC) Fernando Fabián Rosales-
Ortega acknowledges the Mexican National Council for
Science and Technology (CONACYT) for financial support
under the Programme Estancias Posdoctorales y Sabáticas al
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We investigate the spatial distribution of chemical abundances in a sample of lowmetallicityWolf-Rayet (WR) galaxies selected from
the SDSS. We used the integral field spectroscopy technique in the optical spectral range (3700 Å–6850 Å) with PMAS attached to
the CAHA 3.5m telescope. Our statistical analysis of the spatial distributions of O/H and N/O, as derived using the direct method
or strong-line parameters consistent with it, indicates that metallicity is homogeneous in five out of the six analysed objects in
scales of the order of several kpc. Only in the object WR404 is a gradient of metallicity found in the direction of the low surface
brightness tail. In contrast, we found an overabundance of N/O in spatial scales of the order of hundreds of pc associated with or
close to the positions of theWR stars in 4 out of the 6 galaxies. We exclude possible hydrodynamical causes, such as the metal-poor
gas inflow, for this local pollution by means of the analysis of the mass-metallicity relation (MZR) and mass-nitrogen-to-oxygen
relation (MNOR) for the WR galaxies catalogued in the SDSS.

1. Introduction

Wolf-Rayet (WR) galaxies host very bright episodes of star
formation characterized by the emission of broadWR bumps
in their optical spectrum [1]. The two main bumps in the
optical range are the blue bump, centered at a wavelength of
4650 Å, produced by the emission from N v, N iii, C iii/C iv,
andHe ii, and associated withWC andWN stars, and the red
bump which is fainter, centered at ∼5800 Å, producedmainly
by C iii and C iv, and associated with WC stars. The lines
making up these bumps originate in the dense stellar winds
from WR stars ejecting metals into the interstellar medium
(ISM).

The number of known WR galaxies has tremendously
increased from the discovery of the first one (He 2–10:
[2]), with different published catalogs [3–6], until the list
of WR galaxies in the Sloan Digital Sky Survey (SDSS) by
Brinchmann et al. [7] with around 570 objects with the identi-
fication of the WR bumps in their integrated spectra.

There is increasing evidence that the most challenging
problems for this kind of objects appear in the lowmetallicity
galaxies. Although it is well documented that the number
of WR stars and the intensity of the WR bumps are higher
for higher metallicities [8], the values found in some low
metallicity H ii galaxies, such as IZw18 [9], are claimed to
be much higher than those predicted by synthesis population
models (e.g., [10]).

Among the other important open issues regarding WR
galaxies is the chemical enrichment of the ISM surrounding
the stellar clusters where the WR stars are located. It is well
known that there is an overabundance of the N/O ratio found
in some WR nebulae (e.g., [11–13]) and also in the ISM of
some WR galaxies, where the WR features are diluted (e.g.,
HS0837 + 4717, [14], NGC5253, [15], other H ii galaxies in
[16, 17], and green pea galaxies, [18]). Brinchmann et al. [7]
also showed that the median N/O ratio in WR galaxies with
EW(H𝛽) < 100 Å has an excess of ∼25% in relation to the
other star-forming galaxies in the SDSS. Chemical evolution
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Table 1: The sample of observed Wolf-Rayet galaxies with different properties, including names, redshifts, positions, WR index, and date of
observations with PMAS.

Name Redshift R.A (2000) 𝛿 (2000) WR class Other designation Observing date
WR 038 0.0158 17 h 29m 06.55 s +56 d 53m 19.23 s 2 SHOC 575 22-23 Jun 2009
WR 039 0.0472 17 h 35m 01.24 s +57 d 03m 08.55 s 2 SHOC 579 25 Jun 2009
WR 057 0.0179 00 h 32m 18.59 s +15 d 00m 14.16 s 3 SHOC 022 11 Oct 2009
WR 266 0.0213 15 h 38m 22.00 s +45 d 48m 07.02 s 2 24-25 Jun 2009
WR 404 0.0220 21 h 34m 37.80 s +11 d 25m 10.19 s 2 CGCG 427-004 24-25 Jun 2009
WR 505 0.0164 16 h 27 m 51.17 s +13 d 35m 13.73 s 2 22-23 Jun 2009

models do not predict high N/O values in these low-
metallicity galaxies [19], as for 12+log(O/H) < 8.2most of the
N in the ISM has a primary origin, and therefore, its chemical
abundance does not depend on the metallicity of the gas, and
the expected N/O ratio for closed-box models has a constant
value around log(N/O) ≈ −1.5. However, many of these inte-
grated observations do not allow us to properly relate
the excess in some chemical species with their WR con-
tent.

