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The evidence for microwave emission from spinning dust grains has been strengthened considerably by its detection in a number
of discrete astrophysical objects associated with star formation. These detections, in combination with statistical constraints on its
presence on large angular scales in the diffuse ISM, have provided strong observational confirmation of an emission mechanism
still referred to as anomalous. This emission has a peaked spectrum with a maximum in the microwave band; the present review
discusses the continuum radio emission mechanisms which can contribute to this region of the electromagnetic spectrum, collects
published results on the prevalence of anomalous microwave emission in a variety of star formation regions, presents the overall
conclusions that may be drawn from the detections so far, and discusses the prospects for future research on the anomalous

microwave emission attributed to spinning dust within star forming regions.

1. Introduction

The interstellar medium (ISM) of our galaxy and others is
volume dominated by a small number of components. These
components are differentiated by their temperature, ioniza-
tion state, and density: the cold neutral medium (CNM) with
hydrogen density n; = 30cm™ and temperature 100K,
containing very little ionized material and no molecular gas;
the warm neutral medium (WNM) with hydrogen density
ny; = 0.3 cm ™ and temperatures of 5000-10* K, a low ioniza-
tion fraction and no molecular component; the warm ionized
medium (WIM), which has much in common with the WNM
except that it is almost entirely ionized; as well as the low
density hot ionized medium (HIM), with #; = 0.001 cm™?
and temperatures of 10°K, which was first proposed by
McKee and Ostriker ([1]; see also [2]) as the result of super-
nova shocks acting on the ambient ISM, and lead to the
phrase “the violent ISM” being coined [3]. Between them
these components make up three phases, where they exist
with densities regulated by pressure equilibrium: the hot
phase of the HIM, the cooler combined warm phase of the
WIM and WNM, and the cold CNM phase [4].

In addition to these three phases there also exist qua-
sistatic, long-lived components with pressures far in excess of
the ambient ISM, which have a much smaller volume filling

factor but represent the bulk of mass in the galaxy. These giant
cloud components are virialized and gravitationally bound,
and their increased pressure is a result of an ongoing internal
struggle to produce pressure gradients which will balance
their own self-gravity. Unlike the ambient ISM phases, these
clouds are largely molecular with little ionized gas. Their high
densities make them opaque to optical or ultraviolet radiation
and they have very low temperatures of 10-30K. These
molecular clouds have a partly hierarchical structure, with a
self-similar density structure thought to arise naturally from a
turbulent medium [5]. Simulations of turbulent collapse have
demonstrated that turbulent pressure in such regions can
support the structure of a molecular cloud against collapse
globally while still allowing local collapse to occur (e.g.,
[6]). It is this local collapse where (in the simplest picture)
overdensities from fluctuations become unstable to gravity,
which forms the even denser cores which collapse further
to become stars. The largest of these structures, with masses
in excess of 10* M, are known as giant molecular clouds
(GMCs). Within GMCs, individual overdensities are termed
clumps and generally correspond to what are loosely termed
dark clouds in the literature, with densities of 10°~10* cm-3.
These clouds do not necessarily go on to form stars, but can
contain denser cores with 7;; =~ 10*-10° cm ™, and it is these
cores that go on to form individual or multiple stars.



Once massive stars (typically O or B spectral type) have
formed within these clouds, the effect of their energetic UV
photon flux (hv > 13.6eV) on both their own surrounding
cloud as well as those nearby is to cause photoionization of the
molecular hydrogen to produce regions of fully ionized gas
(Hi1 regions). Those photons which escape the surrounding
clouds completely travel further into the ISM to produce
the warm ionized medium, which has similar temperatures
to those of the Hir regions (=10* K). However, Hi1 regions
themselves have electron densities that range 1-10° cm™, far
higher than those of the WIM. Consequently, with such high
densities and large thermal velocities, these Hi1 regions often
cause otherwise collapsing clouds to expand into the ambient
ISM, tearing apart the larger gravitationally bound molecular
cloud.

It is these two higher pressure components of the ISM,
molecular clouds, and Hir regions which form the basis of
this review. Such regions differ from the more diffuse medium
where anomalous microwave emission was first detected by
Leitch et al. [7] in the NCP. The unbound, low pressure gas
of the NCP is often referred to as cirrus and may be con-
sidered to be composed of a combination of the ambient ISM
constituents. Although the higher pressure components differ
from this medium, the supposition that AME was related
to the dust population presented a strong argument for
examining these pre- and protostellar environments, where
dust is expected to be ubiquitous.

In spite of the pervasive nature of dust in star formation
regions, there is still debate about many of its properties. Dust
is composed of carbonaceous, silicate, and/or metallic grains
[8], but the actual mixture and structure are not well con-
strained. The shape of grains varies widely; they may be
spherical, spheroidal, and fractal, or in the case of the very
smallest grains they may be disk/sheet-like as expected for
polycyclic aromatic hydrocarbons (PAHs; [9]) or needle-like
[10]. Their sizes vary wildly, between a few tenths of a nano-
metre for the smallest grains which are expected to produce
the anomalous microwave emission attributed to spinning
dust, and several centimetres for the largest grains, or peb-
bles, found in the circumstellar/protoplanetary disks around
young stars (e.g., [11]). Within cold molecular clouds the
surface of these dust grains is expected to be coated by the
depletion of molecules from the gas phase and, in the very
coldest and densest regions, the formation of ice mantles [10].
All of these factors influence the observational parameters of
the dust through their effects on emissivity and opacity as
a function of wavelength, as well as the ratio of dust to gas
which will vary between different environments [12].

Although star formation regions are generally studied at
much shorter wavelengths, the identification of such regions
with anomalous microwave emission attributed to spinning
dust hasled to a surge of observational studies at radio-micro-
wave frequencies. These studies concentrate not only on small
angular scales where radio emission is known historically
to be associated with protostellar objects, but also on the
extended scales of the clouds which contain this activity and
indeed the wider complexes of such clouds.

The structure of this review is as follows: in Section 2, I
give an overview of the radiation mechanisms contributing
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to the total microwave emission of star formation regions
other than the anomalous microwave emission attributed
to spinning dust; in Section 3, I discuss the possibilities
for identifying spinning dust emission in star formation
regions based on the theoretical predictions of Draine and
Lazarian ([13]; hereafter D198) and review the observational
evidence in each case; in Section 4, I discuss the links to
protostellar activity and the environmental conditions within
star forming regions; in Section 5,  address the observational
issues associated with the identification of the anomalous
component; and in Section 6, I discuss the future observa-
tional prospects and possible directions for further study.

2. Radio Emission from
Star Formation Regions

The mechanism and spectrum of the anomalous microwave
emission from spinning dust are described elsewhere in this
volume, and so I will not repeat that description here. How-
ever, at centimetre wavelengths, there are a number of alter-
native emission mechanisms which also contribute to the
overall spectrum of star forming regions. The measured SED
is consequently often a combination of multiple types of
radiation processes and identifying the contribution from
spinning dust alone requires careful separation of these com-
ponents. Here I give a brief overview of the major alternative
mechanisms which may be found to contribute to the overall
spectrum. This overview is not an exhaustive description of
these mechanisms, for which I refer the reader to the many
more detailed investigations referenced in the text, but is
intended to provide the reader with a working “toolkit” with
which to understand and interpret the following discussions
about the observational constraints on anomalous microwave
emission from star formation regions.

Anomalous microwave emission is often discussed in the
context of the three major radio emission mechanisms: syn-
chrotron, bremsstrahlung, and thermal (i.e., vibrational) dust
emission. Although such mechanisms are usually character-
ized by canonical spectral indices of @ = —0.7,-0.1, and +3.8,
respectively (where S, oc %), the detailed spectral dependen-
cies of each vary substantially as a function of environment.
Across the microwave band, broadly considered here as 1-
100 GHz, the two dominant mechanisms will be thermal
bremsstrahlung and thermal (i.e., vibrational) dust emis-
sion. As the separation of the anomalous microwave emis-
sion from other types of emission is highly important, I here
briefly review these two major alternatives in the context of
star forming regions.

2.1. Thermal Bremsstrahlung

2.11. General Principles. There is a variety of mechanisms
expected to give rise to radio emission from star formation
regions. The most commonly observed of these is that of
thermal bremsstrahlung, or free-free, emission. This mecha-
nism operates when charged particles, typically electrons, are
accelerated by encountering another charged particle. Con-
sequently radio free-free emission is expected to manifest
from any environment populated by an ionized plasma. The
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distribution and energy cutoff for scattering in such a plasma
are characterized by the Gaunt factor, (gg), which allows one
to work out the (ratio of) absorption coefficient, «,, for the
plasma,

K, = 0.018Z>N,N, T, *v* (ggr) . 1)
Integration of this quantity along the line of sight, JK,,dE,

gives the optical path length (depth) for the free-free emis-
sion,

T -3/2 —2
7, = 3014 x 10‘2<—e> (L)
K GHz
x {m [4.955 x 10’2<L) ] + 1.51n<—e>]> )
GHz K

< )
X
cm pC

(14, 15], where the emission measure, EM, is defined a the
integral I N,N;d¢. This expression is often approximated as

T -1.35
T, = 8.235 x 10*(%)

< v >—2.1 ( EM )
X
GHz cm~%pc

(see, Altenhoff et al. [16]). The brightness temperature, T,
from such emission is given by the product

T,=T,(1-¢™). (4)

In the Rayleigh-Jeans region of the spectrum, where S, =
2kgT, /A inunits of W m > Hz ' sr™', and assuming emission
extended relative to the resolution of the telescope, the result-
ing flux density from such emission is then given by

Sv 4 v 2
— ) =3.07x10 (—)
Jy bm GHz

(B)-e(2).

where (), is the beam size in steradians. The integrated flux
density of a discrete source, in units of Janskys, may be found
by replacing Q, in (5) by Q,, the source size in steradians.
Where the plasma giving rise to the free-free emission is
reasonably uniform in density, this leads to a characteristic
radio spectrum which has two components delineated by
the frequency at which the optical depth equals unity (r, =
1), marking the transition from optically thick behaviour to
optically thin. In the optically thick regime, the optical depth
term in (5) becomes approximately unity and the flux density
spectrum rises as v’; in the optically thin regime, the optical
depth term becomes =7, and the frequency dependence of 7,
(see (3)) cancels with the explicit frequency dependence in
(5) resulting in a flux density spectrum which varies as ™.
In the optically thin regime the optical depth term tends to
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TABLE 1: Physical parameters for different types of Hi1 regions.
Class Size Dens_lsty E_I;/I
(pc) (cm™) (em™ pc)
Hypercompact <0.03 >10° >10"
Ultracompact <0.1 >10* =107
Compact <0.5 >5 x 10° =107
Classical ~10 ~100 ~10%

unity and the frequency dependence follows the Rayleigh-
Jeans spectrum with a »* dependence.

