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Abstract

Among the phases of the interstellar gas, the warm ionized is the least known. Its spatial
distribution is characterized by a thin and a thick layer where the former corresponds
to the ionized gas in the proximity of the plane and the latter to the gas which is found
at larger distances from the plane. The thin layer comprises discrete HII regions and
diffuse gas. Despite the important role assigned to the thin layer by current theoretical
models, so far our knowledge of it has been based either on oversimplified analytical
calculations or on the scattered observational information coming from pulsar dispersion
and scattering measures which largely suffer from undersampling.

In this Thesis, after an overview of the current knowledge of the Galactic interstellar
medium and of its constituents, and particularly of the warm ionized medium, we focus
on our main goal which is to contribute to build a realistic picture of the thin layer
by exploiting the information widely spread in the literature. This work has proceeded
along two main lines: the systematic investigation of the thin-layer source-component,
i.e. HII regions, and the study of the interplay between this source-component and the
diffuse gas.

Collecting radio data on Galactic HII regions from 24 published works, we have built
a self-consistent data base comprising 1442 sources. This work has resulted in the con-
struction of a Master Catalog (which consists in 11 sub-catalogs storing the original
information from the source references) and of a Synthetic Catalog (which is a readily
accessible version of the Master Catalog at 2.7 GHz). This represents the most extensive
list of compact HII regions to date. We have then exploited this data-base to investigate
the distribution of the warm ionized gas, as well as for applications in the field of Cosmic
Microwave Background studies (calibration, beam-shape and pointing reconstruction,
straylight, understanding of the Galactic foregrounds).

The kinematic information contained in the catalog has allowed us to study the spa-
tial distribution of 550 objects taken from the Synthetic Catalog. For each source, a
galactocentric distance has been derived using the Fich et al. [106] rotation model. We
have found a highly significant correlation between luminosities and linear diameters,
which was exploited to resolve the solar-distance degeneracy. We have then been able
to estimate the scale height of the HII region distribution. Within the solar circle, we
have obtained an azimuthally-averaged thickness, o, ~ 52 pc which is comparable to the
estimated scale height of the OB star distribution but narrower than that of the diffuse
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12 ABSTRACT

HIT and HI. The analysis of the z-distribution has retrieved other important results: a
confirmation of the presence of the warp; evidence of an increasing width of the distribu-
tion as a function of the galactocentric radius; a confirmation of the electron temperature
gradient with galactocentric radius; a spiral-like structure in agreement with the model
by Taylor & Cordes [311].

The relationship between HII regions and the diffuse gas in the thin layer has been
addressed by considering data at 408 MHz (Haslam et al. [150]) and at 5 GHz (Haynes
et al. [151]) for the region of the Galactic Plane in the coordinate range 20° < [ < 30°,
~1.5% < b < +1.5% After adjusting the zero levels of the two surveys, we have applied
a component separation technique to the observed radio continuum by exploiting the
spectral dependence of the two kinds of emissions which overlap at these frequencies,
namely free-free and synchrotron radiation. The synchrotron spectral index has been
kept fixed during this phase of the analysis. The distribution of spectral indices for the
total Galactic emission has been recovered across the considered region. Evidence of a
flattening of the spectral index in proximity of the plane has been found. This has been
interpreted as the effect of intense thermal emission due to HII regions. A comparison
between the latitude distribution of the free-free and that of the HII regions located in
this coordinate range has shown clearly the presence of diffuse gas in the thin layer. A
preliminary estimate of the contribution of HII regions to the total emission budget has
yielded a value of order of 11% which, again, supports the hypothesis of a dominant role
of the diffuse ionized gas in the thin layer.

Finally, we want to point out that the analysis we have described has relied on radio data
which, so far, have found limited applications in this context. The continuum free-free
emission has long been considered (as in the case of experiments dedicated to the Cosmic
Microwave Radiation) as a source of disturbance, rather than a source of information
or, in other words, as a foreground to remove. This is mostly due to the fact that
this emission is partly masked by intense synchrotron radiation produced by relativistic
electrons accelerated in the Galactic magnetic field. However such data, when properly
handled, have the unique advantage with respect to other tracers of providing access to
the distribution of Galactic warm ionized gas without suffering from undersampling or
extinction. The same advantages also characterize radio recombination lines. So far, due
to the limited instrumental capabilities, it was not possible to exploit fully the wealth of
information contained in these data. Yet, the next generation of experiments will open
up a new window on the warm ionized gas, allowing its systematic, unbiased exploration
throughout the Galaxy.

12



Introduction

Our Galaxy contains, as well as stars, a significant amount of tenuous matter, inhomo-
geneously spread out throughout interstellar space. The interstellar matter, which exists
in the form of gas (atoms, molecules, ions and electrons) and dust (tiny solid particles),
manifests itself primarily through obscuration, reddening, polarization of starlight, for-
mation of absorption lines in stellar spectra plus various continuum and line emission
mechanisms.

While dark lanes of dusty clouds obscuring portions of the sky are celestial landmarks,
_the realization that interstellar gas pervades space is relatively quite recent. In 1904,
Hartmann [147] discovered a nebulous mass of interstellar gas in the direction of the
binary star ¢ Orionis. A series of over 40 spectra showed that the Ca II K (3933 A)
absorption line was nearly stationary in wavelength, extraordinary weak and almost
perfectly sharp in contrast to broader variable stellar absorption features. This fact was
“interpreted with the presence of a stationary absorbing cloud of vapor between the binary
system and the observer. The Ca II and Na I lines constituted the primary tracer for
interstellar gas during the first half of the century.

Since then, our knowledge of the interstellar gas has largely improved. Today we know
that the gas in the galactic interstellar medium (ISM) is mainly hydrogen (around 70%
by mass) and is present in three different thermal phases: molecular, neutral and ionized.
These phases are mutually tightly coupled so that a global understanding of the process
through which matter in the Galaxy is locked into stars and then recycled into the ISM
requires detailed knowledge of each of its constituents.

The least known among the ISM gas phases is the ionized one for which several tracers
exist. Ionizing radiation in our Galaxy is associated with massive O and B stars which,
consequently, appear to be surrounded by the so-called HII regions. However, ionized
hydrogen is also observed far from regions of stars formation. The first detection outside
well-defined HII regions was reported by Struve & Elvey [309] who detected Hor and
[O77] 3727 A emission from extended zones in Cygnus and Cepheus. Systematic studies
of this gas, through its optical emission lines, did not begin until over 30 years later,
with, amongst the others, an important Ha photographic survey by Sivan [294] and
more sensitive Ha spectroscopic scans by Roesler et al. [267]. What emerged from
this observational studies is that diffuse ionized gas exterior to HII regions exists in all
directions around us. Further high-resolution Ha observations of selected portions of the

13




14 ' INTRODUCTION

sky have shown a complex structure made of patches, filaments and loops of enhanced Ho
emission superimposed on a fainter background (Reynolds [258]; Reynolds et al. [263]).
In the near future, a detailed view of the morphology and kinematics of the Ha-emitting
gas will be provided by the combined information obtained from recently completed
extensive surveys such as the Wisconsin H Alpha Mapper project (WHAM) and the
Southern H Alpha Sky Survey Atlas (SHASSA), complemented by observations of the
ongoing Virginia Tech Spectral-line Survey (VTSS), Manchester Wide Field Camera
(MWFC) and the AAO/UK Schmidt Ha survey.

A real breakthrough in the investigation of the warm ionized gas has been due to pul-
sar dispersion and scattering measures which have started after the discovery of the
first pulsar (Hewish et al. [161]). Thanks to these kind of measures, the modelling of
the large-scale distribution of free electrons has begun. The electron density models
have gradually been refined: from the simplified, axisymmetric models by Manchester
& Taylor [206], Harding & Harding [146] and Vivekanand & Narayan [332] to the more
elaborated versions by Taylor & Cordes [311], Cordes & Lazio [67], [68] which also include
a spiral-arm component and local clumps of over/under dense regions. The development
of such models has also led to the introduction of the systematic distinction between a
thin and a thick layer in the description of the spatial distribution of the Galactic warm
ionized gas.

The refinements of the observing technique has been important for starting the investi-
gation of the source of the widespread ionization. Current theoretical (Reynolds [255];
Miller & Cox [223]; Dove & Shull [92]; Domgorgen & Mathis [91]; Elmergreen [100])
models seem to favor a scenario in which ultraviolet photons emitted by OB stars es-
cape regions of star formation and cause ionization of interstellar material far from OB
associations facilitated by the fractal distribution of the intracloud medium (ICM). The
relevance of the role of the thin layer, i.e. the site of star formation in the Galaxy, then
seems to have been clearly assessed and motivates the work which is here presented.

The Thesis is organized as follows. In Chapter 1 we review the Interstellar Medium and,
in particular, the gas component and its different thermal phases (molecular, neutral
and ionized). In Chapter 2 we focus on the WIM and we discuss the reasons motivating
its investigation, the properties of the different tracers and the state-of-the-art of the
modelling. We also provide definitions of the thick and thin layers. In Chapter 3, we
describe the construction of an extensive radio catalog (1442 objects) of Galactic HII
regions. Details of the Master Catalog and of the Synthetic Catalog are given. This
vast data base provides the necessary information which so far has not been available for
a systematic investigation of the thin-layer source-component. Chapter 4 discusses the
reconstruction of the spatial distribution for 550 HII regions which was made possible
thanks to the extensive kinematic information contained in the catalog. The analysis
allows the estimate of the scale height of the HII region distribution. Other results include
the confirmation of the presence of the warp and a characterization of its properties, the
evidence of an increasing thickening of the z-distribution with galactocentric radius, the
confirmation of the electron temperature gradient with distance from the Galactic centre,

14



INTRODUCTION 15

and the tracing of the spiral-arm shape, found to be consistent with the model proposed
by Taylor & Cordes [311]. Chapter 5 outlines applications of the HII region catalog
in fields other than the study of the warm ionized gas. Such applications range from
calibration, straylight, beam-shape and pointing reconstruction for Cosmic Microwave
Background experiments to studies of the Galactic foregrounds. In Chapter 6, we present
a preliminary analysis of the diffuse component of the thin layer. In particular, we
describe: the considered radio continuum data base; the procedure for adjusting the
zero levels; the applied spectral component technique: the latitude distribution of the
recovered free-free and a preliminary estimate of the contribution of HII regions to the
total observed thermal bremsstrahlung emission. Finally, the main results of the Thesis
and the future developments of the work are summarized in the Conclusions.