To investigate the issue, among others, of the possible
connection between the presence of WR stars and the
chemical pollution of the surrounding ISM, we have carried
out a program to study metal-poor WR galaxies by means of
integral field spectroscopy (IFS; [20–22]). Integrated obser-
vations, such as long slit or fibers, may fail to correlate the
spatial location and distribution of WR features with respect
to the physical conditions and the chemical abundances of the
ISM as derived from the optical emission lines. Thus, a two-
dimensional analysis of the ionized material in galaxies helps
us to better understand the interplay between the massive
stellar population and the ISM. For instance, whether WR
stars are a significant contributor to abundance fluctuations
on timescales of 𝑡 ∼ 107 yr and to the formation of high-ioni-
zation lines (e.g., He ii 4686 Å) is still an unsolved issue (e.g.,
[23, 24]) that can be probedmore precisely when applying IFS
to nearby galaxies (see [22]).

Thus far, the results coming fromWRgalaxies studied IFS
point to different scenarios, depending on the relative posi-
tion between the local or extended N and/or He enrichment
and the location(s) of theWR stars. López-Sánchez et al. [25]
claimed to find a local N overabundance associated with WR
emission in IC-10. A similar result is found by James et al. [26]
for the blue compact dwarf galaxy Haro 11. Monreal-Ibero et
al. [27] also find in NGC5253 local peaks of high N/O (see
also [28]), but only some of them are associated with WR
emission; so this could be indicative of a different timescale
between the formation of the WRs and the mixing of the
ejected material with the surrounding ISM. A similar scen-
ario is found by Kehrig et al. [22] in Mrk178, where only one
out of three detected WR clusters can be associated with an
overabundance of N and He. Finally, in Pérez-Montero et al.
[21], the IFS study of N overabundant objects HS0837 + 4717
and Mrk930, also identified as WR galaxies, leads to high
values of N/O in scales of more than 1 kpc, much beyond the
power of the observed WR stars to pollute the ISM in these
scales and thus pointing to other hydrodynamical processes
affecting the chemistry of the gas in these galaxies, such as the

infall of metal-poor gas [29]. James et al. [30] also propose a
similar scenario for their results of IFS observations of the
merging galaxy UM448.

In this work, we extend the sample of low-metallicityWR
galaxies studied by means of IFS by six objects selected from
the WR galaxy catalog by Brinchmann et al. [7]. The paper is
organized as follows. In Section 2, we describe the observed
WR galaxies, and we report the IFS observations and data
reduction. In Section 3, we present our results, including
emission-line maps and derivation of oxygen and nitrogen
chemical abundances and their distributions in the observed
fields of view. We also describe the measurement of the WR
bumps in the observed galaxies. In Section 4, we discuss our
results about the chemical pollution of the ISM in the context
of WR stars the surrounding ISM. Finally, we summarize our
results and present our conclusions in Section 5.

2. Data Acquisition and Reduction

2.1. Object Selection and Observations. We obtained IFS data
of a sample of six objects selected from the SDSS WR galaxy
catalog by Brinchmann et al. [7] following three criteria:
(i) galaxies should be associated with a WR index of 2
(convincing WR features in the SDSS spectrum) or 3 (very
clear features) in the catalog, (ii) the main ionization source
should be dominated by star formation as derived using
diagnostic diagrams based on strong emission lines [31], and
(iii) galaxies should have oxygen abundances lower than half
the solar value [12 + log(O/H) ≈ 8.4] as derived from the
direct method. These criteria were completed with two other
observational conditions: (i) to have sizes smaller than the
field of view (FoV) of PMAS in lens array mode 16 × 16
in order to cover the entire galaxy in one single pointing, (ii)
all objects were visible from the CAHA observatory in the
assigned dates at an airmass lower than 1.2.The six targetWR
galaxies are listed in Table 1. Column (1) quotes the names of
the objects from the catalog of Brinchmann et al. [7]. Column
(2) shows the redshift of each galaxy. Columns (3) and (4)
give the object coordinates. Column (5) gives theWR index as
done by Brinchmann et al. [7], column (6) gives other names,
and finally column (7) shows the observing date.

The data were acquired with the Integral Field Unit (IFU)
Potsdam Multi-Aperture Spectrophotometer (PMAS), devel-
oped at the Astrophysikalisches Institut Potsdam [32]. PMAS
is attached to the 3.5m Telescope at the CAHA Observa-
tory (Spain). The PMAS spectrograph is equipped with 256
fibers coupled to a 16 × 16 lens array. Each fiber has a spatial
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sampling of 1×1 on the sky resulting in a FoV of 16×16
collecting square areas known as spaxels.

Wewere awarded a servicemode run on the nights of June
22–25, 2009 (programF09-3.5-27). In addition, we continued
our program with additional time on October 11th, 2009 as
part of the commissing run for the new PMAS CCD.