The frequency at which an ionized plasma becomes
optically thick/thin depends on its size, density, and to a
lesser extent its temperature. The first two of these quantities
are combined into the emission measure of such a plasma;
the turnover frequency where optical depth equals unity is a
strong function of the emission measure.

The emission measure of an ionized plasma surrounding
a massive young star can be used to establish the relative age
of the object with denser, higher emission measure objects
corresponding to younger systems. The highest emission
measure objects are referred to as hypercompact Hii, or
HCHTI1 regions, followed by ultracompact (UCHI1), compact
(CH), and classical Hi1 regions in order increase evolution.
Typical parameters for such objects are given in Table 1, which
is adapted from Kurtz [17]. Often such objects are found
grouped together spatially, as the expansion of an Hi1 region
into the ambient ISM is thought to cause triggered star forma-
tion to occur and hence be responsible in part for the creation
of additional local compact cores of Hir; see Section 3.1.1.

The integrated flux density spectra, following (5), for the
four types of Hir region summarized in Table 1 are shown in
Figure 1(a). The spectra correspond to the nominal param-
eters as listed in Table 1, a common electron temperature of
10* K and scaled to a distance of 10 kpc. The turnover fre-
quencies for the emission measures of compact/ultracompact
(1.76 GHz) and hypercompact (472 GHz) regions are indi-
cated by vertical dashed lines. Note that the integrated flux
density of the compact region is larger than that of the
ultracompact due to having an increased size but comparable
emission measure. The turnover frequency from the optically
thick to optically thin regime as a function of emission mea-
sure is shown for a range of electron temperatures in Figure
1(b).

In practice, the optically thick emission of ultra- and
hypercompact Hir regions tends to have a somewhat shal-
lower observed spectrum than the S, oc v* behaviour pre-
dicted by the uniform density free-free model, with indices
in the range 1 < « < 2. This is thought to be due to the fact
that such regions are not uniformly smooth, but are instead
clumpy along the line of sight [18] with a variety of optical
depths present. The morphology of ultra- and hypercompact
Hi1 regions is discussed further in Section 3.1.1.

2.1.2. Varying Optical Depth. Frequently the ionized plasma
surrounding regions of star formation cannot be well approx-
imated by uniform optical depth but instead has regions of
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FIGURE 1: (a) Spectra of different types of Hi1 region from Table 1. Red dashed lines indicate turnover frequencies at 1.76 and 47.2 GHz for
emission measures of 10” and 10" cm™® pc, respectively. (b) Turnover frequency from optically thick to optically thin for free-free emission

as a function of emission measure for a range of temperatures.

varying density, resulting in a partially opaque plasma. This is
particularly the case when considering plasmas in the imme-
diate vicinity of young stellar objects. The spectra from such
regions have behaviour that depends not only on the geo-
metry but also on the thermodynamic conditions of the ion-
ized gas. Unlike classical Hi1 regions, where the source of free-
free emission is generally due to nearby neutral gas which has
been ionized by the strong UV flux from the central star, these
plasmas can be associated with stellar winds or ionized jets,
both of which are typical in such systems.

The canonical geometry for a stellar wind is that of a
spherical region of ionized, isothermal (the polytropic case
for the same geometry was considered by Chiuderi and
Ciamponi [19], whose derivation preempted the analysis of
Reynolds [20] but in a less general form) plasma with a radial
density gradient, n,(r) = no(r/ro)_2 [21], where n, is the
electron density at the inner boundary r;, which marks the
stellar radius. For such an emission region the optical depth
through the plasma varies as a function of projected radius
on the sky. The unresolved flux density of such a source can
be expressed as

S " 43, 8/3
< ! ) = 32.7( i ) ( X )
mJy 10 cm™3 10'° cm

" 0.6 Te 0.1 d -2
X(GHZ) <104K> (@) '

The same spectral behaviour is also expected from a con-
ical isothermal jet [22]. Indeed for a more general outflow
where the physical conditions are parameterized by different
radial dependencies such that T,(r) = (r/ry)?, =(r) =
(r/ry)%, and so forth, the spectral index of the radio emission
would have the form

(6)

2.1
a=2+"(1+e+qr) (7)

T

with g, = € + 2q, + 2q, — 1.35¢;, where 7 denotes optical
depth, x denotes ionization, n denotes density, T denotes tem-
perature, and ¢ relates to the opening angle of the jet such
that w = wy(r/ry)° with w representing the radius of the jet
perpendicular to the direction of outflow. For a range of phy-
sical situations, this index varies with values —0.1 < & < 1.1,
as listed in Table 1 of Reynolds [22]. For a general outflow, the
expression for the integrated radio flux density is

Sv 7’0 2 » 4
= 4.74F (q.,
<m]y> (95 0) ( 101° cm) < 10 GHZ)
00 vm 2-«
X(E)(lOGHz) ®)
d\?*( T, \ . .
X @ ot sinti,

where v,, = [2 a, w, np x5 Ty (sin i)'1M/*! is the turn-
over frequency from optically thick to optically thin emission,
F(g,,a) = (Z.I)Z/qT((x — 2)(« + 0.1), and the jet is inclined
towards the observer at an angle i. In the specific case of a
conical, fully ionized isothermal jet with opening angle 6, =
2wy /1, in the plane of the sky, (8) can be rearranged to give
an equivalent expression to that of the spherical isothermal
wind in (6),

S 9, \** n, 4/3
(5 %) ()
mjy rad 106 cm™3
8/3 0.6
(o) (@m)
105 cm GHz

T 0.1 d -2
X £ — ] .
( 10 ) (kPC>
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Opening angles for outflows from young stellar objects
(YSOs) vary with evolution. For example the earliest stage of
YSO (Class 0) has highly collimated outflows which become
less collimated as they evolve through Class I and, where an
outflow remains, leave a wide angle outflow from Class II
objects. Typically, however, one may assume that 6, < 0.5
rad.

Outflows which are collimated (¢ < 1) will have shall-
ower spectral indices, typically « = 0.25, although pres-
sure confined outflows can exhibit much steeper indices
approaching unity. Such steep indices can also be produced
by recombining or accelerating outflows where the indices
may even exceed unity.

2.1.3. Quantifying Thermal Bremsstrahlung Indirectly. There
are two major indirect methods for establishing the expected
level of free-free emission from a given region. The first is
to use of radio recombination lines (RRLs) to determine the
local emission measure and use this to predict the free-free
flux density. The integrated line temperature is proportional
to both the temperature of the electron plasma and the
emission measure,

-1.5
JTLdv=1.92x103<%> < EM ) (10)

cm~® pc

By assuming an electron temperature, one may determine
the emission measure; however generally RRL measurements
record both the line temperature and the continuum bright-
ness temperature. By taking the ratio of these two quantities,
JTLdv/ Tc, using the expression for brightness temperature
in (4), one can find the electron temperature directly,

5 T -1.15 v 1.1
JTLdv/TC =6.985 x 10 (Ee) ( ) , 1)

GHz

see, for example, Brown et al. [23] for a review.

The width of RRLs towards Hir regions provides a good
determinant of the type of region being observed. Typically,
diffuse classical Hir regions have relatively narrow line
profiles with widths of ~25km s™' [24], compact Hi1 regions
have somewhat broader line width, UCHI11 region RRLs are
broader still with ~30-40kms™' [17], and HCH1 regions
have extremely broad RRLs of 50-100kms™" and often in
excess of 100 km s~ (e.g., NGC 7538; [25]).

The second indirect method for predicting free-free
emission is to use Ho emission, which is thought to trace
diffuse free-free emission closely as they both arise from the
same plasma and therefore their intensities both depend on
the same emission measure. The intensity of free-free is given
by (5), whereas the intensity of Ha at A = 6563 A (measured
in Rayleighs) is given by

(%) =036 ( crrllg‘ll/[pc> < I(Z;EK >_y 12)

[26], where y = 0.942 + 0.0311In(T,/10* K) [27]. Under the
assumption of optically thin free-free emission, combining

(3) and (5) and replacing the emission measure term with the
rearrangement of (12) leads to the relationship

( Sy ) - 281( Te >y—0.35
Jybeam™ ) 10*

() (R)(2)

GHz R/\ st/
Although broadly correct, this treatment is somewhat
simplistic in its treatment of the emitting species. Whereas
free-free emission will arise from all ions in the plasma,
Ha emission will only arise from H* + e”. Consequently
the ratio of free-free to Ha emission will also depend on
both the ionization fraction, x;; = n(H")/ny, and the gas-
phase elemental abundance. Without exact knowledge of
these conditions the variation in this ratio can be a factor of

several (Dong and Draine, 2010).

(13)

2.2. Thermal Dust Emission. The spectral behaviour of con-
tinuum thermal dust emission is far more coherently ex-
pressed than that of free-free emission. Dust spectra are
heavily dominated by modified blackbody emission, with
an additional subdominant component from the emission
lines of individual dust species. The observed continuum flux
density from such emission in the Rayleigh-Jeans limit and
optically thin limit is characterized as

S, oc P (1)), (14)

where f is the opacity index of the dust population with
opacity «, = x,(v/ vo)ﬁ (cf. [28]), T, is the dust temperature,
and B, (T}) is the Planck function.

The opacity index, 3, depends on the dust composition
and grain size distribution. Smaller grains have larger opacity
indices, leading to steeper spectra at longer wavelengths,
whereas larger grains such as those found in circumstellar or
protoplanetary disks exhibit flatter spectra with low values of
B. The opacity index, f3, is related to the spectral index of flux
density measurements as 3 = (1 + A)(« — 2), where A is the
ratio of optically thick to optically thin emission. This ratio
decreases at longer wavelengths and has been observationally
determined in the region 350 ym to 1.3 mm for dark clouds as
A = 0.2[29,30]. Although negative values of 3 are unphysical,
values approaching zero (e.g., [31]) are proposed for the
long wavelength tail of the greybody spectrum for young
stellar objects, which is dominated by large dust grains in
circumstellar/protoplanetary disks. This is substantially lower
than that expected for the more diffuse interstellar med-
ium of gy = 1.8-2.0. This difference is due to the change in
expected grain size distribution within the dust population,
as described previously. For grains with a size distribution
dn/da oc a’?, where the grain size a < a,,, and a,,, >
3A, where A is the wavelength of observation, the measured
opacity index will be

BA) = (p-3) Prsm- (15)

For a typical power-law index of p = 3.5 (MRN dis-
tribution; [32]), grains with S;qy = 2 will have 8 = 1 when



Gn.x > Aand by extension 3 < 1 whena,,,, > 31 [33]. Power-
law indices, p, for grain size distributions have been shown to
be as low as p = 3 for protoplanetary disks (e.g., [34]), which
can reduce the expected value of 5 even further.