15







Chapter 1

The Interstellar Gas

1.1 General properties

The interstellar gas is one of the constituents of the Interstellar Medium (ISM), together
with dust and cosmic rays. In high-density, low-temperatures regions, this gas is tightly
coupled to cosmic dust. Roughly 10-15% of the total mass of the Galaxy is stored
in the interstellar matter of which 70.4% is hydrogen, 28.1% is helium and 1.5% are
heavier elements (Ferriere [104]). This matter appears to be extremely rarefied having
an average density of 2.7x107* g cm™ which, by comparison, is twenty orders of
magnitudes smaller than the density in the Earth’s lower atmosphere. The interstellar
mass is mainly concentrated on the Galactic plane and, in particular, along the spiral
arms where half of it is distributed in discrete cold atomic/molecular clouds. These
clouds have typically a temperature between a few tens and a few hundreds of K. The
remaining interstellar matter is present in three different phases: warm neutral atomic
(T < 10* K), warm ionized (T ~ 10* K) and hot ionized (T ~ 10° K).

In the following sections (1.2.1, 1.2.2, 1.2.3 and 1.2.4) we present a brief overview of the
main observational properties of the various phases of the interstellar gas while, for an
extensive discussion on the ionized phase, we refer the reader to Chapter 2.

1.2 The thermal phases of the Interstellar Gas

1.2.1 The molecular phase

e General properties. Molecular clouds are characterized by relatively high den-
sities (~ 107"* g cm™) and low temperatures (T ~ 10-20 K) and contain in their
interior a significant amount of dust grains. The observed temperatures can be ex-
plained theoretically through the interplay of two simultaneous physical processes,
that is: heating of the clouds due to cosmic rays and cooling by line emission
(mainly CO) (de Jong et al. [82]; Goldsmith [127]; Hollenbach and Tielens [166]).

17
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1. The Interstellar Gas

These clouds appear to be organized hierarchically from giant complexes (with a
size of a few tens of parsecs and a mass of up to 10° M) down to small dense cores
(with a size of a few parsecs and a mass ~ 0.3-10° Mg) (Larson [193]; Goldsmith
[127]). The most abundant molecules in the ISM are, respectively, Hy and CO. Hy
molecules are believed to form by recombination of hydrogen atoms on the surface
of interstellar dust grains (Hollenbach and Salpeter [165]) and once formed, they
survive in the interior of dark clouds which provide, at the same time, a shield
from the stellar UV radiation and a low enough temperature to avoid collisional
dissociations (Shull and Beckwith [289]).

Observational techniques. Due to dust extinction, optical and UV observations
do not allow us to trace the spatial distribution of the molecular clouds on Galactic
scale. Most of the information on interstellar clouds comes instead from observa-
tions at radio wavelengths of the next most abundant molecules in the ISM: CO.
H, molecules, in fact, cannot be probed directly at radio frequencies since their
electric dipole moment is not permanent, their moment of inertia is very small and
all their permitted transitions lie outside the radio domain. On the contrary, the
CO molecule is characterized by a rotational transition at millimetric wavelenghts
(2.6 mm). This emission line represents the primary tracer of molecular gas in the
ISM.

Radial distribution. From CO observations we know that most of the molecular
material resides in a well-defined ring extending radially between 3.5 and 7 kpc
from the Galactic Center and that a strong molecular concentration is present
within 0.4 kpc from the center! (Scoville and Solomon [280]; Burton et al. [48]).
Moreover, CO concentrations tend to reproduce the spiral pattern (Fig 1.1) which
is also suggested by other tracers (see section 1.2.2 and 1.2.3) (Dame et al. [75]).
In the inner Galaxy (R < Rg)? interarm regions are not devoid of molecular gas
and the space-averaged density is only a factor ~ 3.6 lower than in the arms
(Clemens et al. [60]). However, the ratio between the molecular surface density in
the spiral arms and in the interarm regions is much greater in the outer Galaxy
(R > Ry) with a mean value of 13 (Grabelsky et al. [136]; Heyer [160]). As for the
azimuthally averaged distribution, the most striking feature is that the molecular
material appears to be almost entirely confined to the inner Galaxy: 77% of the
~ 10° Mg of the Galactic molecular mass lies inside Ry (see Fig 1.2, Binney &
Merrifield [20]).

Vertical distribution. As for the z-dependence®, Bronfman et al. ([40]) and
Clemens et al. ([60]) find a strong concentration of the molecular material along
the Galactic plane. However, Bronfman et al. report for R < Fg a full-width at
half-maximum (FWHM) for the molecular z-distribution fitted by a Gaussian of

1The TAU recommended value Ry = 8.5 (Kerr and Lynden-Bell [181]) has been assumed for the

Galactocentric radius of the Sun.

2R denotes the Galactocentric distance.
32 denotes the distance from the Galactic plane.

18
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Figure 1.1: The diagram (dots) shows the estimated positions of glants molecular in
the Galaxy. The figure is based on the assumption of perfectly circular orbits. The
Galactic center is at the coordinate origin and the Sun’s location is denoted with ®. The
Sagittarius-Carina arm is drawn as a logarithmic spiral, together with a section of the
Orion-Cygnus arm. A dotted circle of radius 0.4R, illustrates the extended distribution
of clouds in the molecular ring (Binney & Merrifield [20]).

120+18 pc, weakly increasing with R (Fig 1.3) and a space-averaged density of
hydrogen in molecular form:

nm(z) = (0.53 em™) exp [— (-7—1—>2] (1.1)

Clemens et al. find a FWHM of 13617 pc at the solar circle and a more pro-
nounced thickening of the molecular layer towards the outer Galaxy. For the space-
averaged density, they find:

i (2) = (0.58 em™3) exp {_ (ngﬂ (1.2)
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20 1. The Interstellar Gas

1.2.2 The atomic phase

e General properties. Two components can be distinguished in the interstellar
neutral atomic hydrogen (HI) distribution: a cold component, whose temperature
falls in the range 50-140 K and a warm component for which much higher tempera-
tures (~ 500-5000 K) are estimated (Heiles 2001 [158]). The cold HI is characterized
by an average density ~ 20-50 atom cm ™3 which is two orders of magnitudes larger
than the warm HI density (Kulkarni and Heiles [191]). The co-existence of these
two HI phases can be explained theoretically (Field et al. [107]; Goldsmith et al.
[126]): atomic interstellar gas heated by low-energy cosmic rays has two thermally
stable phases, i.e. a cold dense phase, in which the primary cooling mechanism
is the radiative de-excitation of collisionally excited states of metals, and a warm
phase resulting from the onset of Lyman «a cooling.

e Observational techniques. In order to trace the HI distribution in the ISM,

two different radiative mechanisms can be exploited: on one side, since neutral
hydrogen in the interstellar clouds is mainly in the ground state, all the electronic
transitions between the ground level and an excited state result into emission of
a Lyman series photon and, in particular, the transition between the ground level
and the first excited state generates a Ly« photon at 1216 A at the same time, the
ground state of atomic hydrogen is split into two hyperfine levels by the interaction
between the spins of the electron and the proton; the atom energy is 6 x 1078 eV
lower when the two spins are antiparallel than when they are parallel and pho-
tons with frequency v=1.4204 GHz (equivalent to A=21.105 cm) are emitted or
absorbed in the transitions between the two levels.
Although Lya surveys are useful to investigate the distribution of HI in the vicin-
ity of the Sun (and have allowed the discovery of the so-called Local Bubble, an
asymmetric region surrouding the Sun devoid of neutral hydrogen, with a radius
of 60-100 pc and a vertical extent across the plane ~ 120-180 pc (Breitschwerdt et
al. [35]), they are limited by extinction and cannot be used to probe extensively
the distribution of HI in the Galaxy. Our knowledge on the large scale distribution
of interstellar HI is rather based on 21-cm line surveys.

e Radial distribution. From these observations, HI is found to extend radially up
to 30 kpc from the Galactic center (Diplas and Savage [90]) and to be distributed,
in the Galactic plane, in long-arc features which are organized in a spiral pattern
(Oort et al. [232]; Mihalas and Binney [221]). Despite the fact that a better picture
of this spiral structure is delineated by other tracers (such as molecular clouds
and, especially, HII regions) which have a higher arm-interarm density gradient,
are less ubiquitous and for which complementary information to the kinematic one
is available*, still important indications can be obtained from 21-cm observations.
In the inner Galaxy (R < Rp), the spiral pattern appears in a very fuzzy way,

4For a detailed discussion on kinematic data and the problem of distance ambiguity, the reader is
referred to Chapter 3.
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Figure 1.2: Solid curve: average density of HI in an annulus around the Galactic center,
versus radius of the annulus. Dashed curve: corresponding surface density of molecular
gas (Binney & Merrifield [20]).

mainly due to the uncertainties of distances (see Chapter 3). Outside the solar
circle (R > Ry), this region is unaffected by distance ambiguities and the situation
.1s more clear: three major arms stand out in addition to the local minor Orion
arm (Kulkarni et al. [189]; Henderson et al. [159]) and these arms have a quite
constant surface density which is about four times greater than in the interarm
regions (Kulkarni et al. [189])

As for the azimuthally-averaged density, for R < 4 kpc, the density falls from a
wide plateau to near zero inside 1.5 kpc. Beyond Ry, the density remains high
up to R =~ 16 kpc where it turns sharply downwards (Binney & Merrifield [20],
Fig 1.2). This behaviour of the HI surface density implies that ~ 80 % of the ~
4.3 x 10° Mg of Galactic neutral hydrogen lies beyond Rj.