During observations taken in June, 2009 with the old
PMAS 2K × 2K CCD, we used the V600 grating in two
separate spectral ranges: the blue side, covering a spectral
range ∼3700–5200 Å (centered at 4500 Å), and the red one
(centered at 6325 Å), providing a spectral range from ∼5350
to 6850 Å. For the galaxy WR057, taken with the new 4K ×
4K PMAS CCD but with the same resolution, we were able
to cover the whole optical spectral range (∼3700–6850 Å) in
one shot using the same V600 grating. The data were binned
by a factor of 2 in the spectral direction, yielding a spec-
tral resolution of ∼1.6 Å/pixel. The data were acquired
under nonphotometric conditions and with a seeing varying
between 1 and 1.5. To avoidmajor differential atmospheric
refraction (DAR) effects, all expositions were taken at air
mass<1.2.We used one single pointing for each galaxy, cover-
ing in all cases the most intense burst of star formation and
its surroundings. Observations of the spectrophotometric
standard stars BD + 253941 and PG1633 in the first run and
BD + 284211 for the calibration of WR057 in the second
one were obtained during the observing nights for flux
calibration. Bias frames, arc exposures (HgNe), and spectra of
a continuum lampwere taken following the science exposures
as part of the PMAS baseline calibrations.

2.2. Data Reduction. For all objects observed with the PMAS
2K × 2K CCD, the first steps of the data reduction were done
through the R3D package [33]. We used the P3d tool [34]
to perform the basic data reduction of WR057, taken with
the new PMAS 2K × 4K CCD. This CCD is read out in four
quadrants which have slightly different gains [35]. At the time
we observed WR057, P3d was the only software capable to
handle the characteristics of the new CCD.

After trimming, combining the four quadrants for
WR057 and bias subtraction, the expected locations of the
spectra were traced on a continuum-lamp exposure obtained
before each target exposure. We extracted the target spectra
by adding the signal from the 5 pixels around the central
traced pixel (that is, the total object spectrum width). With
exposures of HgNe arc lamps obtained immediately after
the science exposures, the spectra were wavelength calib-
rated.

Fibers have different transmissions that may depend on
the wavelength.The continuum-lamp exposures were used to
determine the differences in the transmission fiber-to-fiber
and to obtain a normalized fiber-flat image, including the
wavelength dependence.This step was carried out by running
the fiber-flat.pl script from the R3D package. In order to
homogenize the response of all the fibers, we divided our
wavelength calibrated science images by the normalized fiber
flat [33]. Then, to remove cosmic rays, different exposures
taken at the same pointing were combined using the imcom-
bine routine in IRAF (IRAF is distributed by the National
Optical Astronomical Observatories, which are operated by

the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science
Foundation). Flux calibration was performed using the IRAF
tasks standard, sensfunc, and calibrate.We coadded the
spectra of the central fibers of the standard star to create
a one-dimensional spectrum that was used to obtain the
sensitivity function.

The reduced spectra were contained in a data cube for
each object.

3. Results

3.1. Line Measurements. The emission-line fluxes on the
extracted one-dimensional spectra were measured for each
spaxel using a Gaussian fitting over the local position of the
continuum. This procedure was done using an automatic
routine based on the IRAF task splot. In the case of those
lines with a lower signal-to-noise (S/N) (e.g., [O iii] 4363 Å
and [N ii] 6584 Å), the results from this routine were revised
by eye inspection and, if necessary, repeated using a manual
measurement.

The adjacent continuum to each line can be affected by the
underlying stellar population which can depress the intensity
of the Balmer emission lines with stellar absorption wings
(e.g., [36]). This stellar absorption was studied for the bright-
est spaxels by fitting a combination of synthesis spectra of
single stellar populations (SSP) libraries by Bruzual andChar-
lot [37] and the code STARLIGHT (the STARLIGHT project
is supported by the Brazilian agencies CNPq, CAPES, and
FAPESP and by the France-Brazil CAPES/Cofecub program)
[38, 39]. The fitted spectra were later subtracted from the
observed ones and the emission-line intensities of the resid-
uals were compared with the corresponding noncorrected
values. For those objects of our sample with very high H𝛽
equivalent widths (more than 200 Å for WR039 and around
100 Å for WR038, WR057, WR404, and WR505), the correc-
tion at H𝛽wavelength is negligible (less than 1 Å). Only in the
case of WR266, with EW(H𝛽) of 54 Å, we found a correction
around 4 Å for EW(H𝛽). For this object, appropriate correc-
tions for each Balmer line were taken into account according
to the SSP fitting in the brightest spaxels.