Consequently the contribution from thermal dust at
microwave frequencies (A > 3 mm) is expected to come from
the largest grains in the overall population. The additional log
normal grain size distribution for very small grains appended
to the MRN distribution by Draine and Lazarian [13], as
inferred from 12 and 25 ym IRAS data [35], to predict the
rotational emission of the small grain population has no effect
on the greybody tail of the thermal dust population at these
longer wavelengths.

The flux density of dust emission at a single frequency
can be used directly to characterize the dust properties of the
emitting region. Specifically, the hydrogen column density
can be found using

( CN]“ > . H < y )
2 2 8 m | bealn 1
1

y ( K > B, (Ta) (9) i
cm? gt Jysr™t ) \'sr ’
where VW is the gas-to-dust ratio and 1 is the atomic mass of
hydrogen. The total (gas + dust) mass can be estimated from

the integrated flux density when the distance to the source, d,
is known,

<M£o> = 4.8 % 109\P<?—;> (&)2
- [(cm?g‘1 ) (?;ErT-dl) )]1

see, for example, Anderson et al. [36]. Both of these quantities
also depend on the opacity index f3 through the dependence
of k, on this parameter. Typical normalizations of the opacity
function at sub-mm wavelengths are in the range 0.001-
0.05cm? g™, and the dust to gas mass ratio, ¥, is typically
assumed to be 100 although there is a large degree of uncer-
tainty in both of these parameters (e.g., [37]). In this paper
a dust emissivity of kg5, = 0.012cm’g ™" (gas + dust), from
Ossenkopf and Henning [10] model 5 for icy coagulated
grains, and a gas-to-dust mass ratio of 161 (1.5 x 107°® g of
dust per H atom; [38]), assuming gas is 0.89% H by number
[39], are assumed.

2.2.1. Free-Free Absorption by Dust. If only free-free emission
is involved then the radio spectral index of the flux density
with increasing frequency should never be substantially neg-
ative. However, this is not the case when free-free is obscured
by a dust cloud along the line of sight. The dust and the free-
free will have differing optical depths, Tf and Tﬁf, respectively,
and consequently the recovered flux density will be, following
the approach of Rodriguez et al. [40],

5,= 2201, (1-¥) e a1, (1-cF)]. a9

Advances in Astronomy

Since the optical depth of the dust will be Tf =

N(d)xy(v/ vo)ﬁ where N(d) is the mass column density of the
dust and including the Gaunt factor dependence in the free-
free optical depth, the resulting absorbed free-free spectral
index assumes the complicated form

az2s {ﬁfgeff 1,1, (1- )]

-2 [1 + <In%3 + 35.4>_1
X [Te (1 - e_T";f) e 4 T, (1 - e_73>]_1.

This kind of absorption can produce highly negative spec-
tral indices in principle. However, in practice the dust col-
umn densities required are extremely large compared to the
expected value in the ambient ISM; see Section 3.1.1.

ff, _d
TﬁfTee—TV +T,) } (19)

3. Where Should We Expect to
Find Spinning Dust?

Of the seven different environments considered as possible
sites for producing spinning dust emission by Draine and
Lazarian [13], three are representative of the large scale diffuse
interstellar medium or cirrus: the cold neutral medium
(CNM), the warm neutral medium (WNM), and the warm
ionized medium (WIM); five are directly associated with star
formation: dark clouds, molecular clouds, the warm ionized
medium, reflection nebulae, and photodissociation regions.
The warm ionized medium is a cross-over component as it
may be representative not only of large scale diffuse ionized
plasmas, but also of hot ionized objects with compact support
such as Hir regions.

There is some confusion in the literature over terminol-
ogy in this area, and here I explicitly define my nomenclature.
Clouds or dark clouds (DC) are regions of high visual extinc-
tion on scales of a few parsecs. They contain large quantities
of molecular gas, which often harbours cores and active star
formation. Cores are defined as compact objects on scales of
a few tenths of a parsec and are typically identified at sub-
mm wavelengths. Cores can be protostellar or starless, a dis-
tinction made on the basis of their SEDs, the presence of an
IR source, a molecular outflow, or a compact cm-wave source
[41]. Cores identified in the sub-mm are suffixed “SMM,”
whilst those identified in the infrared are suffixed “IRS”
Correspondingly I will refer to dark clouds as being “starless”
or “star-forming” based on whether they are known to con-
tain protostellar cores or not. On larger scales of a few parsecs
to a few tens of parsecs I will refer to extended regions
of presumably interconnected clouds as molecular clouds
(MCs), or molecular cloud complexes.

Reflection nebulae (RN) are regions of gas subject to
UV flux from nearby stars insuflicient to ionize the neutral
medium, but strong enough to cause scattering effects which
illuminate the dust. Typically they are associated with high
mass star formation or particularly luminous premain seq-
uence (PMS; low-mass) stars. In general these low-mass PMS
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stars are Herbig Ae/Be stars [42] or FU Orionis objects [43],
but in a few cases they may also be illuminated by T Tauri
stars (T'TS; Class II/IIT). One such case is the bright reflection
nebulae Parsamian 3 [44] associated with a weak-line T Tauri
star (WTTS; Class IIT) binary (possibly triplet; [45]) pair HBC
515 at the apex of the star-forming dark cloud LDN 1622,
which will be discussed in more detail later in this review.

Photodissociation regions (PDRs), also sometimes called
photon-dominated regions, contain ultraviolet photons from
nearby stars, which are not energetic enough to ionize hydro-
gen and create Hi regions, but which can dissociate most
molecules. The term remains sufficiently general to include
regions that are mostly H, or CO but where ultraviolet
fluxes still appreciably dissociate other species. In broad terms
nearly all phases of the ISM which are not dominated by ion-
ized hydrogen can be considered to be PDRs. The degree
of dissociation in PDRs covers a spectrum which includes
regions where the penetration of photons leads to a predomi-
nantly atomic component with molecular oxygen and hydro-
gen and atomic carbon, as well as regions where molecular
hydrogen and carbon monoxide remain intact and only mole-
cular oxygen is dissociated and which include all gradations
of dissociation intermediate to the two. These gradations
can also be described by considering the balance between
the atomic hydrogen density and the interstellar radiation
field (ISRF; e.g., Hollenbach [46]). DL98 defined their PDR
scenario as regions with hydrogen density of n; = 10° cm™,
an ionized hydrogen fraction of 10™* and a more general frac-
tion of ionized species double that of hydrogen. These condi-
tions are typical of PDRs such as those associated with the Hir
region S140 [47], which represents what might traditionally
be termed a PDR, that is a region where neutral hydrogen
substantially dominates both ionized and molecular hydro-
gen, but where other ionized species (such as carbon, oxygen,
and silicon) are significant. These other ionized species are
identified by their IR emission lines: C11 (158 ym), O1 (63 pm),
and Si1 (35 ym). Typically such regions are found predomin-
antly in the outer layers of molecular clouds and in what
follows the term PDR will be used in the sense defined by
DL98 to denote those regions identified in the literature
specifically as these predominantly neutral outer layers where
significant line emission from other ionized species has been
recorded.

3.1. Targeted Observations. The earliest targeted observations
of star formation regions for the purpose of detecting spin-
ning dust emission were made with the Green Bank 43 (140
foot) telescope [48] shortly before it was decommissioned
in 1999. These observations targeted a selection of 10 dark
clouds, Hir regions and infrared sources at 5 and 8-10 GHz,
with the intention of constraining an excess at 8-10 GHz rela-
tive to any free-free continuum at 5 GHz. Tentative detections
were reported towards the dark cloud LDN 1622 and the Hit
region LPH 201.6+1.6. Later observations revealed that the
detection towards LPH 201.6+1.6 was in error [49, 50], but
LDN 1622 still remains one of the best candidates for hosting
emission from spinning dust grains. These early observations
and potential detections lead to a slew of further targeted
studies towards a range of objects.

3.1.1. Warm Ionized Medium: Hi1 Regions. The early tenta-
tive detection of spinning dust from the Hir region LPH
201.6+1.6 [48] had a spectrum which matched the theoretical
predictions of DL98 very well, but a magnitude of intensity
excess far larger than predicted. This predicted free-free
contribution to the flux densities was determined from the
Ha survey of Gaustad et al. [51] as described in Section 2.1.3,
which indicated an emission measure of EM = 400 cm™® pc,
consistent with a classical Hi1 region (see Table 1).

As described in Section 2.1.1, Hir regions are well known
as bright radio sources. Although classical Hi1 regions typi-
cally have flat radio spectra, with flux density measurements
only on the longer wavelength (rising) side of the expected
spinning dust spectrum for LPH 201.6+1.6, McCullough and
Chen [52] suggested that the excess could in fact be due to the
presence of an ultracompact Hir region either embedded in
or projected against LPH 201.6+1.6 contaminating the data,
which would produce such an inverted spectrum at higher
frequencies.

Although the emission measure recovered from Ha data
did not support the presence of HCHii, see Section 2.1.3,
predictions from Ha are strongly affected by optical depth
effects and so this alone could not rule out such a theory.
However, when combined with low IRAS fluxes as pointed
out by McCullough and Chen [52], which would suggest an
improbably large distance to the potential UCH11 region, this
possibility seemed remote. In addition, I note that the RRL
width towards LPH 201.6+1.6 [24] from observations with a
resolution large enough to encompass the IRAS source pos-
tulated as the potential contaminant (IRAS 06337+1051; [52])
is only AV = 22.8 + 2.9kms™". This is low even for diffuse
Hir regions, which have typical line widths of ~25kms™
(see Section 2.1.3) as opposed to ultra- and hypercompact Hrr
regions which possess much broader lines widths. Further-
more, the original excess was brought into question by results
from the CBI telescope [49], which were subsequently con-
firmed by the VSA telescope [50], and indeed further obser-
vations made with the 100m Green Bank telescope were
unable to reproduce the original rising spectrum seen with
the 140-foot telescope (footnote, [49]).

Further studies of Hir regions concentrated on larger
samples. However, the results were somewhat contradictory.
A sample of six Hi1 regions in the Southern hemisphere [53]
showed a possible small excess of dust correlated emission
relative to JRAS 100 ym data with an average emissivity of

3.3+ 1.7 uK (MJy sr"l)_1 at 31 GHz over the full sample and

a 95% confidence limit of <6.1uK (MJy sr_l)_l. The most
significant detection was towards RCW 49 which indicated
a 3.30 excess at 31 GHz; see Figure 2. This provided further
tentative evidence of some additional mechanism producing
emission over the cm-wave band. In contrast a sample of six-
teen Hi1 regions in the Northern hemisphere [54] showed no
statistically significant excess towards any individual object
and on average found a decrease in emission relative to free-
free predictions extrapolated from lower frequencies, consist-
ent with the expected steepening of the free-free spectrum
at shorter wavelengths [55]. Those objects where a positive
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FIGURE 2: Relative emissivity of excess microwave emission to
100 yum FIR emission as a function of hydrogen column density,
N(H), for Hi1 regions where an excess is detected. Data are shown
for excess emission relative to spectra extrapolated using spectral
indices fitted to lower frequency data (squares) and using canonical
spectral indices for free-free emission (circles) for detections of
anomalous microwave emission from Dickinson et al. ([53]; blue
points), Scaife et al. ([54]; green points), RCW 175 ([64]; red square),
and G159.6-18.5 ([91]; red square). A red dashed line indicates a
relative emissivity of 10 uK (MJy/ st)”! typical of that observed on
large scales at high galactic latitudes [80].

excess was observed are shown in Figure 2 where it can be
seen that none are statistically distinct from zero.