e Vertical distribution. The vertical structure of the HI distribution is character-
ized by very interesting features. First of all, the central value of z, z, resulting
from different tracers, as a function of both R and the azimuthal coordinate ?,
defines a surface which is very close to a plane in the range 3 kpc < R < Ry,
suggesting an extreme flatness of the distribution. However, some deviations are
observed and these oscillations (also known as corrugations) appear to be coherent
and are common to every Population-I object. The origin of this phenomenon is
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still matter of debate. As for the vertical scale height, this is approximately con-
stant for 3.5 kpc < R < Ry (Lockman [198], Fig 1.3) where the HI lies in a layer
whose FWHM is ~ 230 pc (Dickey & Lockman [87]) and its space-averaged density
can be approximated by the sum of two Gaussians and an exponential tail:

ne(z) = (0.57 em™) {0.70 erp | — (12;])0) } (1.3)

2
z ||
. — | —— 11 _
+0.19 exp { (318 pc) +0.11 exp < 103 pc)}

(Dickey & Lockman [87]). In this expression, the first Gaussian term accounts for
the cold neutral gas while the second term, which is the sum of a Gaussian plus
an exponential tail, stands for the contribution given by the warm neutral gas. At
R > Ry, the HI layer thickens more than linearly with R reaching a scale height of
~ 1 kpc (Diplas and Savage [90]). This phenomenon is theoretically expected from
the steep decrease in the gravitational potential toward the outer Galaxy (Fig 1.3).
This flaring is accompanied, at ~ 1.5Rq, by a warp of the HI disk whose origin has
not been clarified yet. The warp appears, in the first and second quadrants, as a
positive displacement of the HI midplane with respect to the Galactic plane of ~ 4
kpe; in the third and fourth quadrants, the effect is reversed and the displacement
is negative with a maximum value of -1.5 kpc (Dickey & Lockman [87]; Diplas and
Savage [90]). For R > 11 kpc, a reasonable approximation to the behaviour of the
warp is given by:

_ R/kpc—11

R/kpc — 11\’
Zc —
6

sing + 0.3 < 5 ) (1 — cos2¢) kpc (1.4)

(Binney & Merrifield [20]).

Peculiar phenomena. Despite most of the atomic interstellar gas obeys Galactic
differential rotation, nevertheless a few anomalies are detected. These fall into
two categories: on one side we find shells, on the other we have the so-called
high-velocity clouds. Shells (and super shells) are expanding dynamical systems
with diameters ranging from a few tens of parsecs to ~ 2 kpc and with expansion
velocities reaching a few tens of km s~ (Heiles [153]; Heiles [154]). The majority of
shells are thought to be created by stellar winds and supernova explosions acting
either individually or within associations of up to a few thousands stellar objects
(Tenorio-Tagle and Bodenheimer [315]). However, the most energetic supershells
are presumably produced by the impact on the Galactic disk of high-velocity clouds
(Tenorio-Tagle and Bodenheimer [315]). These clouds have been revealed by early
21-cm surveys and are observed both at low and high latitudes at velocities that
differ by more than 50 km s~ from those associated with normal differential motion
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(Verschuur [333]). Their origin is not completely understood. It has been suggested
that they can be the result of gravitational interaction between our own Galaxy
and nearby systems as it might be the case for the Magellanic Stream Clouds
(Murai and Fujimoto [226]). An alternative explanation is that these clouds may
be connected with the observed Galactic warp (Lockman [202]).
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Figure 1.3: The half thickness at half-maximum intensity of the neutral and molecular
gas as traced by HI and CO. The plot shows the increase in thickness with radius.
Results from various data sets are plotted for HI; the solid line and error bars indicate
the average and standard error of these values (Binney & Merrifield [20]).

1.2.3 The warm ionized phase

We outline here for completeness also the main observational properties of the warm
lonized gas. However, each topic will be discussed extensively in Chapter 2.

e General properties. Below a wavelength of 912 A (which corresponds to an en-
ergy of 13.6 eV), electromagnetic radiation is powerful enough to ionize interstellar
hydrogen. Such ionizing radiation can be found in the ISM in correspondence to
massive O and B stars which are completely surrounded by the so-called HII regions
(where HII denotes the ionized hydrogen). However, HII is also largely detected
outside regions of star formation and the origin of this phenomenon is still unclear.
The typical temperature of ionized-hydrogen systems within the ISM is ~ 8000 K
and this value is common to both traditional HII regions and diffuse ionized gas.
Electron densities span a wide range of values, from 10°—10° c¢m~2 for HII regions
down to 0.2 — 0.5 ¢cm™ for the diffuse gas.
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o Observational techniques. The warm ionized gas can be probed by means of

different tracers. All observational techniques are based on the assumption that
helium is largely neutral in the warm ionized gas (Reynolds and Tufte [261]; Heiles
[157]; Tufte [322]) and, as a consequence, we can derive the ionized-hydrogen space-
averaged density from the free-electron space-averaged density.

At radio wavelengths, HII emits brehmsstrahlung or free-free radiation which arises
from the interaction between free electrons and the Coulomb field of the positive
ions (H*, He" and He?t). Emission recombination lines are also detected at these
wavelengths, as well as in the infrared and optical band. Particularly important are
the optical lines of the Balmer series which are produced by electronic transitions
between an excited state n > 2 and the first excited state n=2. The integrated
intensity of these lines is in fact a direct measure of the free-electron column density
along the line of sight. The most used among the Balmer series lines is the Ha
which is due to transitions from n=3 and n=2 and has a wavelength of 6563 A
However, Ha surveys suffer from the problem of extinction and cannot probe
regions of the Galaxy more distant than 2-3 kpc. An alternative technique to Ha,
offering the advantage of not being limited by dust obscuration, is represented by
the detection of signals from pulsars. This method is based on the very well-known
fact that the variation of pulse arrival time with frequency is the result of dispersive
propagation through the ionized medium. Complementary information is given by
scattering measures: pulsar signals, in fact, not only experience dispersion but also
scattering when they propagate in an ionized medium and the amount of scattering
is proportional to the spatial fluctuations of the electron density along the line of
sight.

Radial distribution. Due to our fragmented knowledge on the sources of ionizing
radiation, the reconstructed radial distribution of the warm ionized gas is quite
model-dependent. The widely used model by Taylor & Cordes ([311]), which is
built by considering dispersion and scattering measures data, as well as data on
HII regions, includes three components: a spiral arm component; an annular ring
centered at 3.5 kpc (which should correspond to the annular ring observed for
molecular clouds) and a radially extended component with a Gaussian scale length
> 20 kpc.

Vertical distribution. The z-distribution parallels the radial distribution. The
best-fit models contain: a thin-disk component (annular ring-like), a thick-disk
component, a spiral arm component plus localized regions of higher-than-average
electron density (e.g. the Gum Nebula) (Taylor & Cordes [311], Cordes & Lazio
[67], [68]). In the solar neighboroughood the space-averaged density of free electrons
can be approximated by:

ne(z) = (0.015 em™) exp (—-%ﬁ + (0.025 em™?) exp (—%5%) (1.5)
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(Reynolds [260]) , where the first term roughly represents the contribution from
HIT regions obtained from an analytical calculation (Lyne et al. [204]) and the
second term corresponds to the thick-disk (or diffuse) component (Weisberg et al.
[339]) and it is derived from pulsar dispersion measures at intermediate/high z.

1.2.4 The hot ionized phase

e General properties. The existence of hot gas in the Galaxy was first postulated
by Spitzer ([304]) for whom a Galactic corona, filled with hot gas, would have
provided the necessary pressure to confine the observed high-altitude interstellar
clouds. Moreover, hot ionized gas in the Galaxy is predicted by models of galaxy-
formation according to which, following dark-matter haloes merging, the gas in the
halo is first shock-reheated at the virial temperature and then it cools radiatively
as to collapse onto rotationally supported disks. A useful expression for the virial
temperature is given by (Peacock [240]):

Toiriar/ K = 10°" (M /10" M)?2 (£.0h%) 3 (1 + 2,) (1.6)

where M denotes the total mass of the gas in solar mass units, f, and z, are,
respectively, the collapse factor and the collapse redshift. Currently, the presence
of interstellar gas inside our Galaxy with a temperature of ~ 10% K (Mc Cammon
and Sanders [215]) has been fully assessed and is explained as the result, mainly,
of supernova explosions and, to a lesser extent, of winds from the progenitor stars
(McCray and Snow [216]; Spitzer [306]).

e Observational techniques. The primary tracers of hot ionized gas are UV ab-
sorption lines and soft X-rays emission. The first are produced by high-excitation
ions that form only at very high temperatures. The most common for detection
are O VI (with a doublet at 1032 A and 1038 A) and N V (with a doublet at 1239
A and 1243 ﬁ\). These lines are very useful to probe the spatial distribution of the
hot ionized medium since their integrated intensity is directly proportional to the
column density of the considered ion along the line of sight. Moreover, the simul-
taneous determination of the degree of ionization and the linewidth of O VI has
allowed to probe a cooler component of the hot ionized gas, at a temperature of a
few 10° K (York [351]). Complementary information can be achieved through the
ob servation of soft X-rays. In this frequency-band, observations are limited due
to the fact that radiation is significantly absorbed by the intervening interstellar
medium and the mean free path is only a few tens of parsecs. However, soft-X ray
observations have given a significant contribution to shed some light on the spatial
distribution of hot gas in the Galaxy. In the 0.1-0.3 keV range, the intensity of
the emitted radiation varies of a factor five according to the considered direction
and appears to be anticorrelated with neutral hydrogen column density. Snow-
den et al. ([298]) have suggested that the observed radiation can be explained as
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thermal emission from hot gas at 10° K originating from the Local Bubble whose
boundaries are located at varying distances from the Sun therefore producing the
variation in the X-ray intensity which is detected (displacement model). However,
the performance of shadowing observations by ROSAT (Burrows and Mendenhall
[47], Snowden et al. [299], Snowden et al. [300]) have demostrated that at least a
significant fraction of this emission is produced outside the local cavity. In these
observations, Galactic clouds are used as screens, therefore the lack of shadowing
suggests that the observed flux arises in front on the cloud, locally while the op-
posite case implies that the emission at least partly originates beyond the cloud.
Sidher et al. [290] have proposed a two-component model according to which the
observed X-ray radiation is given by the superposition of two contributions, 1. e.,
emission from the Galactic halo with T = 10%? K and emission from the Local
Bubble at T = 10°° K.