We calculated the statistical errors of the line fluxes, 𝜎
𝑙

,
using the expression𝜎

𝑙

= 𝜎
𝑐

𝑁
1/2

[1 + EW/𝑁Δ]1/2 (as in [40]),
where 𝜎

𝑐

represents a standard deviation of the noise in a
range centred close to the measured emission line, 𝑁 is the
number of pixels used in the measurement of the line flux,
EW is the equivalentwidth of the line, andΔ is thewavelength
dispersion in Å/pixel. This expression takes into account the
error in the continuum and the photon count statistics of the
emission line. The error measurements were performed on
the extracted one-dimensional spectra. In order to minimize
errors in the ratios between a certain emission line and H𝛽,
we always took first its ratio in relation to the closest hydrogen
emission line (i.e., H𝛼 in the case of [N ii]), and then, we
renormalized using the corresponding theoretical ratio (i.e.,
at the electron temperature derived in the integrated SDSS
observations for each object) from Storey and Hummer [41].
We checked that the variation of this temperature across
the FoV of the instrument does not introduce errors in the
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Table 2: Total oxygen abundances and N/O derived for the six studied WR galaxies using different methods as described in the text. The
confidence level from the Lilliefors test for those spaxels where all involved emission lines were measured is the 𝑃 value. Column (3) lists the
mean value and standard deviation (sigma) from the Gaussian fit as long as 𝑃 value >0.05; otherwise, the mean value and sigma of the data
distribution are shown. Column (4) and (5) show the O/H, N/O, and their corresponding errors derived from the brightest spaxel and from
the SDSS spectrum for each galaxy, respectively. The number in parenthesis indicates the method used to derive the chemical abundances:
(1) from direct method with [O II] 3727 Å, (2) from direct method with [O II] 7319, 7330 Å, (3) from N2, (4) fromO3N2, and (5) fromN2O2.

𝑃 value Mean ± st. deviation Brightest SDSS
12 + log(O/H)

WR038 0.51 8.14 ± 0.06 (3) 8.09 ± 0.07 (1) 8.16 ± 0.11 (2)
WR039 0.07 8.06 ± 0.09 (1) 7.96 ± 0.05 (1) 8.13 ± 0.05 (1)
WR057 0.10 7.94 ± 0.06 (3) 8.14 ± 0.10 (1) 8.06 ± 0.06 (2)
WR266 0.23 8.23 ± 0.05 (3) 8.26 ± 0.30 (1) 8.18 ± 0.14 (1)
WR404 0.02 8.26 ± 0.02 (4) 8.23 ± 0.30 (4) 8.23 ± 0.05 (1)
WR505 0.30 8.31 ± 0.06 (4) 8.16 ± 0.16 (4) 8.09 ± 0.08 (2)

log(N/O)
WR038 0.01 −1.14 ± 0.14 (5) −0.87 ± 0.27 (1) −1.06 ± 0.24 (2)
WR039 0.04 −1.09 ± 0.09 (1) −0.80 ± 0.20 (1) −1.17 ± 0.14 (1)
WR057 0.39 −1.42 ± 0.07 (5) −1.48 ± 0.26 (1) −1.32 ± 0.15 (2)
WR266 0.04 −1.29 ± 0.10 (5) −1.13 ± 0.30 (1) −1.18 ± 0.24 (1)
WR404 0.00 −1.37 ± 0.07 (5) −1.39 ± 0.30 (5) −1.40 ± 0.06 (1)
WR505 0.00 −1.21 ± 0.15 (5) −1.15 ± 0.38 (5) −1.27 ± 0.16 (2)

theoretical ratio larger than those associated with the flux of
the emission lines.

3.2. Extinction Correction and𝐻𝛼Maps. For each fiber spec-
trum, we derived its corresponding reddening coefficient,
c(H𝛽), using a weighted fit to the values of the Balmer
decrement derived from H𝛼/H𝛽 and H𝛾/H𝛽 as compared
to the theoretical values expected for recombination case B
from Storey and Hummer [41] at the electron density and
temperature obtained from the integrated SDSSDR-7 spectra
and applying the extinction law given by Cardelli et al. [42]
with 𝑅

𝑉

= 3.1. In all cases, homogeneous low values of the
reddening constant were derived in agreement with the same
values derived from the analysis of the corresponding SDSS
one-dimensional spectra.

The fluxes of the emission lines for each spaxel were
corrected for extinction using its corresponding c(H𝛽) value.
H𝛼 emission linemaps (continuumsubtracted and extinction
corrected) are shown in Figure 1. As can be seen, the observed
FoV encompasses the whole optical extent of our galaxies,
which are mostly very compact, with the exception of
WR404, which presents a cometary aspect with a low bright-
ness tail towards the NE direction, and WR505, which pre-
sents several knots of star formation other than the brightest
one at west of the FoV.

3.3. Oxygen and Nitrogen Chemical Abundances. The chem-
ical abundances of oxygen and nitrogen were studied in a
representative sample of the observed spaxels in the six WR
galaxies using different methods as explained below.