Aside from the difference in observing frequency, a
further potential cause of the discrepancy in AME detection
between these two samples of Hi1 regions may be the range
of angular scales probed. Anomalous microwave emission
was initially detected on large-scales and it should be noted
that not only was the sample of Southern Hir regions [53]
observed with an instrument that had sensitivity to marg-
inally larger angular scales than the Northern sample [54], but
also that the Northern sample of Hir regions had less asso-
ciated diffuse emission relative to the resolution of the tele-
scope. Such a differing response to sample composition and
spatial sensitivity might indicate that the anomalous micro-
wave emission is present either on larger scales than free-free
emission, or may be a consequence of an inverse relationship
between VSG abundance and density resulting in a lower
spinning dust emissivity as suggested by DL98. The second
of these possibilities was proposed by DL98 in the context
of dark clouds, which have high densities of molecular gas,
rather than Hir regions but may also be relevant in this case,
although it should be noted that the range of emission mea-
sures covered by the two samples was not substantially differ-
ent.

A significant possibility for misidentification of anoma-
lous microwave emission from Hir regions is provided by
the presence of ultra- or hypercompact Hi regions, such
as that suggested by McCullough and Chen [52] for LPH
201.6+1.6, as these may also provide a rising spectral index
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from lower frequencies. Without additional data at v >
50 GHz to confirm the peak of the spinning dust SED such
contamination is very hard to distinguish.

Unlike low-mass stars, the earliest stages of high-mass
star formation where the central object is still undergoing
accretion are generally undetectable at radio frequencies. This
is because, even though the protostar produces a high enough
UV flux to cause significant ionization, the absorption from
infalling matter prevents the photons travelling very far from
the central source [56]. The radio emission that is seen from
ultra- and hypercompact Hi1 regions is thought to occur after
accretion finishes and the star evolves onto the main sequence
(possibly immediately after or even during the final stages of
accretion for hypercompact Hix regions) but is still cloaked in
the surrounding molecular cloud. During its lifetime on the
main sequence, the Hir region will evolve from a dense region
with the star embedded and expand, revealing the central
object, and form a classical nebula. During this expansion
the Hir region interacts with surrounding or neighbouring
molecular clouds by sweeping up material. If the expansion
scale is smaller than the size of individual clouds, then this
triggers new star formation by effectively “squeezing” the
extant dense clumps; if the expansion scale is larger than the
size of an individual cloud then a cavity forms surrounded
by a rim of collected material which then goes on to form
clumps which then collapse triggering new star formation
[57]. The first of these mechanisms is considerably faster
than the second; however both are observed (e.g., Deharveng
et al. [58]; Zavagno et al. [59]; Choudhury et al. [60]. The
consequence of this triggered star formation is that different
classes of Hi1 region are often found in close proximity. For
microwave measurements made with large beam sizes, the
contributions of multiple regions of Hir of varying emission
measure must therefore be accounted for spectrally.

Radio recombination lines (RRLs) provide a useful
method for establishing the degree of contamination from
denser plasma Hir within an unresolved source. Figure 4
shows the distribution of the ratio of microwave excess flux
density to 100 ym flux density (following Todorovi¢ et al. [61])
with RRL widths, for sources from the VLA Galactic Plane
Survey of Todorovi¢ et al. [61] and Scaife et al. [54], which
have a counterpart in the RRL catalogue of Lockman (see
[62]; the Hi1 regions from [53] fall outside the survey area
for this catalogue). The average value of RRL width for a
classical Hi1 region, see Section 2.1.3, is indicated by a dashed
line. Naively, one might interpret these data as indicating that
UCHI1 regions are more likely to exhibit a microwave excess;
however, if we assume that the dust-to-gas ratio is relat-
ively uniform across these classes, then the ratio of excess
microwave emission to 100 ym dust emission should be con-
stant as a function of RRL width. Indeed the dust abundance
is expected to be depleted in dense regions (DL98), moreso
towards the central star in UC and HCHI11 regions where tem-
peratures are higher than the dust sublimation temperature.
In which case one might expect a negative correlation
between RRL width and the excess ratio. It is more likely
therefore that the data in Figure 4 indicate that the microwave
excess for the two UCHI1I regions shown is significantly con-
taminated by an unresolved contribution from dense plasma.
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FIGURE 3: SED of RCW 175. (a) Power-law radio emission plus thermal dust greybody. (b) Thermal bremsstrahlung with dust absorption plus
thermal dust greybody. (c) Power-law radio emission plus spinning dust (WIM model; DL98) plus thermal dust greybody.

The data point at AV = 45.1 + 3.9kms™" corresponds to
the Hir region S211 [63]. Although the measured excess is
consistent with zero this object showed the largest excess in
the sample of 16 Northern Hi1 regions [54], which may also
have been due to contamination by an UC/HCHII region.
RCW 175, a more convincing detection of microwave
excess from an Hir region came from RCW 175 [64], where an
excess at 31-33 GHz was reported with an 8.60 significance.
Although RCW 175 is described as an Hir region, it is also
listed as a Spitzer Infrared Dark Cloud (IRDC). Such objects
were originally discovered by the MSX [65, 66] and ISO [67]
surveys as dark regions seen against the mid-infrared (MIR)
background, in the same way that traditional dark clouds
were first identified by Herschel as voids in the optical sky.
IRDCs are considered to represent the earliest stages of high-
mass star formation in the same way that traditional dark
clouds such as those identified by Lynds [68] represent the
earliest stages of low-mass star formation, that is, dark clouds
will go on to form low-mass stars, whereas the densest IRDCs

will go on to form high-mass (massive) stars [69]. IRDCs have
low temperatures of <25K [66, 70] and high densities ny; >
10° cm™ [66, 71]. Whereas low mass pre- and protostellar
cores within dark clouds have masses of a few solar masses,
the cores which form in IRDCs can be up to 10> M, (e.g., [72-
74]). Current estimates of the ionization degree in IRDCs are
similar to those found in PDRs, with upper limits of ~10™*
[75].

More recently the RCW 175 region was examined in detail
by Tibbs et al. [76] who compiled a full SED from radio to
infrared wavelengths. The anomalous excess of emission seen
at 31GHz from RCW 175 is largely constrained relative to
data at 94 GHz from the WMAP satellite. Data at lower radio
frequencies have a large amount of systematic scatter, likely
due to the extended nature of this object causing difficulties
with both flux density estimation and baseline subtraction for
single dish telescopes.

In Figure 3 three different scenarios to explain the SED of
RCW 175 are examined, based on the physical mechanisms
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TABLE 2: Maximum likelihood parameters from the three models described in Section 3.1.1 fitted to data for RCW 175 [76]. Model fits are

shown in Figure 3.

Model Ssam, JY) o N(H) 10*' cm™2) S100ci, JY) AlnZz
PL+GB 3.54+0.20 0.00 +0.03 — 0.75+0.08 —
PL+SD+GB 2.49 +£0.22 —-0.29 + 0.09 18.6+1.8 0.83 £ 0.08 51.27 £0.16
T, (K) EM (cm™® pc) N(d) (gcm™2) Siocuz JY)
abFF+GB 5800 762 + 33 0.005 + 0.002 0.82 +0.08 -1.72+0.11
3 R “Ultracompact | Ul lower frquencies. However, in order to pr(?duce this deg}ree
compact ! hypercompact of absorption, the dust mass column density along the line
25 : ] of sight needs to be high, N(d) = 0.005 + 0.002gcm .
i Although such dust mass column densities are not unknown
20 i in Hi regions they are typically associated with compact
. i cores (e.g., [78]) and not the diffuse medium on large scales.
s B ] + Consequently this degree of absorption is highly unlikely to
g N + i occur on average towards RCW 175. In addition, these data
< ++ ! show no preference for the absorbed free-free model above
05 ':_}—' the simple power-law (PL+GB) model with a Bayes factor
’ b of AlnZ = -1.72 + 0.14 indicating weak evidence for the
N . preference of the power-law model [79).
I I ',I A model with both a power-law component and a spin-
—05 , I , , , ) ning dust component (scenario 3; FF+SD+GB) is strongly
15 20 25 30 35 40 45 50 preferred (>>50) over both alternative models. The maximum
AVigy, (kms™) likelihood spectral index, « = —0.29 + 0.09, is consistent

FIGURE 4: Distribution of excess microwave emission relative to
100 ym emission with RRL width for Hir regions. Data are shown
from Todorovi¢ et al. (see [61]; red points) and Scaife et al. ([54]; blue
points). The range of RRL widths corresponding to different types of
Hir region are indicated, as is the average RRL width for a classical
Hir region [24].

described in Section 2. Maximum likelihood (ML) parame-
ters for each model were determined using an MCMC based
method [77], and the models were ranked using the common
dataset [76, Table 4] through calculation of their Bayesian
evidence, Z, over a 30 prior volume around the ML values.
The difference in the logarithm of this quantity, Aln Z, with
respect to the first scenario is listed in column 6 of Table 2. As
the major source of uncertainty in this spectrum arises from
the radio data, in each scenario fixed greybody parameters
of f = 2.0and T; = 229K [76] were assumed, with
only the 100 GHz normalization, Sy, being left as a free
parameter.

The first scenario is a simple power-law radio spectrum
plus a greybody thermal dust spectrum (PL+GB; Table 2).
The radio emission is best fitted by a flat power-law with
spectral index « = —0.00 + 0.03. Although this is close to
the canonical value for optically thin free-free emission, see
Section 2.1.1, there is significant scatter of the measured data
about the fit and notably the data at 31 and 94 GHz are heavily
under- and overestimated, respectively.

A model including a thermal bremsstrahlung emission
component suffering from dust absorption at high frequen-
cies (scenario 2; abFF+GB), see Section 2.2.1, can account for
the dip in flux density at 94 GHz, see Figure 3, relative to

with that found by Tibbs et al. [76]. This is steeper than
typically expected from free-free; however the flux densities
for this object are found using aperture photometry rather
than source fitting due to the extended nature of the emission
and, as suggested by Tibbs et al. [76], it is possible that there is
some contamination from residual nonthermal background
emission which has not been completely excised by the back-
ground subtraction.