Radial distribution. From X-ray observations, the Galactic halo emission ap-
pears to vary significantly over the sky. The northern halo exhibits strong intensity
enhancements superimposed on a relatively uniform background, thereby suggest-
ing that the emitting gas has a patchy distribution. On the contrary, the southern
halo is characterized by intensity gradients toward low latitudes, roughly consis-
tent with a plane parallel distribution (Snowden et al. [301]). As for the radial
distribution of the hot ionized gas, only some qualitative indications can be drawn
and these are based on the observation of other spiral galaxies. Cui et al. ([74])
have measured the soft X-ray intensity of several high-latitude face-on spirals and
have derived radial profiles for the emission measure of their hot component. The
reconstructed profiles unambiguously show that the amount of hot gas decreases
radially outward.

Vertical distribution. The scale height of the distribution of hot ionized gas in
our Galaxy is largely uncertain. The estimates of this quantity are commonly based
on O VI and N V column density measures. However, different measures seem to
retrieve different, and quite inconsistent, results. For example, in the case of O VI
observations, Jenkins ([172], [173]) by fitting O VI data with an exponential along
z find a scale height ~ 300 pc, while Hurwitz and Bowyer ([168]) obtain ~ 600
pc and Savage et al. ([271]) derive a value in the range 2.7-3.6 kpc. On the other
hand, from N V measurements, Sembach and Savage ([281]) report an exponential
scale height ~ 1.6 kpc but Savage et al. ([270]), employing a different set of
data, compute a value of 3.940.6 kpc. The confusion among different estimates
increases even more when these numbers are compared to the values obtained by
using other high-stage ions like C IV and Si IV for which Savage et al. ([270])
quote, respectively, a scale height of 4.440.6 and 5.1+0.7 kpc.
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1.3 The models for the multi-phase ISM

The general picture for the ISM. The ISM is tightly coupled to the star forma-
tion history of the Galaxy. In practice, we can think of a closed loop formed by the
coordinated interplay between the stars of our Galaxy and the interstellar medium and
this loop can be summarized with a few steps. In the first step, new stars form out
of interstellar material. This material, far from being uniformly spread throughout the
interstellar space, displays large density and temperature gradients such that only the
densest, coldest molecular regions offer an environment favorable to star formation. In
these high-density regions, the interstellar gas tends to become gravitationally unstable
and collapse into stars. Once locked into the interior of stars, the Galactic matter goes
through a series of thermonuclear reactions which enrich it in heavy elements. A fraction
of this matter eventually returns to the ISM either through stellar winds, during the star
lifetime, or in supernova explosions. In both cases, the injection of stellar material into
the ISM is accompanied by a strong release of energy which, in addition to generating
turbulent motion in the ISM, contributes to mantaining its highly heterogeneous struc-
ture and, above all, induces star formation in new, high-density molecular regions. ThlS
is the final step which closes the ISM-star cycle.

The multi-phase ISM. Within this scenario, how to account for the observed multi-
phase ISM (i.e., simultaneous co-existence of molecular, neutral and ionized gas) 7 The
realization that expanding SNR shells contain hot gas (Jones [176]; Cox and Smith [69];
Heiles [152]) has led to the classical McKee and Ostriker three-phase model (McKee &
Ostriker [217]; McCray and Snow [216]). They have proposed that about 70% of the
ISM volume consists of hot gas with a temperature of ~ 10° K. This hot gas would be
contained in shells blown by SNRs and in tunnels formed by the merging of SNRs (Cox
and Smith [69]) while the warm gas phase would occur at the interface of the hot gas and
cold, neutral material. All three phases are assumed to be in hydrostatic equilibrium.
Because the hot gas would be buoyant, it would rise up to the Galactic halo (Jones [176])
where it would cool and fall back onto the Galactic disk. This is the so-called galactic
fountains theory (Shapiro and Field [282]). However, our current knowledge of the ISM
partly contradicts the hypothesis of this model. In fact, observations and simulations
indicate that: the ISM pressure is much higher than assumed due to the role played
by magnetic fields and high-z gas (Cox [72]); the ISM contains gas systems which are
far from hydrostatic equilibrium (Bregman et al. [34]) and are characterized by large,
disordered motions; supernovae are spatially and temporally connected (Norman and
Ikeuchi [227]) instead of being randomly spread throughout the disk; predicted fluxes in
the soft X-rays associated to strong galactic fountains are not consistent with detections
in the Galactic halo (Cox [70]; Heiles [155]).

Therefore, taking into account these constraints, plausible models have to be built on
the following assumptions: the filling factor of the hot gas cannot go beyond 20% (Slavin
and Cox [295]; Bregman [33]; Elmergreen [100]); SNRs are not connected by a network of
tunnels of hot gas formed by SNR mergers but the hot gas morphology is characterized,
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instead, by isolated superbubbles created by multiple simultaneous supernovae (Norman
and Tkeuchi [227]; Spitzer [306]; Tenorio-Tagle et al. [316]); due to the increased ISM
pressure, the efficiency of galactic fountains is reduced and only superbubbles driven
by multiple SNRs are capable of breaking out the Galactic disk into the halo (McKee
[218]; Kamaya et al. [177]); the morphology of the neutral gas is better represented by a
diffuse layer with holes and shells, rather than the previous model of discrete cool clouds
(Bregman and Ashe [29]; Bregman et al. [32]); the distribution of the warm ionized gas
phase is extensive as the cool atomic gas and extends to large z-heights.

1.4 The distribution of stars in the Galaxy

Before analyzing in detail the properties of the WIM in the next chapter, we outline in
this section the main features of the spatial distribution of stars in our Galaxy. As we
have seen (section 1.3), stars in our Galaxy and the multiphase interstellar gas are tightly
causally connected. We will focuse, in particular, on the radial and vertical distributions
of O and B stars which produce, partly or completely, the warm ionized gas which is
observed in the Galactic interstellar medium (see section 1.2.3 and Chapter 2).

The global distribution of stars. Thre are three major components which one can
possibly distinguish when sketching the spatial distribution of stars in the Galaxy: a disk
component; a bulge component and a halo component.

e The disk distribution. The disk distribution of stars has a diameter ranging
between 40 and 50 kpc and presents three sub-components: the young thin disk
is believed to have a vertical scale height of only about 50 pc (Carroll and Ostlie
[51]) and is the region of current star formation. The old thin disk has a greater
vertical scale height of roughly 2y, =~ 325 pc (Carrol and Ostlie [51]) and the thick
disk has a scale height of approximately zyx =~ 1.4 kpc (Carroll and Ostlie [51]).
The stellar number density (i.e., the total number of stars per unite volume) of the
thick disk is only about 2% of the combined values of the thin and thin disks (both
young and old) at the Galactic midplane. Moreover, the mass of the thick disk is
probably about 2 to 4x 10° Mg, that is about 3% of the thin disks mass. When
the young and old thin disks are combined, empirical fits to the stellar number
density that are derived from star-count data give:

n(z, R) = ng (e*/?hin 4 0.02 e~/ #thick) e~ B/hr (1.7)

(Carroll and Ostlie [51]), where hp is the disk scale length and ng is ~ 0.02 stars
pc~ in the absolute magnitude range 4.5 le My le 9.5. However, it has to be
pointed out that ng, Zpin, Ztice and hg are all uncertain coefficients and other
similar fits may also fit the present observations.
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The luminosity density (i.e., the luminosity per unit volume) of the old thin disk
is often modeled with an exponential decay as follows:

L(z,R) = Ly e ®/"% sech?(2/ z) (1.8)

(Carroll and Ostlie [51]) where zg = 2245, and Lg ~ 0.05 Lo pc™3. At the same
time, the luminosity surface density (i.e, the luminosity per unit area) is written
in the form:

ulr) = po +1.09 (;—R> (1.9)

where p, has units of mag arcsec™ and hg has the same meaning as in eq. (1.7)

and (1.8). The value of g appears to fall in an incredibly small range for spiral
galaxies of the same Hubble-type. In particular, uy=21.524+0.39 B-mag arcsec™?
for Sc and earlier spiral galaxies and pp=22.6140.47 B-mag arcsec™? for Sd and
later dwarf galaxies®.

The thin and thick disks are also identifiable according to the different chemical
composition. In the thin disk, typical values for the iron-hydrogen metallicity ©
ratio are in the range -0.5 < [Fe/H] < 0.3, while for the majority of stars in the
thick disk, -0.6 < [Fe/H] < -0.4. From these values, it appears that the stellar
members of the thin disk are probably significantly younger than the thick-disk
counterparts.

e The bulge distribution. The bulge is a central concentrantion of stars with a
scale height, symmetric above and below the plane, of ~ 1.5 kpc (Braccesi [30])
and a mass roughly 10 Mg (Carroll and Ostlie [51]). Althought it was originally
thought to resemble a spheroid, it has now been assessed that it is rather bar-
shaped inclined at a substantial angle to our line of sight. The scale height of the
bulge (along the minor axis) appears to be of the order of 400 pc while the ratio
of the minor to major axis is about 0.6. The surface brightness, I, of the bulge
(measured in units of L, pc™?) exhibits an approximate radial dependence of the

form:

10g10 Hﬂ — ~3.3307 [<1>1/4 - 1} (1.10)

e Te

(de Vaucouleurs [84]) where 7, ~ 0.7 kpc (Carroll and Ostlie [51]) is a reference
radius (the so-called effective radius’) and I, is the surface brightness at r,.
The chemical abundances of stars in the bulge vary significantly, ranging from quite

®The Milky Way is classified as an Sbc-type galaxy or, given the observation of a bar-like structure
in the bulge, as an SBbec.