The most accurate method to derive oxygen abundances
in emission-line objects, as those in our sample, is the so-
called direct method which depends on the relative intensity

of both nebular oxygen emission lines to a hydrogen recom-
bination emission line, such as H𝛽 (i.e., [O ii]/H𝛽 for O+/H+
and [O iii]/H𝛽 for O2+/H+), and the previous determina-
tion of the electron temperature, via the quotient between
auroral-to-nebular emission lines, such as [O iii] 4363 Å and
[O iii] 5007 Å. See, for instance, Pérez-Montero et al. [21]
or Kehrig et al. [22] for additional details of this procedure
and how to calculate the low-excitation electron temperature
to derive low-excitation ionic abundances. This method was
applied to the SDSS DR7 spectra of the brightest regions of
the six observed galaxies leading to values of the total oxygen
abundances compatible with the low metallicity regime.
Owing to the spectral coverage in the SDSS spectra (3800–
9100 Å), the [O ii] 3727 Å emission line was not detected in
WR038,WR057, andWR505, and the [O ii] 7319, 7330 Å were
used instead, as described in Kniazev et al. [43]. The total
abundances derived in the SDSS spectra using this method
are listed in Table 2.

Regarding the PMAS IFS observations, the direct method
was applied in a representative number of spaxels only in
WR039, where the [O iii] 4363 Å emission line was detected
with acceptable S/N (>2.5). In the other galaxies of our
sample, the direct method could only be applied in the
brightest spaxels inWR038,WR057, andWR505 and in none
of them in WR266 and WR404.

Therefore, the spatial analysis of the chemical properties
in these galaxies was done by means of strong-line methods.
We first resorted to the N2 parameter (e.g., [44]), defined as
the ratio between [N ii] 6584 Å and H𝛼. This parameter has
the advantage that it does not depend on reddening nor flux
calibration uncertainties and is linearly well correlated with
oxygen abundance up to solar metallicities. On the contrary,
it has an important drawback when it is used for extended
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Figure 1: Extinction corrected H𝛼 maps of the six observed WR galaxies. In all images, each spaxel has 1 of resolution. North is up, and
east is to the left. Fluxes are in units of erg/s/cm2. The relative size in parsecs, at the adopted distance of each object, is indicated. For WR038,
the spaxels where the WR bump was detected from our PMAS data are marked with red crosses.



6 Advances in Astronomy

objects, as those studied in this work by means of IFS, as it
also varies as a function of the excitation conditions [45]. We
verified inwhat objects thismethod could be applied to derive
reliably the spatial distribution of the oxygen abundance, by
plotting in Figure 2 the relation between the N2 parameter
and the [O ii]/[O iii] ratio, which traces the nebular
excitation. As can be seen, in the most extended objects of
our sample, WR404 and WR505, there is a clear correlation
between these two emission-line ratios. In the other objects,
there is no clear relation between them, with the possible
exception of WR057, but in this object, the spatial variation
of N2 is lower than the observational errors. Hence, in the
case of WR404 and WR505 galaxies, we used the strong-line
parameter O3N2, firstly introduced as a metallicity calibrator
by Alloin et al. [46] and which is defined as the emission-line
ratio between [O iii] 5007 Å and [N ii] 6584 Å. According
to several authors, such as Pettini and Pagel [47] or Pérez-
Montero andContini [48], this parameter is not valid for very
lowmetallicity objects (12+log(O/H) < 8.0), but, on the con-
trary, its dependence on excitation is much lower than in
the case of N2. According to the values derived from the
SDSS spectra for WR404 and WR505, their mean oxygen
abundances are higher than the lower limit for O3N2, so this
parameter was used for these two objects instead.

For the sake of consistency between the three employed
methods (direct method in the case ofWR039, N2 parameter
for WR038, WR057, and WR266, and O3N2 for WR404
and WR505), we used the calibrations presented in Pérez-
Montero and Contini [48] for N2 and O3N2, which are con-
sistent with the direct method. The resulting oxygen abun-
dancemaps of the six observed galaxies are plotted in Figure 3
along with the histogram distributions of the abundances in
those spaxels with enough S/N in all the involved emission
lines (S/N > 2.5).

In the case of the nitrogen-to-oxygen ratio (N/O), the
direct method can also be used to derive the N+/H+ ratio and
then deriving N/O using the approximation N+/O+ ≈ N/O
[as before, see further details in [21, 22]], but this method
could only be used in a representative number of spaxels
in WR039. For the other five galaxies, we resorted to the
N2O2 parameter, defined as the ratio of [N ii] 6584 Å and
[O ii] 3727 Å.This ratio has the advantage that it has a mono-
tonic linear relation with N/O and, contrary to N2, it does
not have any dependence on excitation as it only depends on
low-excitation emission lines. As in the case of oxygen abund-
ances, we used the empirical calibration of N2O2 with N/O
from Pérez-Montero and Contini [48], which is consistent
with the direct method derivations of this chemical abun-
dance ratio. The resulting N/O maps of the six observed
galaxies are plotted in Figure 4 along with the histogram dis-
tributions of the abundances in those spaxels with enough
S/N in all the involved emission lines.