The emissivity of the excess emission at 31 GHz relative to
100 ym FIR emission for RCW 175 is 14.2+2.7 uK (MJy/ sr)”L.
Indeed, for all those objects where an excess is detected, the
emissivity is reasonably uniform and similar to that observed
on large scales at high galactic latitudes of 10 uK (MJy/ sr)™"
[80]. The relative emissivity of such objects is plotted as a
function of hydrogen column density in Figure 2. The column
densities in this figure have been derived from the dust
extinction map of Schlegel et al. [81] assuming a conversion
factor of N(H) = 8 x 10*! cm™ for one magnitude E(B - V)
[48]. This uniformity would imply that the degree of excess
emission is reasonably independent of local column density.
However, not all objects exhibit an excess and averaged over
larger samples the value of the relative emissivity falls [53, 54,
82]. It is still uncertain why particular objects show an excess
and others do not: the nondetections of a microwave excess
span the range of column densities shown in Figure 2 and are
far more numerous than the known detections.

3.1.2. Molecular Clouds. The Perseus molecular cloud is a
well-known star forming cloud nearby in the galaxy. It is
associated with three clusters containing premain sequence
stars: IC 348, with an estimated age of 2 Myr (and spread
of +1.5Myr; [83]); NGC 1333, which is less than 1 Myr in
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age [84, 85]; and the Per 0B2 association, which contains a
BO0.5 star [86] and therefore must be less than 13 Myr in age
[87]. These clusters therefore all show evidence of star forma-
tion activity within the last ~10 years. The molecular cloud
itself contains a number of previously known protoclusters
and isolated protostars and the first full census of its star
formation activity was done by Hatchell et al. [88-90] in
the sub-mm using a combination of the SCUBA and Harp
instruments on the JCMT.

Anomalous emission within Perseus was originally iden-
tified using data from the COSMOSOMAS telescope [91]
towards the Hir region G159.6-18.5 using a combination of
COSMOSOMAS data and archival WMAP data was well
fitted by a combination of WNM and MC spinning dust
models from DL98. This detection was confirmed by the VSA
telescope [92], which was further able to provide evidence
that an excess was seen in multiple separate regions of the
cloud. Planck data towards Perseus confirmed an excess of
microwave emission at 17.1c0 [93]. The first measurement
of the polarization of anomalous microwave emission was
also made towards the Perseus molecular cloud [94], with
a detection of 3% fractional polarization. This result was
particularly notable as it appeared to rule out the competing
mechanism of magnetic dipole fluctuations [13] which would
be expected to produce polarized emission approximately an
order of magnitude larger.

Additional Spitzer analysis of the anomalous regions
within Perseus [95] showed that they had no particular
enhancement of PAH or VSG population, but that the
strength of the ISRF was locally higher. These results indi-
cated that the presence of a VSG population alone was not
sufficient to produce the anomalous microwave emission but
that the environment of those grains, specifically the ISRF and
consequently the equilibrium temperature of the dust, might
result in increased emission from spinning dust.

The p Ophiuchi molecular cloud [93, 96, 97] lies in the
Gould Belt at a distance d = 135 + 15 pc [98]. It is a region
of intermediate-mass star formation and has a high degree of
photoionization towards its periphery due to UV flux from its
hottest young stars, which heats and dissociates these exposed
layers creating photodissociation regions (PDRs), but does
not ionise the bulk of the molecular hydrogen in the cloud.
The most prominent of these PDRs is p Oph W, with n(H)
=10*-10° cm™ [99, 100], which is excited by HD 147889, the
earliest star in the p Oph star formation complex. The bulk
of the mass in the p Ophiuchi cloud is situated in the Oph
A molecular core [101, 102], a range of values are available
for N(H,) in p-Ophiuchus generally (see, e.g., van Dishoeck
and Black [103]; Kazmierczak et al. [104]) although the line
of sight towards HD 147889 can be used to form rough ideas
about the environmental conditions.

An excess of microwave emission was detected towards p-
Ophiuchus at a significance of 8.40 by the Planck satellite [93].
Both this detection and that of the Perseus molecular cloud
were shown to have conical microwave spectra, consistent
with the curved peak of the spinning dust SED. The peak
itself was found to be flattened in both cases suggesting that
several different spinning dust components with different
environment conditions were present. This superposition of

1

spectra is perhaps unsurprising given the internal complexity
of these molecular clouds and the large angular scales probed
by the Planck beam, although the extended nature of the
microwave emission seen towards both targets relative to this
beam once more indicates that AME may be a large-scale phe-
nomenon and is ideally identified using such observations.

3.1.3. Dark Clouds. The dark cloud L1622 has been exten-
sively studied since it provided the first confirmed detection
of an anomalous microwave excess in its SED [48]. Although
included in a number of catalogues of starless clouds [105,
106] it in fact contains a host of low-mass star formation with
at least 32 [107] young stellar objects and premain sequence
stars contained in its depths. Notable amongst these is the
binary weak-line T Tauri system HBC 515 at the cometary
head of the cloud, which is one of the visually brightest known
low-mass young stars [108] and is surrounded by the bright
reflection nebula Parsamian 3 [44]. The larger cloud is bright-
rimmed indicating that the exterior has been ionized by UV
flux from a nearby OB type star, probably o Ori [45], and
this is evident both optically and from Ha images of this
region (e.g., [51, 109]). The distance to L1622 is uncertain,
with estimates favouring distances of either 120-160 pc [109,
110] or 400-500 pc [110-115]. The current weight of favoured
distance is the latter, which I will adopt here.

Unlike Hir regions, no radio emission is expected from
dark clouds as the ionized fraction is thought to be very
low. Casassus et al. [116] made the first resolved centimetre-
wave image of L1622 using the CBI telescope [117] and
confirmed an excess of emission at v > 20 GHz consistent
with the rising radio spectrum first measured by the Green
Bank 140 foot telescope [48]. They also demonstrated that
the excess emission was more strongly correlated with IRAS
12 ym emission than 100 ym emission and suggested that
this was evidence for the radio emission arising from the
small grain population, which is better traced by the 12 yum
emission. A further interesting detail noted for L1622 was
that the cm-wave emission was not correlated spatially with
the bright ionized rim of L1622, but was rather distributed
across the central regions of the cloud. An investigation of the
polarization of this emission [118] found a limit of 2.7 (3.5)%
at 2 (3) o, consistent with that expected from spinning dust
models and in line with the findings of Battistelli et al. [94]
towards the Perseus molecular cloud.

The well-constrained spectrum of the anomalous emis-
sion in L1622 was used to investigate the possibility that the
excess could be due to rotational emission from fullerenes
and fulleranes (hydrogenated fullerenes; [119]). It was found
that the excess could be well fitted by a two component model,
with the bulk of the species residing in the dark cloud itself
and 10 percent in the surrounding cold neutral medium.
Much like PAHs, fullerenes are expected to produce strong
line emission in the optical and infrared [120] visible with
Spitzer observations (e.g., [121, 122]).

The first directed sample of a larger number of dark
clouds [123] targeted fourteen small diameter clouds selected
from previous submillimetre surveys of isolated star form-
ing regions [124]. From identifications in the sub-mm and
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FIGURE 5: Relative emissivity of microwave emission to 100 ym
FIR emission as a function of molecular hydrogen column density,
N(H,), for dark clouds. Clouds from Scaife et al. [123,125] are shown
as filled circles, LDN 1622 [116] is shown as filled stars, and LDN 1621
[128] is shown as a filled square.

infrared, only three of these clouds were assumed to be star-
forming, with the remainder classified as starless. Of the
fourteen selected clouds two were identified as showing clear
signs of an anomalous microwave excess, L675 and L1111
(see also [125]), whilst three further clouds were identified as
possible candidates, L944, L1103, and L1246. These candidates
included two of the three clouds known to be protostellar,
L944 and L1246.

The relative emissivity of the two clear detections was
found to be in excess of that seen on large scales at high
galactic latitude with values of 16.4 + 1.8 and 28.5 + 3.3 uK

MJy sr_1)71 for L675 and L1111, respectively, although there
are of course clear environmental differences between diffuse
emission at high galactic latitudes and the dense molecular
gas of dark clouds. Since these sources were selected from
sub-mm data, the column density for each object could be
constrained directly from the sub-mm flux density using (16).

The five positive detections from this sample of dark
clouds were reobserved at higher resolution at radio frequen-
cies [126, 127] in order to establish whether the microwave
emission could be localized more precisely and particularly
to investigate whether it followed the same distribution as
the cold dust traced by sub-mm observations. A significant
finding from these observations was that the dark cloud
L675, which was assumed to be starless, hosted a compact
radio source coincident with the peak of the 850 #m sub-mm
emission. A peak in the sub-mm is not sufficient evidence
to demonstrate the presence of star formation as starless
cores may also exhibit peaked structure. However, the coin-
cidence of a compact sum-mm peak with a radio point
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source is strong evidence for protostellar activity [41]. The
lack of an infrared point source can be accounted for by the
opacity of the dense core, which can often obscure the very
earliest stages of protostellar evolution. The presence of a pro-
tostar within L675 raised the question of whether it is pos-
sible to accurately investigate any correlation of anomalous
microwave emission with protostellar activity based on infra-
red classifications. Investigating this correlation is important
not only for providing constraints on physical conditions nec-
essary to produce anomalous microwave emission, but also
for assessing the degree of contamination at radio frequencies
from protostellar activity. Such contamination is discussed
further in Section 4.1.

A further significant result from these high resolution
follow-up observations was the first clear morphological cor-
relation of cm-wave radio emission with mid-infrared emis-
sion concentrated in Spitzer Band 4, indicative of a PAH pop-
ulation [126, 127]. This correlation was detected in the L1246
region, where it had a clear arc-like structure. The remaining
objects had no complementary Spitzer data available, with the
exception of L675, and so the possibility of a similar corre-
lation could not be investigated. However, of the remaining
objects only L944 (also star forming) exhibited an unusual
morphology in the high resolution observations, with a nebu-
lous radio emission region to the north of the sub-mm core.

For those dark clouds where a microwave excess is
detected the degree of emission relative to the FIR 100 ym
dust emission appears to be inversely correlated with the col-
umn density of molecular hydrogen in the cloud; see Figure 5.
The dark cloud sample of Scaife et al. [123] was selected from
the sub-mm survey of Visser et al. [124]; and consequently for
those objects column densities of molecular hydrogen can be
derived directly from the sub-mm flux density (see Table 3
of [124]). Also included in this plot are the dark clouds L1622
and L1621. For L1622 the peak and average column density of
molecular hydrogen was derived from the CO measurements
of Kun et al. [115] using the relation N(H,)/W(CO) = 1.8 x
10*° cm /K kms™'. For L1621 [128], the column density of
molecular hydrogen was derived from the *CO measure-
ments of Park et al. [106] assuming a '>CO/H, ratio of 1.7 x
107° [129]. These later molecular line measurements are taken
along discrete lines of sight through the cloud and, by com-
parison to the similar measurements for L1622, will provide
values intermediate to the peak and average column densities.
Consequently the position of L1621 is shown as a limit on the
emissivity relative to the mean column density in Figure 5. It
is possible that this negative correlation represents the deple-
tion of small grains in denser environments, as proposed
by DL98 when considering the environmental conditions in
dark clouds. The microwave excess is correlated in a very
similar manner with both the peak and mean column density
of molecular hydrogen, which have Pearson correlation coef-
ficients of r = —0.81 (P = 0.004) and r = —0.83 (P = 0.003),
respectively. The slopes of the correlations are correspond-
ingly consistent with values of —2.08 + 0.53 and —2.77 £ 0.67.