€ N £
6[%2] = log1g (%—FH) —logio (WFH—)@
"It is defined to be the radius within which one half of the bulge light is emitted.
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metal poor to very metal rich, i.e. -1 < [F./H] < 1, with a mean value close to
+0.3 (Carroll and Ostlie [51]). This may suggest that at least part of the stars in
the bulge is young, although the age of the stellar population in this region of the
Galaxy is still matter of debate.

e The halo distribution. The stellar halo is composed of globular clusters and field
stars (stars which are not members of clusters) of which the majority is located
very far from the Galactic plane. Although most of the clusters are found within
33 kpc of the Galactic center, several have also been observed between 66 < R <
100 kpe. In particular, older, metal-poor clusters with [Fe/H| < -0.8 belong to
an extended spherical halo of stars, while younger clusters with [Fe/H] > -0.8
form a much flatter distribution and may be associated with the thick disk. The
number density profile of the metal-poor globular clusters and the field stars can
be approximated by:

nhalo(r) = 10, halo 7"—3.5 (111)

(Carroll and Ostlie [51]) where 1 pa0 is roughly 0.2% of the thin disk midplane
value. Moreover, the halo surface density is described by the de Vaucouleurs law
with 7, ~ 2.7 kpc. The total mass of stellar halo is ~ 10° M, of which roughly 1%
is the combined mass of globular clusters and the remaining is locked up in field
stars.

The case of OB stars.

As we have seen in the previous sections (1.2.1, 1.2.2, 1.2.3), the disk of the Galaxy is
characterized by a large scale structure delineated by the spiral arms. Among the most
important tracers of the Galactic spiral pattern are OB stars. These are relatively young
(~ 10 Myt) , luminous (~ 2 < log(M/Mg) < 6) and massive (~ 3 < M/Mg < 100)
stars, born in the very dense cores of giant molecular clouds and emitting an intense
wltraviolet radiation. A detailed study of recently formed OB stars in the Galaxy has
been carried out by Bronfman et al. [41]. These very young objects can be more easily
probed than older OB stars: since they are still completely embedded in the dusty
molecular environment in which they originate, their UV radiation, as well as ionizing
the surrounding gas and producing HII regions (in this case, UCHII), also heats up
the closeby dust which, in turn, reradiates most of the energy in the far infrared (FIR)
where the ISM is more transparent. Bronfman et al., using data of CS(2-1) rotational
line emission, have investigated the spatial distribution of 748 young OB stars and have
compared it with the distribution of Hy as derived from CO surveys of the Milky Way.
From their analysis, by assuming purely circular motion and a linear rotation curve with
the standard IAU constants®, they conclude that:

8In Chapter 3, the concepts of circular motion and rotation curve will be laid out in detail.
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massive star formation is distributed in a layer with its centroid Zy(R) following
that of molecular gas for all galactocentric radii, both in the Northern and Southern
Galactic emisphere;

the thickness of this layer for R < Ry is ~ 73 pc (FWHM), 62% the thickness of
the molecular gas disk;

the warping of the disk outside the solar circle, as traced by the centroid Z, of
both the OB distribution and the H, layer, appears to be more pronounced in the
Northern Galaxy;

the flaring in the outer Galaxy is evidenced by both the massive star formation
and the molecular layer: however, while the thickness of the massive star layer in
the Northern outer Galaxy grows like that in the South, the mean thickness of the
molecular hydrogen layer in the Northern outer Galaxy is only about half that of
its Southrn counterpart

In addition, Bronfman et al. derive some conclusions on the FIR luminosity distribu-
tion. In particular: the FIR luminosity produced by young OB stars has a well defined
maximum at 12 = 0.55 Ry, with a gaussian FWHM of 0.28 R, compared with 0.51 R,
for Hy; toward the outer Galaxy, the FIR luminosity decays exponetially with a scale
length of 0.21 Ry, compared with 0.34R, for H,.
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Chapter 2

The Warm Ionized Gas

2.1 Introduction

This chapter presents a detailed description of the warm ionized medium (WIM). In
particular, in section 2.2 we will outline the scientific case for the WIM, underlying the
intersectorial implications of its investigation. In section 2.3, an overview of the various
observational techniques will be given, complemented by the WIM physical properties
inferred from observations. Finally, in section 2.4, we will discuss how current theoretical
models try to reconcile the scattered information provided by experiments.

2.2 Why studying the WIM ?

There are several reasons motivating the study of the warm ionized gas of our Galaxy.
Here we summarize the main ones which we may group into two catergories: those which
fall in the field of investigation of the Galactic structure and its constituents and those
which are related to the Cosmic Microwave Background (CMB). We first discuss in detail
why the WIM is important within the context of Galactic studies.

e The warm ionized gas is a major component of the interstellar medium of our
Galaxy, extending from the midplane into the lower Galactic halo where it could be
the dominant state of the interstellar gas. This has been shown (Dickey & Lockman
[87]) by comparing the HI and H* column densities towards five globular clusters
located at more then 3 kpc from the plane. The result retrieved by the comparison
is that the amount of ionized gas ranges from 23% to 63% of the neutral hydrogen.
The existence of this component appears then to have an important bearing upon
the composition and topology of the interstellar medium and the principal processes
of ionization and heating within the disk and the halo. Moreover, the diffuse ionized
gas could contribute significantly to the total pressure at the midplane (Cox [73])
and have an important effect on the dynamics of the hot (~ 10° K) gas above the
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plane (Heiles [156]). Furthermore, because the H" is a significant fraction of the
interstellar matter, warm dust within it could be a non negligiable source of IR
continuum (Reynolds [260]) and cosmic rays within it could produce a significant
fraction of the diffuse y-ray background, particularly at high Galactic latitudes
(Bloemen [25]). The existence of the ionized gas clearly needs to be taken into
consideration in models of the interstellar medeium and galactic halo and in the
analysis of interstellar medium data.

The distribution of Galactic free electrons provides estimates of the total number of
ionizing photons emitted, hence on the number of massive, hot stars that produce
them. In this way, it is possible to infer not only the star formation rate (SFR) but
also the initial mass function (IMF) of massive stars. The total number of ionizing
photons in a stellar population of age t, IMF ¢(m) and SFR ¥(¢) can be expressed
by:

Mup

Noyelt) = [ dm | D = o) Ny o(m ) (21)

Meff

(Valls-Gabaud [329]), where Npy_.(m, 7) is the number of Lyman continuum pho-
tons emitted by stars of mass m and time 7 and the effective lifetime extends from
the zero age main sequence (ZAMS) to the terminal age main sequence (TAMS).
The effective cutoff mass m.y; is given by the IMF-weighted-Ly-c production rate
and is ~ 10 Mg. The reason for this is that the dependence of the number of
emitted ionizing photons on temperature (mass) is extremely steep. As a conse-
quence, eq. (2.1) gives an estimate of the IMF of stars above 10 Mg but gives no
information about the IMF below this limit. This fact has been taken into account
by Schaerer & De Koter [272] who have built a model in which, adopting a Salpeter
IMF, they make the assumption of continuity below 10 Mg. According to their
model:

—0.66 1.66
Niye ) _gq (¥ 0.1 — 1.5m0% 4 8 6mle )
1056 s—1 ' Mgyr—1 m; 035 — 035 )

low up

being my,, the result of the continuity assumption. The above equation can be
applied to derive, for instance, the SFR from Ha measurements. In particular,
under case B recombination conditions! (Valls-Gabaud [329]):

L)~ 2.2132107 Moyr 'L (2.3)

and this applies to a wide range of IMF slopes.

IThe case A-case B distinction of recombination line theory will be discussed in section 2.3.1.
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e A good knowledge of the distribution of free electrons in the Galaxy is also impor-
tant to obtain information about the Galactic magnetic field. In fact, a linearly
polarized electromagnetic wave propagating along the magnetic field of an ionized
medium can be decomposed into two circularly polarized modes, i. e. a right-hand
mode, whose E vector rotates about the magnetic field in the same sense as the
free electrons do and a left-hand mode, whose E vector rotates in the opposite
sense. As a result of the interaction between the E vector and the free electrons,
the right-hand mode travels faster than the left-hand mode and, consequently, the
plane of linear polarization experiences a rotation - known as Faraday rotation - as
the wave propagates. The angle by which the polarization plane rotates is given

by:

¢ = do+ RMN (2.4)

where ¢q is the initial polarization position angle of the radiation before it enters
the plasma, A is the wavelength and RM is the Faraday rotation measure defined
as:

D
RM = / neByds (2.5)
0

where the numerical constant C is 0.81 rad m~2 when n, is expressed in cm™, the
line-of-sight component of the magnetic field B)| is in 4G and the path length D
is in pc (Gardner & Whiteoak [117]). Observationally, the rotation measure of a
given source (pulsars or extragalactic radio continuum sources) can be determined
by measuring the polarization position angle of the incoming radiation at two or
more wavelengths.

The sources of linearly polarized waves used to carry out Faraday-rotation measure-
ments in our Galaxy are either pulsars or extragalactic radio continuum sources.
Pulsars present a double advantage in this context: first, they lie within the Galaxy
and their distance can be estimated; second, their rotation measure (eq. (2.5)) di-
vided by their dispersion measure (see eq. (2.38)) yields the n.-weighted average
value of B along the line of sight.