3.4. Spatial Chemical Homogeneity. To study to what extent
the chemical content of the gas can be considered as homo-
geneous and to give the statistical significance of the O/H
and N/O distributions, we used the procedure presented
in Pérez-Montero et al. [21] and refined in Kehrig et al.
[22]. This method is based on the assumption that a certain

property can be considered as spatially homogeneous across
the observed FoV if two conditions are satisfied: for the cor-
responding dataset (i) the null hypothesis (i.e., the data come
from a normally distributed population) of the Lilliefors test
[49] cannot be rejected at the 5% significance level and (ii)
the observed variations of the data distribution around the
single mean value can be explained by random errors; that is,
the corresponding Gaussian sigma should be lower or of the
order of the typical uncertainty of the considered property;
we take as typical uncertainty the square root of the weighted
sample variance. In Table 2, we show the results from our
statistical analysis for both total O/H and N/O.

The Lilliefors test for each of the distributions was
performed on the linear values of the chemical abundances.
The corresponding confidence levels (𝑃 values) are listed in
Table 2 with the resulting means and Gaussian sigma in case
that the 𝑃 value is higher than 0.05. Otherwise, the means
and standard deviations are those of the distributions. In
those cases where the 𝑃 value is larger than 0.05, the second
condition imposed to consider a homogeneous distribution is
also satisfied in all cases. In all distributions where a strong-
linemethod was used to derive bothO/H andN/O, the sigma
of the Gaussian is much lower than the intrinsic uncertainty
associated with these methods (∼0.3 dex). ForWR039, where
the direct method was used, the weighted sigma for both
oxygen abundance and N/O is 0.2 dex, which also is larger
than the usual sigmas in the Gaussian fittings.

4. Discussion: Are WR Stars Able to
Pollute the ISM of Galaxies?

The use of IFS is fundamental to study the spatial extent of
the chemical properties of the ISM in extended objects. In
this context, this technique along with the use of appropriate
statistical tools allows us to explore the presence of chemical
inhomogeneities in bothO/H andN/O and to relate this local
pollution with the position of WR stars, whose stellar winds
enrich the surrounding ISM with the products of the main
sequence nuclear burning of massive stars.

Our statistical method points to a high degree of homo-
geneity in O/H across the FoV of the studied galaxies, imply-
ing scales of several kpc, with the only exception of WR404,
where a possible gradient of metallicity is found. This spatial
variation of the metallicity goes from lower values in the
brightest region of the galaxy at the SE to slightly higher
values in the low surface brightness tail towards the NW.

Our spatial analysis of N/O reveals that only WR057
presents values for which the homogeneity of this abundance
ratio cannot be ruled out. In contrast, for all the other cases,
the conditions assumed to consider a homogeneous distribu-
tion of N/O are not fulfilled, as very high values of this ratio
in certain positions of the FoV were measured.

Although the WR blue bump is detectable in the SDSS
spectra of the six selected galaxies, we only found it in our
PMAS observations in two spaxels of the WR039 galaxy.
These are marked with red crosses in Figure 1. A thorough
analysis of the causes of the missing detection of the bump
in the other objects will be performed in a forthcoming
paper. Figure 5 shows a portion of the spectrum obtained
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Figure 2: Relation between the [O ii]/[O iii] and [N ii]/H𝛼 emission line ratios for those spaxels with sufficient S/N in the four involved
lines of the six observed galaxies.
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Figure 3: Oxygen abundance maps derived as described in the text and histogram distributions in linear scale for WR038, WR039, and
WR057. In all images, each spaxel has 1 resolution, north is up and east is left.The bars in the histogram represent spaxels with detectedWR
emission (red), spaxels in the same positions as the SDSS pointing (black), spaxels adjacent to this position (brown), and the other spaxels
(grey). Same figure for WR266, WR404, and WR505.

by coadding the emission from the 2 spaxels with the WR
bump detection. The measured luminosity of the bump at
the adopted distance, once the emission lines over the bump
were removed, [LWR = 10

40.08 ± 0.08 erg/s], is consistent with
the value measured in the integrated SDSS spectrum [LWR =

10
39.97 ± 0.15 erg/s]. In contrast, the equivalent width of the

bump in these two spaxels (20 ± 4 Å) is much higher than
in the SDSS spectrum (8 ± 4 Å), as expected, taking into
account the fact that the collected stellar continuum in the
area of the two 1 PMAS spaxels is fainter than in the 3 SDSS
fiber.