A similar correlation of 31GHz intensity with N(H)
was demonstrated by Vidal et al. [130], albeit for a less
homogeneous sample of clouds, and was also interpreted
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as evidence for the microwave emission being associated
with the small grain population. The presence of such a
correlation is remarkable across so diverse a sample of objects
where other environmental conditions such as ionization and
temperature vary from source to source, indicating a strong
dependence on density.

3.1.4. Reflection Nebulae. Much like dark clouds, reflection
nebulae are not expected to emit at radio frequencies as
they lack a high degree of ionization. However, significant
microwave emission was detected towards the M78 reflec-
tion nebula [131], which has been attributed to anomalous
microwave emission from spinning dust.

The M78 region is part of the dark cloud L1630 within
the Orion molecular cloud. It contains a number of reflection
nebulae including NGC 2068, NGC 2071, NGC 2064, and
NGC 2067. The nebula NGC 2023, which was used to typify
the environmental conditions in reflection nebulae by DL98,
is also found in the L1630 dark cloud at a distance of
approximately 2.7° from M78. An excess of centimetre-wave
emission was detected here using the CBI telescope [131]
which was found to be strongly correlated with the infrared
emission, although notably here the 12 ym correlation was
not stronger than the 100 ym correlation as previously noted
by Casassus et al. [116] for L1622, which also hosts a reflection
nebula. I note however that the reflection nebulae in these two
objects differ somewhat as L1622 is illuminated by low-mass
protostars, whereas M78 hosts massive protostars.

3.1.5. Photodissociation Regions. The first, tentative, detection
of anomalous microwave emission from a PDR was made
with the VSA telescope [50]. This PDR was unusual in nature
as it was associated with the supernova remnant (SNR) 3C396
(G39.2-0.3; Green [132]). 3C396 was identified in the Spitzer
survey of SNRs [133] as having IRAC colours which were not
representative of normal interstellar emission; IRAC colours
indicated the presence of both shocked ionized gas and two
very bright infrared filaments which were identified as PDRs
within the SNR, possibly the remnants of old shocks. The
excess emission at 33 GHz was significant at the 7o level,
relative to a well-constrained synchrotron spectrum at longer
wavelengths.

Strong 31 GHz emission from the p-Ophiuchus W PDR
was detected with the CBI telescope [134]. Spectrally the
emission could not be distinguished from free-free in this
case due to a lack of complementary data at lower radio
frequencies, and following a detailed study it was concluded
that the strong cm-wave emission could have arisen either
from spinning dust or from a Ci1 region. Caveats to this were
that the C11 would have to be optically thick at frequencies v <
10 GHz, requiring densities and order of magnitude higher
than previously supported by the literature for such a region
an and leading to the conclusion that were such emission to be
a real possibility the Ci1 regions would have to be distributed
in clumps along the line of sight. Such a situation is not
unreasonable as it is also invoked to explain the intermediate
radio spectral indices seen in HC/UCHI1I regions; see Section
2.1.1. However, in this case it was suggested that an AME
solution was more preferable, a suggestion supported by the
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later results of the Planck satellite towards this region; see
Section 3.1.2.

3.2. Other Targeted Observations. In addition to the regions
suggested by DL98 as potential sources of spinning dust emis-
sion there have been a number of other objects associated
with star formation which have been targeted.

3.2.1. Planetary Nebulae. An excess of microwave emission
towards 18 planetary nebulae was investigated as possibly
arising from spinning dust emission by Casassus et al. [135].
The excess in this case was relative to the higher frequency
250 GHz data from the SIMBA telescope. In this case the
excess was not found to be consistent with a spinning dust
spectrum, but instead proposed as dust extinction, as out-
lined in Section 2, from a population of needle-like grains.
A caveat to this explanation is that it requires extremely low
temperatures of <1K, which are unphysical. The alternative
mechanism of synchrotron emission was also considered, but
additional caveats such as the lack of evidence for a CRe
population in the vicinity of these objects were also raised.
The spectral behavior of these objects at radio frequencies is
not typical of spinning dust. The SEDs of the sources tend to
be flat at radio wavelengths with a dip at v > 100 GHz, similar
to the absorbed free-free spectral model shown in Figure
3(b).

Additional large surveys of 442 planetary nebulae at
30 GHz from the OCRA-p instrument on the Torun telescope
[136] and 62 planetary nebulae (there is substantial overlap
between the samples) at 43 GHz, the 32 m INAF-IRA Noto
telescope [137], were also examined for any possible excess
emission above a free-free spectrum extrapolated from lower
radio frequencies. It was concluded that there was no evi-
dence for an excess of emission which could be considered
anomalous.

3.2.2. Extragalactic Spinning Dust. 'The first detection of ano-
malous microwave emission from an extragalactic star-form-
ation region was made towards the nearby face-on spiral
galaxy NGC 6946 [138, 139]. The detection was made during
a series of observations targeting 10 star forming regions
within NGC 6946 including the starbursting nucleus, as part
of a complementary program to the Spitzer Infrared Nearby
Galaxies Survey (SINGS; [140]) and the project Key Insights
on Nearby Galaxies: a Far-Infrared Survey with Herschel
(KINGFISH; PI: R. Kennicutt) at 33 GHz with the 100 m
Green Bank Telescope. In one of the ten regions (extranuclear
region 4), an =70 excess was detected with a spectrum that
fitted the high frequency side of the spinning dust peak
with a column density of Ni; = 3.3 x 10*' cm™, within
a factor of two of the column density derived from Hi
measurements [141]. The low frequency side of the spinning
dust spectrum was confirmed to be rising by the AMI
telescope [126, 127] where a Bayesian model comparison was
used to find that a spinning dust spectrum was preferred
by the data above a spectrum which included an UCHI1
component, although the preference was not at a very high
level.
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4. Connecting Anomalous Microwave
Emission to Protostellar Activity

4.1. Radio Emission from YSOs. Observational studies of dark
clouds for identifying anomalous microwave emission have
largely concentrated on the arcminute scale emission, neg-
lecting the known small-scale radio emission detected from
a significant fraction of protostars [142, 143]. As these inves-
tigations become more detailed and explore smaller spatial
scales, it is necessary to quantify correctly this emission in
order to avoid confusing it with that arising from spinning
dust when observing at resolutions where the two may not be
easily distinguishable. Historically, a large number of radio
protostar searches and surveys (e.g., [143-145]) have been
made at 3.6 and 6 cm wavelengths due to the general availabi-
lity and instrumental efficiency of these frequencies. How-
ever, most observations targeted at detecting anomalous
microwave emission are made at higher radio frequencies
where the spectrum of emission due to spinning dust is
thought to peak, ~1-2 cm (DL98). Protostellar observations at
such frequencies are available towards a number of discrete
sources (e.g., [146-150], hereafter AMB99) as well as through
the Spitzer follow-up surveys of the AMI telescope at 16 GHz
[151-153], which were specifically initiated to investigate the
potential relationship between radio emission from YSOs and
spinning dust following the identification of a new radio YSO
in the AME source L675, which was previously classified as
starless [126, 127].

The dense natal dust envelopes which surround YSOs can
often conceal their embedded protostars at infrared wave-
lengths. However, the longer wavelength radiation in the
radio band does not suffer to the same extent and is capable of
penetrating the dust shell to make such objects detectable at
radio frequencies. This radio emission is in addition to that
of thermal dust, which is expected to have a spectrum that
falls off steeply at long wavelengths, and has been observed
to possess a spectrum rising with frequency, indicating that it
occurs as a consequence of free-free from partially optically
thick ionized plasma, see Section 2.1.2, with spectral indices
in the range 0.1 < « < 2. In more high-mass stars the
physics behind the ionization required to produce radio free-
free emission is reasonably well understood as arising from
photoionization due to the strong UV flux from such objects.
For low-mass objects, multiple mechanisms have been pro-
posed to produce the ionization responsible for free-free
emission in the immediate vicinity of YSOs. Similarly to the
high-mass case, where a high enough ionizing flux is pre-
sent (generally in later type T Tauri stars), photoionization
may also support an embedded Hir region [39]. Otherwise a
fully ionized stellar wind, again associated more often with
premain sequence stars than YSOs, could be responsible for
radio emission [21, 154], as could a partially ionized, colli-
mated outflow [20]; see Section 2.1.2 for expected flux den-
sities. Shock ionization, such as that arising from the accre-
tion shock on the surface of protostellar discs, may heat
infalling gas sufficiently to produce radio emission [155, 156].
Alternatively the powerful molecular outflows from young
protostars may also cause shock ionization as they encounter
the surrounding envelope [154, 157, 158], which will produce
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a free-free flux density proportional to the outflow force (also
called momentum flux), F, ,, which is equivalent to the rate of
outflow momentum and is often calculated as Fy = P/74y,.
At a wavelength of 2 cm the expected flux density from such
shock ionization can be computed as

(Skﬂ> =34x10°(1)”"

m]y
X< y t )( )
M, yr kms™! kpc

(see [126, 127, 159]), where = (Q/4m) is the fraction of the
stellar wind being shocked and the factor &(7) = 7/(1 —e™")
allows for the fact that the radio emission may not be optically
thin [160], although this dependence on the optical depth, 7,
is very weak.

In the case of low-luminosity protostars, the last of these
mechanisms, that of shock ionization associated with the out-
flow, is often favoured. Although there is considerable uncer-
tainty in measurements of outflow force, most recovered val-
ues for observed protostellar jets are considered energetically
viable to explain the observed cm-wave radio emission [143].
Shock ionization along the length of these outflows is also
supported by very high angular resolution maps of the radio
emission [159, 161]; which have revealed radio emission dis-
tributed along molecular outflows or extended in a direction
consistent with those outflows. In a few cases, however, the
increasing sensitivity of the molecular observations required
to determine the outflow force has revealed weaker and
weaker outflows (e.g., [162, 163]) where the momentum flux
appears insufficient to explain the measured radio emission
(e.g., [151]). Again this may be explained in specific cases
by uncertainties in estimation of momentum flux [164],
although it is likely that in others a combination of the above
mechanisms is required to account for the observed radio
emission.