Rand & Kulkarni [245] have analyzed 116 pulsars closer than 3 kpc from the Sun
and have concluded that the local interstellar magnetic field has a uniform (or
regular) component ~ 1.6 4G and a random (irregular) component ~ 5 uG. By
including more distant pulsars and making a more careful selection of the pulsar
sample, Rand & Lyne [246] obtain, for the local uniform field strength, ~ 1.4 uG.
In addition, they find that the uniform field strength increases smoothly towards
the Galactic center, reaching ~ 4.2 uG at R = 4 kpc which implies an exponential
scale length < 4.1 kpc. They also show that a concentric-ring model, in which the
uniform magnetic field is purely azymuthal, results in field reversals at 0.4 kpc and
at 3 kpc from the solar circle, with a maximum field strength between field rever-
sals of 2.1 uG. Han & Qiao [141] have obtained the same value of ~ 1.4 uG for the
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local uniform field strength but they also find that a bisymmetric magnetic field
structure with a pitch angle of 8.2° and an amplitude of 1.8 uG gives a better fit
to the pulsar data than the concentric-ring model. Han et al. [143] found evidence
for at least one field reversal in the outer Galaxy and possibly a third reversal
inside the solar circle. They claim that the observed field reversals, together with
the measured pitch angle, support the hypothesis of a bisymmetric magnetic field.
Yet, it can be shown that field reversals are also consistent with an axisymmetric
magnetic configuration and this picture is supported by some observational (Vallee’
[327]) and theoretical (Ferriere & Schmitt [103]) facts. More recently, Mitra et al.
[225] find, for a set of 45 pulsars in the direction of the Perseus arm, a uniform
magnetic field strength ~ 1.7 4G and no evidence of field reversal up to a distance
of 5-6 kpc.

Along the vertical direction, magnetic fields exist well beyong the pulsar zone. This
is proved by the fact that the rotation measures of extragalactic sources have the
same sign and are systematically larger, in absolute value, than the rotation mea-
sures of pulsars in nearby direction (Simard-Normandin & Kronberg [291]). An
estimate of the scale height of the uniform field can be obtained from the observed
rotation measures of high-latitude extragalactic objects combined with a model of
the free electron density distribution. From a sample of more than 600 extragalac-
tic sources, Inoue & Tabara [169] find a magnetic scale height ~ 1.4 kpc. This
value is about one order of magnitude greater than the scale height deduced from
pulsar rotation measures (Thomson & Nelson [319]; Han & Qiao [140]). This de-
screpancy could be explained by a structure with two magnetic field layers having
very different scale height (Han & Qiao [141]).

Finally, as far as the magnectic field parity with respect to the Galactic midplane,
there is not a clear picture yet. The RM vertical distribution for a combined set
of extragalactic sources and pulsars at Galactic latitude |b| > 8° appears to be
antisymmetric about the midplane in the first and fourth quadrants and roughly
symmetric in the second and third quadrants (Oren & Wolfe [233]; Han et al. [142]).
At the same time, rotation measures of low-latitude pulsars point to a symmetric
distribution at all longitudes (Rand & Lyne [246]).

Despite its relevance, it is important to emphasize two caveats of this technique:
rotation measures provide the line-of sight component of the Galactic magnetic
field not its total strength; rotation measures only probe the warm ionized medium
which occupies only a small fraction of the interstellar volume so the inferred mag-
netic field strengths are not necessarily representative of the ISM in general.

In section 2.3.5 we will come back on the Faraday rotation measure as one of
the tools for investigating the structure (or better, the substructures) of the free
electron density distribution.

An accurate reconstruction of the free electrons distribution is important for deriv-
ing estimates of pulsar distance. This topic is discussed extensively in section 2.3.3.
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e From the studies of the WIM in our Galaxy and in nearby galaxies, it appears
likely that a substantial fraction of ionizing photons could escape from galaxies,
due to the patchy, clumpy nature of the ISM, fractal (Elmergreen [100]) or other-
wise. Domgorgen & Mathis [91] predicts that 19% percent of the ionizing radiation
escapes O stars and, of this, between 2 and 4% leakes out of the Galaxy while the
rest is absorbed by the diffuse interstellar gas. The detection of diffuse Hor in the
Magellanic Stream (Weiner & Williams [338] implies that a large fraction of galac-
tic ionizing photons reach that distance (Bland-Hawthorn & Maloney 1997 [21]).
If many ionizing photons escape the galaxies, they contribute significantly to the
ultraviolet background radiation (UVB) which is usually thought to be dominated
by quasars. Consequently, galaxies may dominate the background, at least, locally.
Recently, Ciardi, Bianchi & Ferrara [58] have investigated this contribution. In par-
ticular, they have studied the effects of gas density inhomogeneities on the escape
of ionizing Lyman contininuum photons from Milky Way type galaxies through 3D
simulations. At this purpose, they consider a comparison between a smooth Gaus-
sian distribution and a fractal one. They find an escape fraction as high as nearly
60% in the case of a smooth, Gaussian distribution and an ionization rate ~ 9x
10°° 571, corresponding to a SFR, of roughly 2 Mg, yr—'. Therefore, if high-redshift
galaxies have gas column densities similar to local ones and are characterized by
such high SFRs and by a predominantly smooth interstellar medium, this result
may indicate that they should considerably contribute to - and possibly dominate
- the cosmic UVB.

We are now going to discuss why studies of the warm ionized gas are also relevant for
the Cosmic Microwave Background and what, in particular, is the relation between these
two fields of Astrophysics.

The WIM - CMB relation: Cosmology has now entered the era of precision Cosmic
Microwave Background (CMB) measurements. Since the original detection of tempera-
ture perturbations on large angular scales (7°) by the COBE satellite (Smoot et al. [297]),
there have been plenty of new detections spanning roughly two orders of magnitude in
angular scale — 10° - 10 arcmin — (de Bernardis et al. [81]; Hanany et al. [144]; Mason et
al. [211]; Leitch et al. [196]; Scott et al. [279]; Bennett et al. [16]). The extraction of cos-
mological information requires careful control and understanding of all possible sources
of signal contamination. Achieving a high precision of cosmological parameters requires
a correspondingly accurate understanding of all foregrounds. In the context of CMB, the
word foregrounds denotes the radio emission overlapping the cosmological one and which,
consequently, contaminates the signal. In particular, the Galaxy, through synchrotron,
dust and free-free emission contribute significantly to the overall foreground radiation.
These three contaminating emissions define a wvalley in the brightness-frequency plane
centered around 70 GHz (see Fig. 2.1) which is the region of smallest Galactic contami-
nation. Although, clearly, CMB efforts are concentrated in this walley, Galactic signals
must nonetheless be carefully removed to extract the purely cosmological fluctuations
and to achieve the desired precision on cosmological parameters.
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Figure 2.1: Frequency dependence and approximate relative strength of Galactic syn-
chrotron, free-free and dust emission compared to CMB and CMB anisotropies.

The removal of these foregrounds is usually done in two ways:

1. with sufficient frequency coverage and a high signal-to-noise ratio, a spectral anal-
ysis of the CMB data alone can in principle distinguish the Galactic foregrounds
from the CMB signal taking advantage of the different frequency dependence of
each foreground component;

2. on the other side, it is possible to use maps obtained at frequencies other than the
observing one, as templates and to extrapolate a given foreground emission into
CMB bands according to its spectral dependence.

Usually, even when the quality of the CMB data allows the application of the former
technique, the second approach provides an important, external check on the removal
procedure. For synchrotron emission, since it dominates at frequencies below 1 GHz,
templates have been obtained from low-frequency surveys (Haslam et al. [150]; Reich
& Reich [250]; Jonas et al. [174]). The case of dust which is dominant at frequencies
> 100 GHz is similar: useful templates are the IRAS survey complemented by DIRBE
maps (Finkbeiner et al. [108]). Free-free emission is instead more difficult to trace since
(section 2.3.2) the only frequency range in which it may dominate over synchrotron and
dust is in the CMB wvalley: in other words, one cannot extrapolate maps made at much
lower or higher frequencies to the CMB bands in order to remove its contamination.
Consequently, the common procedure consists in making use of a tracer of the WIM
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2.2 WHY STUDYING THE WIM ? 39

responsible for free-free emission. Given that at high Galactic latitudes there is minimal
extinction from dust, one expects the He line to be a good tracer. We will see (eq. (2.28))
that a useful approximation for the free-free optical depth is that given by Altenhoff et
al. [2]. For low frequencies (< 1 GHz) the error in this expression is of the order a
few percent but increases to 5-20 percent for frequencies above 10 GHz. An accurate
formalism is that derived by Oster [234]:

7,(Oster) = 3.014 x 1072750520 (EM) g6 x
{in[4.955 x 107%v7"] + 1.5In(T.)} (2.6)

Mezger & Henderson [220] define a factor a(T, v), the ratio between the two formulae as:

Tnu(OSteT) 0.1 —0.15
- = 0.3660%1 T°
“ = T (Altenhoff) Vorzte X
{In[4.995 x 10™vgp,] + 1.5In(T,)} (2.7)

Accurate values of a for a range of temperatures and frequencies are given by Dickinson
et al. [88]. With this expression, we can then rewrite eq. (2.30) as:

(2.8)

T = 0.082350T; "5 vG 4L (EM) o pe (1 + 0.8l ”H>

Xme 0.08

where the factor in parenthesis accounts for the contribution from the fraction of He
atoms, assumed to be singly ionized,npg. is the abundance of He by numbe, and a is
given by eq. (2.7). By combining eq. (2.8) with eq. (2.14) (see section 2.3.1) which gives
the He intensity under case B recombination conditions, we have (Dickinson et al. [88]):

n_ 8.396 x 10%aug 4L T05T1000%/T: (1 4.  ggXHell e (2.9)
I(He) GHz e X#e 0.08

where 7' is in units of 10* K. Table 2.1 gives some values of the conversion factor obtained
by applying this relation.