To investigate the possible connection between the
detected nitrogen overabundance and the location of theWR
stars, we identified in the histograms shown in Figures 3 and 4
the probable positions of theWR stars. In the case ofWR039,
where the WR bump was detected in our IFS data, the corre-
sponding spaxels with WR emission are plotted as red bars.
In the rest of the objects, we selected the four spaxels probably
encompassed by the SDSS fiber andwhich are thought to host
theWR population, and we plotted them in the histograms as
black bars.This subset of spaxels always includes the brightest
H𝛼 position in the observed galaxies. Finally, to study the
possible extent of the N pollution, we also identified the
12 spaxels around these 4 positions of the SDSS fiber as brown
bars in the histograms. As can be seen in the histograms

and can also be confirmed by visual inspection of the N/O
maps, the nitrogen overabundance is tightly related to the
position of theWRs inWR038,WR039,WR266, andWR505,
although there is not a perfect match between them. This is
well illustrated in the unique case where we identified the
WR emission,WR039, where the N overabundance is slightly
displaced in relation to the position of the WR bumps. The
other galaxy whose N/O is not homogeneous is WR404, but
in this case, this is probably related to the gradient of metal-
licity across its tail detected in the O/H analysis, as no direct
relation between the N overabundance and the positions of
the WRs is detected.

The results obtained in this work, in which we find
evidence for a local nitrogen overabundance (in zones of the
order of 100 pc around the position of the WR bumps) in
four out of the six observed galaxies by means of IFS have
the following implications

(i) WR stars are possibly the main cause of the
overabundance of nitrogen observed in 4 out of 6
observed galaxies at spatial scales of the order of
several hundreds of parsecs detected around the
position of these stars, differing from the objects
studied in Pérez-Montero et al. [21], where this
overabundance was detected at scales of several kpc.
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Figure 4: Continued.
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Figure 4: N/O ratio maps derived as described in the text and histogram distributions in linear scale for WR038, WR039, and WR057. In all
images, each spaxel has 1 resolution, north is up, and east is left. The colors in the bars have the same meaning as in Figure 3. Same figure
for WR266, WR404, and WR505.
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1e−16

1.5e−16

2e−16

Fl
ux

 (e
rg

(s
/c

m
/Å
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Figure 5: Optical spectrum obtained by coadding the two spaxels
in WR038 where the Wolf-Rayet blue bump is detected.

According to the chemical yields ofmassive stars from
Mollá and Terlevich [50] presented in Figure 14 of

Pérez-Montero et al. [21], the stellar masses of the
ionizing clusters in the sample ofWR galaxies studied
here (all of them around 107M

⊙

) can produce a N/O
excess at distances compatible with the scales at
which the N pollution has been detected by means of
IFS in this work.

(ii) As the local N pollution has not been observed in all
the studied objects in this work and in those where
it was observed, it does not show a perfect match
with the positions of the WR bump. Although it is
necessary to take the limited spatial resolution of our
observations into account, this mismatch could be
possibly due to a timescale offset between the lifetime
of theWR stars and themixing of the ejectedmaterial
with the ISM. Possibly, the positions with relatively
high N/O trace regions where the WR stars were
present. In contrast, the positions where the bumps
are detected are tracing the ongoing star formation
regions. This spatial mismatch between N excess and
WR positions has also been observed in other nearby
star-forming objects studied by means of optical IFS
(e.g., NGC5253, [27]). This timescale offset between
WR lifetimes and N mixing is supported by the
results from other previous works based on IFS data
where WR stars were reported, but not the excess
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Figure 6: MZR (a) and MNOR (b) relations for the star-forming galaxies selected from the SDSS DR7. The solid red lines, calculated by
Pérez-Montero et al. [55], are quadratic fits to the medians in stellar mass bins of 0.2 dex. The black points are the galaxies matching the
catalog of WR galaxies by Brinchmann et al. [7].

in N/O (e.g., in this work, WR057 and WR404, in
HS0837 + 4717 and Mrk930 in [21], or in two out of
the three WR clusters detected in Mrk178 [22]).

(iii) The local nitrogen pollution happens while homo-
geneous values of the oxygen abundance are found,
which could be indicative that oxygen is not noti-
ceably present in the winds ejected by theWR stars at
this stage. Apparently, the properties of these winds
(density, velocity, etc.) favour themixing of their com-
ponents with the surrounding warm ISM. However,
the mixing expected later of the oxygen ejected dur-
ing the last stages of theWRphase and the subsequent
O-rich SNe explosions have a timescale much longer
than that of early WR winds (e.g., [51]).