A strong correlation between radio and bolometric lumi-
nosity has been known for some time in the case of YSOs
[143], and recent surveys have shown that this correlation
appears to hold towards lower luminosities [153]; see Figure
6(a). These recent surveys have also altered the historical bias
of radio observations of protostars towards higher lumino-
sities, as can be seen in the grey hatched area of Figure 6(b).
This bias was largely a consequence of observational con-
straints and ongoing improvements in instrumental sensitiv-
ity have allowed this distribution increasingly to tend more
towards that recovered from blind infrared surveys, although
there are still substantial improvements to be made. At low
luminosities, potentially large populations of YSOs, as pre-
dicted by theoretical models of YSO evolution (e.g., [165];
red hatched area), still remain to be discovered. However,
the measured correlation may allow one to predict the con-
tribution of protostars, where identified, to the integrated
microwave emission from star forming regions based on their
measured bolometric luminosities. The level of this “conta-
mination” when identifying the amount of anomalous micro-
wave emission on large scales is expected to be low given cur-
rent observational evidence, with typical radio flux densities

(20)
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FIGURE 6: (a) Distribution of radio luminosity, L, 4, with bolometric luminosity, L, for YSOs (figure reproduced from [164]); (b) distribution
of radio detected YSOs as a function of bolometric luminosity, compared to the expected distribution of YSOs from Dunham and Vorobyov
[165]. Grey hatching indicates objects from the combined catalogues of Anglada [143], Furuya et al. [188], and Scaife et al. [151-153]. Red

hatching indicates the objects detected at 16 GHz [151-153].
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FIGURE 7: L675 star-forming dark cloud. Greyscale shows the ano-
malous emission on large scales as observed with the AMI telescope
[123, 125], and white contours show the compact radio emission
from the proposed YSO [126,127] with contours at intervals of 50, .

The position of the sub-mm peak from 850 ym data [124] is marked
as a red cross.

for young stellar objects in the range 100-500 yJy. Even con-
sidering the possibility of a population of YSOs missed by
infrared surveys due to opacity effects, it seems unlikely that
such radio emission can account for the anomalous com-
ponent due to spinning dust as, in addition to the low flux
densities expected from such objects, the emission from
YSOs is in general highly compact (although there are

notable exceptions, e.g., CB188; [151]), whereas the anomalous
microwave emission attributed to spinning dust appears on
much larger scales; see Figure 7.

A connection between the presence of active star forma-
tion within a dark cloud and the identification of a spin-
ning dust component is more difficult to quantify. The obser-
vational uncertainties surrounding the identification of heav-
ily embedded, low luminosity YSOs have led to the propo-
sition that many clouds currently considered to be starless,
including a number not previously thought to even be under-
going collapse, do in fact host star formation. This possibility
creates complications when investigating the correlation of
those clouds hosting star formation with those which are
associated with anomalous microwave emission, as high-
lighted by the case of L675 [126, 127] and this remains an
important open question. However, the possibility that the
excess radio emission associated with spinning dust may be
confused by radio emission from YSOs seems remote.

Indeed the inverse correlation of spinning dust emissivity
with column density of molecular hydrogen, see Figure 5,
suggests that the anomalous emission is in particular not
associated with the earliest stages of star formation, which
tend to occur in more dense environments. This premise
also seems to be supported by the distribution of large scale
anomalous radio emission in the Perseus molecular cloud.
The morphology of this emission avoids the densest regions
of star formation traced by sub-mm emission, Figure 8, where
the youngest objects are found [89, 90] but are more corre-
lated with the 24 ym emission traced by Spitzer MIPS [95].

4.2. PAH Populations in Star Formation Regions and the Inter-
stellar Radiation Field. The connection between anomalous
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microwave emission and polycyclic aromatic hydrocarbon
(PAH) molecules was suggested by DL98, who attributed the
emission to such very small grains. These PAH molecules
represent the extension at small sizes of the standard grain
size distribution (e.g., MRL; see Section 2.2) to molecular
dimensions. Such grains are abundant and ubiquitous in the
ISM and are generally identified in the mid-infrared (MIR)
where stochastic heating from UV photons leads to spectral
emission lines at 3.3, 6.2, 7.7, 8.6, and 11.3 ym [166]. Within the
dust population it is largely these very small grains/molecules
control the overall heating and ionization balance in the
ISM and they consequently constitute a very important com-
ponent in the evolution and chemical balance of star for-
mation regions [167]. Since the strength and prevalence of
PAH emission features trace the UV flux, PAH emission has
also been proposed as a tracer of star formation [168]. PAH
features are particularly bright in the local environment of
early type stars such as those associated with Hi1 regions and
reflection nebulae (RNe), although they are also detected in
the diffuse ISM, planetary nebulae (PNe), and on the surface
of protoplanetary disks, as well as in low redshift extragalactic
sources such as AGN. The PAH molecules themselves are
expected to be produced by fragmentation of larger graphitic
grains primarily through the action of interstellar shocks such
as those produced by supernovae [169]. However, identifying
regions of PAHs associated directly with known supernova
remnants (SNRs) is problematic due to projection effects as
well as a potential lack of UV illumination necessary for
PAH line emission. In a sample of 95 supernova remnants
only four were identified in a Spitzer survey as having IR
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colours suggestive of PAH populations [133], including the
SNR 3C396 (see Section 3.1.5).

Although PAH emission is seen from such a wide variety
of galactic objects, the relative strength of this emission to
the FIR continuum varies as a function of source type. This
is of course true for the dust continuum also; Hir regions
show a strong dust continuum from thermal dust emission
with relatively weak PAH spectral features, whereas objects
such as RNe have much weaker thermal dust continua due
to their lower temperature, but stronger PAH line emission.
There is a reasonably smooth trend in the emission of such
objects from those with a strong thermal continuum and little
PAH line emission, such as that seen in compact Hi1 regions,
to those with stronger line emission and weaker continuum,
such as the diffuse ISM and RNe. This evolution is illustrated
in Figure 9(a), which is adapted from the empirical results
of Peeters et al. [168]. Certainly this evolution also has a
dependence on local conditions and environment, and a key
example of this is the Orion Bar (indicated in Figure 9(a))
which is considered an optically visible, that is, more trans-
parent, Hi1 region and is more similar in terms of the ratio of
line emission to continuum to RNe than compact Hi1 regions.

The strength of PAH line emission is also related to the
interstellar radiation field (ISRF), which is typically norm-
alized to the measurements of Habing (an alternately used
normalization is that of Draine [170]) [171] from which the
energy density of the ISRF is 1.6 x 107> ergcm >s . The
normalized ISRF is denoted G, (see, e.g., [172]). The ratio of
this PAH strength to FIR continuum is an indicator of the
abundance ratio of PAH molecules to larger dust grains as
it measures the relative number of photons from the ISRF
absorbed by the PAH molecules relative to those dust grains.
For Hir regions the amount of PAH line emission relative
to the FIR continuum is reasonably uniform for a broad
range of G, (approximately three orders of magnitude), see
Figure 9(b), before sharply decreasing at G, =~ 10°. Obser-
vationally more compact regions of Hir have higher values
of G, due to their higher UV photon flux but their PAH line
emission is reduced, possibly due to destruction of the PAH
molecules by strong UV flux or alternatively by increased
absorption of the UV photons by larger dust grains in the
higher density environment. Certainly PAH molecules “com-
pete” more successfully for UV photons in diffuse regions
[168] such as RNe, as indicated in Figure 9(b). The Orion
Bar is also indicated in this plot as it is a well-known out-
lier. The microwave emission from very small spinning dust
grains, proposed to be PAH molecules, is expected to be
largely independent of the ISRF (DL98), while the strength
of line emission from PAH molecules is expected to depend
approximately linearly on the ISRF [173]. Consequently the
ratio of continuum microwave emission to PAH emission line
strength, both arising from a population of PAHs, should be
inversely proportional to the ISRF [134]. Accordingly direct
correlation studies between microwave emission and MIR
tracers of PAH emission should have the MIR data corrected
for the ISRE, and indeed this has shown to lead to tighter
correlation of these data [130].

In spite of the global trends illustrated in Figure 9
the relationship between PAH emission and the ISRF in



Advances in Astronomy

—_
<
[

Cont/FIR (6.2 um)

._.
<
w

e 7% 7
L // a4
Compact Hit s
/ i

7~
( s~
Ny
-
,

1073 1072
PAH/FIR (6.2 m)
()

17
107!
RNe
. v Orion Bar
-2
g 10
N
N
=
= Hix: decreasing size
T
= 10
. UCHu
10 2 4
10 10° 10 10° 10° 107

Go
(b)
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continuum for typical galactic objects such as Hi1 regions, RNe, and the diffuse ISM. The dashed line indicates the PAH continuum ratio of
0.72; see text for details. (b) Ratio of 6.2 ym emission line feature to the FIR continuum as a function of the ISRE, G, for a range of galactic

objects. Figures adapted from Peeters et al. [168].

individual objects is heavily dependent on local conditions
and can vary by a significant degree within a source. Further-
more, in contrast to the proposed connection of anomalous
microwave emission to PAHs (DL98), the observed corre-
lation of anomalous microwave emission within individual
regions has been shown to be a stronger function of ISRF
than PAH mass abundance on both large scales in the Perseus
molecular cloud [92] and smaller scales within the RCW 175
Hi1 region [76].

5. Observational Issues

There are a number of observational issues which affect the
identification of spinning dust emission. These stem from
the fact that in order to make a (nonstatistical) detection the
SED of the observed object must be well constrained from
1-100 GHz. This presents an immediate problem in terms
of available data, with objects that are heavily studied at
v = 1GHz generally not being studied at v = 100 GHz
and vice versa. Consequently there is often a gap in available
data on either the rising, or the falling, side of the spinning
dust SED leaving an uncertainty. This was the case for the
Helix planetary nebula which was originally misidentified as
having a spinning dust component to its spectrum [174] due
to a lack of data at lower radio frequencies concealing the
fact that it in fact had a spectrum consistent with free-free
emission [123, 125]. Aside from this issue there are also two
other circumstances which may contribute significantly to the
limitation of identifying an excess of emission at microwave
frequencies relative to other mechanisms.

5.1 Calibration Scales. The majority of radio telescopes oper-
ating from 1-15 GHz are calibrated from the scale of Baars
et al. ([175]; B77), although notable exceptions to this are
the Effelsberg 100 m telescope and the Westerbork Synthesis
Radio Telescope (WSRT) which employ subtly different flux

density scales. Outside this frequency range, the B77 flux scale
is known to have a number of issues. At low frequencies it
is affected by the secular decrease of Cas A (e.g., [176]), and
at higher frequencies it is both incomplete and the resolved
structure of Cas A which becomes visible at the higher
resolution of many telescopes at shorter wavelengths starts
to become an issue. Additionally, for comparison of datasets
compiled over long periods of time, the secular decrease of
Cas A (and indeed Tau A) must also be accounted for.