Table 2.1: Conversion factors for some relevant frequencies. T, = 7000 K is assumed.
Brightness temperatures are intended for I = 1 R where 1 R (Rayleigh) = 10% /47 photons
sThem ™2 st = 2.41x 1077 erg em™2 57! sr! = 2.25 cm ™% pe for T, = 8000 K. Table
values are from Dickinson et al. [88].
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v (GHz) T}/
0.408 51.2mK
1.420  3.76 mK
2326 133 mK

10 60.9 uK
30 5.83 uK
44 246 pK
70 0.94 pK

100 0.43 uK

However, there are a few caveats about eq. (2.9):

1. although the effect of extinction at high latitude is mitigated, yet it has to be
considered;

2. uncertainty in the conversion from Hea intensity are introduced by the adopted
value of electron temperature: T, is, in fact, known to vary with Galactocentric
radii2 and, also, there are indications that it may be a function of |z|?;

3. although all the calculations are done under the case B recombination assumption,
in principle, case A* may also apply in the lower density regions: this adds some
extra error in estimating the free-free brightness temperature from the observed
Her intensity.

Recently, two templates of the Galactic free-free emission have been made available by
Dickinson et al. [88] and by Finkbeiner [109]. The Dickinson et al. map has been built
combining the WHAM and SHASSA data °. It has an angular resolution of 19 and it
has been corrected for dust using the 100 um maps of Schlegel, Finkbeiner & Davis
[274] (SFDI8) and assuming that the Galactic absorption is 33% of the full extragalactic
absorption. Particular care has been paid to the derivation of the relation between Ha
intensity and free-free. The Finkbeiner map has instead an angular resolution of 6’ and
makes use of the WHAM, SHASSA and VTSS data ®. The map is corrected for dust
extinction again using the SFD98 model but assuming uniform mixing between dust and
the ionized gas.

2.3 Observational properties

The warm ionized phase of the ISM gas can be probed in many ways. On one side, there
are observational techniques which exploit the emission processes at work in the WIM

2We refer the reader to Chapter 4 for this discussion.
3See section 2.4.

4See discussion in section 2.3.1.

5For details about these surveys, see section 2.3.1.
6For details on the VTSS survey, see section 2.3.1.
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at different wavelengths. Since ~ 70% by mass of the ISM is H and we assume that
He is basically neutral” at temperatures of the order of 10 K, then the warm ionized
medium can be thought mainly as a mixture of free electrons and H positive ions. In this
scenario, two fundamental emission mechanisms have to be considered: emission lines
due to recombination processes (mostly Ha) and bremsstrahlung continuum emission
produced by Coulomb interactions between the free electrons and the H ions. At the
same time, we have observational methods based on the peculiar physical mechanisms
produced by the presence of the WIM in our Galaxy. This is the case of pulsar dispersion
(DM) and scattering (SM) measures.

In the following, we will consider each of these techniques and we will describe the
properties of the ionized gas that, from their applications, can be inferred.

2.3.1 Ho emission

The emission mechanism

Two cases are usually distinguished in recombination line theory:

e Case A: recombination transitions occur in an optically thin medium, where emit-
ted photons escape the region of emission without causing further transitions;

e Case B: recombination transitions occur in an optically thick medium so that emit-
ted photons are reabsorbed and induce new transitions.

For typical HII regions, since n, ~ 102 — 10° cm~ on scales of 1-10 pc, the optical
thickness 7 is ~ 10%-10'"" and case B applies. This appears to be adequate also for
regions of ionized gas far from sites of star formation. In fact, with n, ~ 0.1-0.3 cm—3
on scale sizes of 10-100 pc, 7 ~ 1-30 and the condition of optically thick regime is again
satisfied. It is because case B applies to the physical conditions of the interstellar ionized
gas that Hoa traces the ionized gas in the Galactic ISM. In a steady-state, each photo-
ionization of a H atom is associated with a H atom reaching its ground state by emission
of a Lyman-series photon®. If the medium was not optically thick (case A), then Lyman-
series photons would trace the ionized gas in the Galaxy. However, since the medium
is on average dense (case B), it is very unluckily that emitted Lyman-series photons
escape the emitting region: in fact, the ground state H atoms, being so abundant, offer
a large cross-section for their absorption. Moreover, if the emitted photon is not a Lya
but a higher number of the series, then the excited H atom produced by its absorption
has a finite chance of emitting two or more photons before returning to its ground
state. In practise, each time a Lyman-series photon is absorbed, there is a non-negligible
probability for the emission of a less energetic Lyman-series photon plus one or more
photons of the Balmer, Paschen, etc..series. It follows that, after a sufficient number of

"We will come back on this point in section 2.3.1.
8For spectroscopic notation, the reader is referred to Fig. 2.2 .
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Figure 2.2: Schematic diamgram of the Lyman, Balmer and Paschen series of spectral
Jines in the spectrum of hydrogen (from Binney & Merrifield [20]).

absorptions, the energy of any Lyman-series photon will have been divided between a
Lya photon and some less energetic photons. Moreover, the creation of a Ly photon
is associated with the creation of a Balmer-series photon. Thus, the rate of creation
of Balmer-series photons should equal the rate of ionization of H atoms, following the
argument first introduced by Zanstra [353]. In particular, the Ho (6560 A) is the most
prominent among the Balmer-series lines. Also important are the HfS (4860 A) and the
Hry (4340 A) lines. '

An optically thin population of excited hydrogen atoms will radiate in the Ho spectral
line a power (erg s~ sr™'):

hv
= AN .
Ja = - 4aadVs (2.10)

where A is the Binstein coefficient for spontaneous emission® and Nj is the number
density of hydrogen in the n = 3 excited level. Under the assumption of thermal equilib-
rium, by using Saha’s equation®® , we can relate the population density N3 to the ion and
electron densities, N; and N.. If we take into account possible departures from thermal
equilibrium, we can write the population density N3 as:

9%or case B recombination Asx(Ha) = 1.29 (Burbidge et al. [42]).
10

3/2
Njt1Ne _ 2U 41 (27rmekT> - (2.11)

N;j 95 h?
where Njy; and N; are, respectively, the ion population density of the j + 1 and jth level, Uj41 is

the partition function of the j +1 level, g; is the statistical weight of the jth level and xj,j+1 is the
ionization potential between level j and j + 1. '
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3/2
Ny = by—22 h* e~ e/kle NN, (2.12)
2Uo(T) \ 27mkT,

being g3 the statistical weight and y5 the ionization energy for n = 3, U the partition
function of atomic hydrogen and b3 the departure coefficient reflecting the difference
between the actual population of the level and the population that would occur in local
thermodynamic equilibrium at the same temperature and for the same values of N; and
Ne (b3=1 in thermodynamic equilibrium). In order to determine the departure coefficient
by ,it is possible to set up and solve a system of statistical balance equations!'! for the
ionization equilibrium and bound level population densities. A useful expression for the
He intensity, under case B approximation, derived by fitting the emission coefficients for
Hf computed by Brocklehurst [38] and Martin [209] following the lines now discussed
and correcting for the Balmer decrement — Ha/HS — in the range of temperatures 5000
to 20000 K is:

I(Ha) =941 x 107877 M0 107092/ T o BAS erg om™2 571 sp—? (2.14)

(Valls-Gabaud [329]) where the electron temperature, T}, is expressed in units of 10* K
and EM'? is in em™% pe.

Observations

The first observations of Ho emission outside well-defined HII regions were reported in
1938 by Struve and Elvey [309]. Systematic studies in Her only started thirty years
later. An important photographic survey was carried out by Sivan [294] and Roesler et
al. [267]. More recently, our knowledge of the WIM has been strongly improved by the
successtul realization, over the last five years, of high-resolution, high-sensitivity surveys.
We summarize hereafter the most important of these surveys, given the sky-coverage and
instrumental characteristics:

e WHAM: The Wisconsin H-Alpha Mapper Northern Sky Survey (Reynolds, Haffner
& Madsen [264]) consists of 37.565 spectra obtained with a Fabry-Perot spectrom-
eter placed on a 0.6m telescope at Kitt Peak, Arizona. The observations were
made between January 1997 and September 1998. The angular resolution is 1°
(comparable to the size of the field of view) and the sensitivity per pixel is ~ 0.05

R;
U¥or statistical equilibrium, we can write a system of equations under the assumption that all the

ways out of a level n are equated with all the ways into the level. The system of equation reads like:

Nn Z Bzm - Z Nm-Pmn (213)
n#m n#m
where P;; is the transition rate from i to j and NV; is the population of level 7.
12The emission measure is defined as: EM = f N;Nods ~ f ne2ds where the integral is taken over the
line of sight.
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o SHASSA: The Southern H-Alpha Sky Survey (Gaustad et al. [119]) consists of

542 fields, each 13.6° wide, obtained with a small camera at Cerro Tololo Inter-
American Observatory (CTIO). The angular resolution of the survey is 0.8 and
the sensitivity per pixel ~ 2 R;

e The VTSS: The Virginia Tech Spectral line Survey (Dennison, Simonetti & Top-

sana [83] is a survey of the Northern emisphere carried out with the Spectral Line
Tmaging Camera (SLIC). 107 fields are currently available. Each field of view is
10° wide with an angular resolution of 1.6 arcmin and a sensitivity per pixel ~ 1
R.