(iv) Additional mechanisms other than the enrichment
due to WR winds are thought to be responsible for
the nitrogen overabundance in star-forming galaxies.
This is the case of collisional deexcitation of O+ in
strong shocks associated with mergers [52] or other
hydrodynamical processes, such as the infall of pris-
tine gas [29], which can at same time reduce the
overall metallicity of galaxies and boost the star form-
ation. These processes could be behind the relation
between metallicity and star-formation rate in galax-
ies. On the contrary, such a mechanism will not have
any influence on the abundance ratio of metals as N
and O [53]. A very suitable tool to identify these pro-
cesses and to distinguish them from local pollution,
as in the case of N ejection byWR stars, is the simulta-
neous analysis of the relations between stellar mass
and metallicity (MZR) and with N/O (MNOR). This

was already used by Amoŕın et al. [54] to understand
the low metallicity combined with N/O ratio much
higher than the values in the plateau of the diagram
O/H versus N/O measured in green pea galaxies. In
that work the analysis of these galaxies shows that
these objects have the expected N/O for their masses,
while they have systematically lower metallicities,
even though WR stars have been detected in deep
GTC spectra of some of them [18].

Hence, for WR galaxies, we try to understand their aver-
age observed N/O excess, as reported by Brinchmann et al.
[7], doing the same analysis. In Figure 6 the MZR is shown
for the star-forming galaxies of the SDSS, with their stellar
masses compiled from theMax Planck Institute for Astrophy-
sics-Johns Hopkins University (MPA-JHU) catalog (avail-
able at http://www.mpa-garching.mpg.de/SDSS/) and oxy-
gen abundances calculated using the N2 parameter for emis-
sion lines with S/N larger than 2. The solid red line, as
explained in Pérez-Montero et al. [55], is a quadratic fit to the
medians for stellar mass bins of 0.2 dex. The black points are
the matches between the WR galaxy catalog by Brinchmann
et al. [7] and all the other star-forming SDSS galaxies selected
from the MPA/JHU list. The number of matches obeying the
S/N criterion and having a minimum redshift (𝑧 > 0.02)
to avoid serious aperture effects in the determination of the
stellar mass, as described in Pérez-Montero et al. [55], is 254.
In the right panel of the same figure, the MNOR is shown, as
calculated using the N2S2 parameter with the calibration by
Pérez-Montero and Contini [48]. As can be appreciated and
contrary to green pea galaxies, theWR galaxies are in average
in agreement with the metallicities expected for their stellar
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mass but, in contrast, have larger N/O ratios, which could be
just local pollution values in the same region covered by the
SDSS fiber and possibly due to the enrichment by WR stars.

5. Summary

In this work, we presented 3.5m CAHA-PMAS IFS obser-
vations of six metal-poor compact WR galaxies selected
from the catalog published by Brinchmann et al. [7] in the
optical spectral range 3700–6850 Å. Our aim is to study the
connection between the presence ofWR stars andN/O excess
as compared with the values predicted by chemical evolution
models at this metallicity regime.

We derived O/H and N/O abundances ratios using the
direct method (i.e., with the determination of the electron
temperature) or strong-line methods based on [N ii] 6584 Å
emission line, such as N2, O3N2 (for O/H), and N2O2 (for
N/O) with the calibrations provided by Pérez-Montero and
Contini [48], which are consistentwith the directmethod.We
studied the homogeneity of the spatial distributions of both
O/HandN/Ousing the same statistical procedure introduced
by Pérez-Montero et al. [21] and improved by Kehrig et al.
[22].

Our results indicate that in all the studied objectsO/H can
be considered as uniform in scales of the order of several kpc,
with the exception of WR404, for which a gradient of O/H is
found in the same direction of a low surface brightness tail.
In contrast, N/O can only be considered as homogeneous in
WR057. In four of the six studied galaxies (WR038, WR039,
WR266, and WR505), we found positions associated with or
close to the WR stars with N excess in spatial scales of the
order of several hundreds of pc.We discussed that, according
to the models presented by Pérez-Montero et al. [21] based
on massive star yields of Mollá and Terlevich [50], the N
excess length scale is consistent with the distances at which
the stellar clusters in these galaxies can enhance the gas-phase
abundance of N. On the other hand, our analysis of both the
MZR and the MNOR of the WR galaxies of the SDSS WR
catalog of Brinchmann et al. [7] excludes hydrodynamical
effects, such as metal-poor gas inflows, as the more frequent
cause of the N excess detected in the SDSS galaxies with a
detection of the WR bump.

Based on observations collected at the Centro Astro-
nómico Hispano Alemán (CAHA) at Calar Alto, operated
jointly by the Max-Planck Institut für Astronomie and the
Instituto de Astrof́ısica de Andalućıa (CSIC).
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