Unlike radio telescopes, submillimetre instruments are
typically calibrated from planets or bright planetary nebulae.
For example the SCUBA instrument at the JCMT uses Mars,
Uranus, and Neptune as primary calibrators. Long term radio
monitoring of Mars has shown that the flux scale of B77 is
low relative to the Mars scale at v > 4 GHz (Rick Perley,
priv. comm.). Without correction, this discrepancy can create
an artificial excess of emission at frequencies above 4 GHz
relative to longer wavelengths. CMB instruments also tend to
utilise planets for calibration, notably Jupiter for the ground-
based CBI and VSA telescopes [177] as well as for space-based
missions such as WMAP [178].

More recently the Perley-Butler 2010 flux scale which uses
the emission of Mars at frequencies v > 5 GHz as predicted
by the model of Rudy et al. [179] and adjusted to the absolute
WMAP emission scale [178] has become a broad frequency
standard for 1-50 GHz. However, older archival flux densities
may often be tied to scales which differ by several percents
and are only valid over certain frequency ranges.

5.2. Flux Loss Issues. A further issue with compiling spectra
over a range of frequencies is that in the case of extended
objects two telescopes operating at the same frequency may
measure completely different flux densities depending on
the range of angular scales to which they are sensitive. For
synthesis telescopes (interferometers), this may involve the
loss of flux density not only on angular scales larger than the
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shortest separation of their elements, but also on intermediate
scales where there is a gap in the uv-coverage. This is a
particular problem when comparing flux densities from CMB
synthesis telescopes which are specifically designed to be
sensitive to larger angular scales, with lower radio frequency
telescopes designed for examining extragalactic radio sources
on small angular scales. This difference can artificially create
an excess of emission, which may then be interpreted as ano-
malous. Particular care must be taken in cases where aperture
photometry is used to ensure that appropriate angular scales
are measured in all constituent datasets.

6. Where Do We Go from Here?

Currently the bulk of observational data on anomalous
microwave emission comes from CMB experiments, which
probe large angular scales, and these studies are aimed
at detecting the continuum radio emission. Large angular
scales are important for identifying regions where anomalous
microwave emission is significant as available data indicates
that the bulk of the radio signal occurs on these scales. How-
ever, information on small angular scales is crucial for prob-
ing star formation and circumstellar environments in more
detail and understanding the anomalous microwave emission
with respect to different ISM conditions requires sufficient
resolution to separate distinct environments. Increasingly,
galactic surveys undertaken from a non-CMB perspective are
expected to contribute to the field of AME science, including
those mentioned later in this section, and probe the con-
nections between star formation and spinning dust. Under-
standing this relationship is important not only in terms of
examining the microwave emission itself, but also in terms
of probing the VSG and PAH dust populations. VSGs play
an important role in the chemical and thermal balance of the
ISM; see Section 4.2; in addition to controlling the ionization
fraction and temperature of the ISM, the smallest grains
account for most of the surface area available for catalysis
of molecular formation and the potential information which
might be provided by the AME data in this regard is currently
largely unexplored.

The existence of VSGs is supported by the physical man-
ifestations of their reprocessing of incident starlight. Such
reprocessing by a substantial population of carbonaceous
nanoparticles could potentially account for both IR emission
features and the strong mid-infrared emission component
seen by IRAS. However, the true size distribution of VSGs
is poorly known as studies of interstellar extinction are rela-
tively insensitive to its details. The MRN dust size distribution
is assumed to significantly underestimate the fraction of ISM
carbon content contained in this nanoparticle population and
was accordingly modified by DL98 in their spinning dust
model to include a significant population of VSGs, assumed
to be largely PAH molecules.

Observationally determining the true extent of this VSG/
PAH population is nontrivial. The MIR spectral emission
features produced by PAHs are only produced when the
molecules are subjected to a strong UV flux, which is often
absent in the case of heavily embedded pre- and protostellar
objects due to local opacity effects. In this respect, spinning
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dust emission will provide a highly complementary measure
of the small grain population to MIR PAH emission in the
absence of favorable excitation conditions. At high resolution
the anticipated MeerGAL survey at 14 GHz, and additionally
the proposed ALMA Band 1 instrument [180] will constrain
the spinning dust SED at similar resolution to, for example,
Spitzer or the forthcoming MIRI instrument on the JWST.
With such resolution it may be possible to measure the size
distribution of VSGs directly from the data. These constraints
will also be important in the context of circumstellar and
protoplanetary disks, where the proposed population of VSGs
may have important implications for disk evolution. Indeed
MIR emission lines from PAH molecules have been detected
from the disks around Herbig Ae/Be stars [181], indicating
that there is a substantial population of these VSGs present—
at least on the surface of the disk where they are irradiated by
the central star. However, they have not yet been detected in
protoplanetary disks due to a lack of strong UV flux. Since
spinning dust emission has been observed to be spatially
correlated with PAH emission [123], spinning dust may
provide a unique window on the small grain population of
these disks. Measurements of the true density and mixing of
the PAHs through the disk are not possible using their MIR
emission, which is dependent on a strongly ionizing incident
UV flux to which only the thin exterior layers of the disk
are exposed. In contrast, the rotational emission from these
grains that occurs in the microwave regime is dependent on
the integrated column density through the disk and may pro-
vide useful constraints on whether the VSGs contribute sub-
stantially to the disk dust population [182].

In addition to targeted studies with ALMA Band 1, at high
angular resolution the new MeerKAT telescope will provide
an invaluable resource with its uniquely fast survey speed at
14 GHz. The MeerKAT telescope will have a smaller aperture
than the currently available Jansky Very Large Array (JVLA),
the consequence of which is that the number of pointings
for a 14 GHz survey is comparable to that of an JVLA 5 GHz
survey (e.g., CORNISH; [183]). Combining this field-of-view
with broadband feeds and the large collecting area resulting
from 80 antennas means that MeerKAT has a 14 GHz survey
speed over 3 times faster than the JVLA (SKA Memo 40). By
working at high frequencies, it gains an additional factor for
positive spectral index sources: a MeerKAT 14 GHz survey is
over 14 times faster than an JVLA 5GHz survey would be
[184]. The planned MeerGAL survey, the first sensitive arc-
second resolution 12-14 GHz survey of the galactic plane, will
be carried out using MeerKAT. The primary aim of this survey
is to discover and characterise the population of steep positive
spectrum objects in the galaxy and search for variability in
their flux densities.

A balance between the high resolution data that will be
available from instruments such as MeerKAT, ALMA, and
the JVLA and the low resolution data from CMB experiments
such as Planck will be provided by surveys such as the AMI
16 GHz galactic plane survey (AGPS; [185]). With sensitivity
to arcminute scales, the AGPS will provide a highly useful
resource for identifying regions of anomalous emission on
scales of 2-16 arcmin. At this resolution it will be highly
effective at isolating this emission relative to the larger scales
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AMI GPS

FIGURE 10: Galactic coverage of the MeerGAL [184] and AMI
Galactic Plane Survey [185]. Background image credit: Robert Hurt
(SSC Caltech)/NASA/JPL-Caltech.

(=30 arcmin) measured from all-sky data at 30 GHz with the
Planck satellite. The AGPS covers the outer galactic plane
between 55 < ¢ < 187 and galactic latitudes of |b| < 5; see
Figure 10. The AMI telescope has already been successful in
providing new identifications of spinning dust and the AGPS
offers an excellent opportunity to search new areas of sky
aside from pointed observations of known objects.

There is a paucity of surveys currently available in this
frequency range due to the comparative expense in terms of
observing time of working at higher radio frequencies for
fixed aperture telescopes. The cost of a survey with a given
sensitivity using a fixed aperture telescope scales as steeply
as v>* for objects with negative or slowly falling spectral
indices and consequently a 14 GHz survey is 150-2500 times
as expensive as a 1.4 GHz survey depending on the spectral
index of the objects searched for [184] This has led to a
prevalence of low radio frequency surveys, optimal for iden-
tifying steep spectrum nonthermal sources. Unfortunately
these surveys therefore have a strong selection bias against
rising spectrum objects, such as the ultra- and hypercompact
Hir regions described in Section 2.1.1 and allowing HCHut
regions to remain completely undetected in radio surveys
at frequencies below 5 GHz until being discovered serendip-
itously in high frequency observations of UCHII regions.
The linear dependence of the turn-over frequency from
the optically thick to optically thin thermal bremsstrahlung
regime on emission measure, see Section 3.1.1, means that
these low frequency surveys preferentially detect objects with
low plasma densities and select against dense plasmas. These
dense plasmas include not only UC/HCHII regions but also
massive stellar winds, ionized jets from low-mass YSOs,
and young planetary nebulae [186]. Sources which exhibit
anomalous microwave emission due to spinning dust are
not dense plasma objects, but due to their rising spectrum
from low frequencies they suffer the same bias, which may
explain the only relatively recent observational identification
of this emission mechanism. It is in part due to this bias
that we currently have an incomplete understanding of the
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physical properties of the objects listed above, not only on
an individual basis but also in terms of their underlying
populations. From the few major surveys that have been
carried out at ~15 GHz, for example, the 9C Ryle Telescope
survey [187] and the AT20G survey [138, 139], data are too
shallow and/or have sensitivity to a restricted range of (small)
angular scales, making it difficult to adequately identify
different populations in the highly confused galactic plane.

7. Conclusions

Although observational correlations between the degree of
detected anomalous microwave emission and other physical
characteristics are emerging for a range of physical con-
ditions, see, for example, Sections 3.1.3 and 4.2, one of
the remaining issues is the number of objects that are not
detected yet have physical conditions similar to those which
are detected. This suggests the existence of a further import-
ant physical parameter in the study of spinning dust which
has not currently been identified. Doubtless, larger datasets
will assist with this characterization but it may be that clues
exist in the current data.

Certainly the emerging impression is that those regions
of lower density where the ISRF is high provide the most
promising environments for detecting anomalous microwave
emission. These conditions are linked in the sense that the
effective incidence of UV photons on the small grain popula-
tion is affected by both: a higher ISRF provides a larger inci-
dence rate whereas higher density regions suffer from absorp-
tion of UV photons by larger grains. However, a balance is
required as the very high ISRF found in some regions may
also lead to destruction of the very small grain population.

The prospects for rapid progress in this field are good.
Starting from what remains a low level of understanding con-
cerning the necessary triggering mechanisms or local envi-
ronments suitable for anomalous microwave emission, many
questions will be asked and answered with every new dataset
that is taken. Whilst information on large scales will be
provided by instruments such as the Planck satellite, on the
smaller scales necessary for probing different environments
internal to and in the vicinity of star-formation regions
the current and future centimetre-wave surveys with AMI,
MeerKAT, and ALMA will undoubtedly contribute exten-
sively to improving our understanding in this area, as will
advanced mid-infrared data from instruments such as MIRI
on the JWST. In conjunction with further theoretical devel-
opments, this combination offers an excellent vehicle for
furthering our comprehension of an emission mechanism
which is becoming increasingly less anomalous.
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