Derived physical properties

A number of properties are derived from observations of He:

1.

o

the warm ionized gas is characterized by a complex morphology with filamentary
structures (which appear to be long - > 10° - and narrow - < 1°-) and large, diffuse

regions that occasionaly extend a kpc or more from the Galactic plane (Reynolds
[253]);

. this complex morphology displays a wide range of intensities: from thousands of

Rayleighs near sites of star formation to ~ 0.5 R in some of the fainter high latitude
regions (Reynolds et al. [262];)

. some filamentary structures appear to be associated with emission features at 21

cm and X-ray wavelengths; other filaments have no obvious correspondance to any
previously known structures (Reynolds [262]);

most of the emission features are characterized by an electron density, n. ~ 0.2
cm™? (Reynolds [253]);

_ the overall Ha emission pattern, characterized by a decreasing intensity with in-

creasing latitude, is consistent with a disk-like distribution and follows the empirical
law:

< I(D) >~ 2.9 x 107 "cosc|b| erg em™2 s sr? (2.15)

at Galactic latitudes |b| ~ 15° (Reynolds [253] [255] [303]);

. by expressing the Ho intensity I as:

1
I(Ha) = - exT em ™2 st srTt (2.16)

where 7 is the hydrogen recombination rate per cm? along the line of sight and e
is the average number of Ha photons produced per recombination (which ranges
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between 0.57 to 0.37 for temperatures between 1250 K and 80000 K (case B)
respectively (Pangelly [237]), an estimate for r is derived and this is ~ 4x 10°
cm™? s (Reynolds [255]);

~1

the diffuse warm ionized gas appears to contain a substantial fraction of the HII
in the Galactic ISM as can be seen from a straightforward calculation: in a steady
state, the total number /N of HII ions is given by N = r /an where r is the hydrogen
lonization rate, o the effective hydrogen recombination coefficient and n the HII
density within the ionized region. The ratio of the total amount of HII in the
diffuse, ionized component to the amount in the brighter, discrete HII regions can
then be estimated by evaluating the expression:

Ndiffuse _ (Tdiffuse> (ndiscrete) (2 17)

Ndiscrete Tdiscrete Ndif fuse

(Reynolds [258]). According to Abbott [1], the ionization rate within the diffuse
component compared to that available from O stars suggests that 74 Fruse/Tdiscrete
12%. At the same time (see point 3)) the HII density within the diffuse regions
of ionization is ~ 0.2 cm™ and the average densities associated with the discrete
emission nebulae in the Galactic plane are greater than or ~ 1 cm™=3. Consequently,

deszuse/Ndzscv‘ete 0. 6

8. by comparing [S;;] and [N;;] with He data, an [Si1]/He and [Ny;]/Ha ratios in-
crease with |z| as absolute Ha intensities decrease has been found: this result, to-
gether with the fact that the [S;7]/[N;;] ratio remains constant over a large range
of Hor intensities seems to suggest an increase in temperature of the WIM from
6000 to 10000 K, from bright to faint Ha emission regions, respectively (Haffner
et al. [139]);

9. by assuming that the gas density is primarily a function of z and has the form:

ne(z) = nle I/ H ¢m=3 (2.18)

where nY is the midplane density and H is the scale height of the WIM, considering
eq. (2.14) which relates the Ho intensity to the electron density and neglecting the
z-dependence of electron temperature (as it would result from point 8)), the scale
height H turns out to be ~ 1.0+0.1 kpc (Haffner et al. [139]).

Observational drawbacks

e Ionization of Interstellar He: The ionization state of helium in the WIM is
most uncertain. Its first ionization potential is at 24.6 €V, quite above that of
hydrogen (13.6 eV). According to observations of the He; A5876 recombination
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line in two directions at low Galactic latitude, the He ionization fraction, xpge =
Net+ /M He(total), 15 found to be significantly less than unity: xge < 0.27 (Reynolds
& Tufte [261]). Radio recombination lines provide an even tighter constraint with
Yie/xH < 0.13 (Heiles [157]). Consequently, ionized helium should not contribute
more than a few percent to the derived physical parameters of the WIM.

e Dust absorption: At high Galactic latitude Ho is expected to be an excellent
tracer of the warm ionized gas but at intermediate and low latitude, Galactic
dust absorbs and scatters Ho photons therefore severly affecting the observations.
Uncertainties in the correction for this effect are mainly introduced by the adopted
dust model and by the assumed level of mixing of dust and ionized gas along the
line of sight.

o Geocoronal emission: A source of contamination of Ha observations is the so-
called geocoronal emission, i.e. the excitation of local interstellar hydrogen atoms
by solar Ly photons. Maps of interstellar Ho are usually corrected for this effect
by exploiting the spectral separation between the interstellar and the geocoronal
lines which is due to the combination of the earth’s orbital velocity, the sun’s pe-
culiar velocity and the intrinsic motion of the interstellar gas, including differential
rotation.

2.3.2 Free-free emission

The emission mechanism

Free-free emission (thermal bremsstrahlung) is produced when fast charged particles (like
electrons) are accelerated as a consequence of the encounter with an ion of charge Ze.
This radiative mechanism is denoted free-free due to the fact that the electron is in a free
(unbound) state both before and after the Coulomb scattering and the corresponding
emission. This is opposed to the cases in which, for instance, the electron is captured
into a bound state (free-bound emission) or makes a transition from one bound level to
another (bound-bound emission). In addition, electrons are characterized by a thermal
(or Maxwellian) distribution of velocities, 1. e. the probability dP that a particle has
velocity v in the velocity range d?v is:

AP o« e B/ By o v e (2.19)
x e vocvierp | — v 2.
P\ 72kt

where we have assumed an isotropic velocity distribution so that d*v = 4rv3dv. With
this assumption, the free-free emissivity (the total emission per unit time per unit volume
per unit frequency) is:

€y

" aw 2578 ( o
T dVdtdv  3me® \3km

1/2
) TEZNNe Ty (2.20)
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Evaluating this expression in CGS units, we have e,// in erg s~ cm™3 Hz~!:

L gp__dW
YT dVdtdy

In this expression, g;, is the velocity averaged Gaunt factor which accounts for the
quantuum mechanical scattering effects. Approximate analytic formulas for g s in the
various regimes (in which, for instance, large-angle scatterings or small-angle scatterings
are dominant) have been derived (see Novikov & Thorne [229]). In the classical, small-
angle scatterings approximation:

V3 | 4 kT KT\
gff—mln w5/2 Z2Ry

where 9 is the BEuler’s constant and the energy unit Ry=13.6 eV. If we now consider
Kirchhoft’s law:

= 6.8 x 1078 22N, N; T~ 2em/*g (2.21)

= 0.55131In(T"*/Zv) + 9.75 (2.22)

iif =o' B,(T) (2.23)

it is possible to relate the emissivity e// obtained above (eq. (2.21)) with the absorption
coefficient a;}/. We remind that the relation between ef/ and j// is:

AW

- = 4gq/7 2
= Wardy ~ (224)

Therefore, by making use of the Planck function ®, we obtain:

4eb 2 \ /2
fr— T—1/2z2N N -3 hl//kT 1 2.9
N T Smhe <3km) eNiv ™ (1 - )T (2.25)
In the Rayleigh-Jeans approximation, hv < kT, this expression becomes:
4e5 7 2m \V/?
- T3P 72N, N,y ~%g 2.2
T ke (Skm) eV s (226)
Evaluating eq. (2.26) in CGS units, we have o/ in cm™!:
all = 0.018T9*Z°N,N,v~%g,, (2.27)
Integration along the line of sight gives the optical depth 7,:
7, = 0.0187*/2,~2 / NeN;dl gy = 0.018T7*?02EM g, (2.28)

— ‘7hu
ISBV(T) - e2 ewp(hl//kT 1)
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Here Z=1, EM is the emission measured defined in section 2.3.1 and gy, is from
eq. (2.212). In CGS units, 7/ becomes:

I = 0.05437 3% v5%, (EM/em™®pe) Gy ~ 0.08235T 1% vgii (EM/cm ™ pe) (2.29)

The last approximation, which incorporates the dependence on v and T of the Gaunt
factor in eq. (2.22) is from Altenhoff et al. [2].

An estimate of the brightness temperature for free-free emission can be found from the
radiative transport equation:

T/ =T,(1-eT) (2.30)

In the optically thin regime, 7, < 1, (1 —e™7) ~ 7 so that:

T/ ~ T, 7 ~ 0.08235uK T, "% vghl (EM/em™°pe) (2.31)

where T} is T, expressed in units of 10* K.
In the optically thick regime, 7> 1, (1 —e™") ~ 1 and we have:

T ~ T, (2.32)

Observations

The radio continuum emission of the WIM is not a dominant component at any fre-
quency of observation and this fact has so far substantially limited the number of its
known physical properties (such as its large scale structure). We will come back on this
topic in section 2.4 in which the relation between the free-free emission from the warm
ionized gas and the other types of Galactic emission at radio frequencies (such as non-
thermal synchrotron emission and thermal dust emission) will be discussed extensively.
In particular, this relation will be analyzed in the light of CMB experiments for which, as
we will see, a correct evaluation of the contribution of Galactic free-free to the detected
signal turns out to be necessary. In this context, it will be shown how free-free estimates
can be derived from Ha measurements, being both processes dependent on the same
physical quantity, i. e., the emission measure.

Before moving to the next section, it is important to emphasize that the reconstruction
of the spatial distribution of the radio continuum emission produced by the WIM is rele-
vant not only for CMB studies but also for investigating the ionized gas as such. In fact,
other tracers suffer from undersampling (i.e. pulsar dispersion measure”) or selection
effects(i.e. Ha'®) while a comprehensive mapping of free-free emission would provide. a
direct, unbiased picture of the distribution of the ionized gas in our Galaxy.

14Gee section 2.3.3
15Gee section 2.3.1
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2.3.3 Pulsar dispersion and scattering measures

e Dispersion Measure (DM)

In the paper announcing the discovery of the first pulsar, Hewish et al. [161]
interpreted the variation of pulse arrival time with frequency to be the result of
dispersive propagation through the partially ionized interstellar medium. In par-
ticular, if we consider a radio signal emitted by a pulsar at frequency v, this
propagates through the interstellar medium with group velocity:

2
cg=rcy1--=% (2.33)
by
where:
12
n(v) = 41— 1_/% (2.34)
1
is the refractive indez of plasma being:
N
- 2.35
“p 47&'607713 ( )

the plasma frequency. If we now assume that the pulsar is at a distance D, the
time ¢ for the pulse to arrive is:

D D 2 D 62 D
t(11) :/o ds/cy(1n) = ” 1— V—*"; o~ — (1 + -—*———/0 neds> (2.36)

c 8m2eqm.Dvi

In the previous expression, v > vp and DM = fOD neds is the dispersion measure.
By considering another signal emitted by the pulsar at frequency 1, we can then
write the difference between the time of arrival of the two pulses at frequency 14
and vy as:

e’ DM
8m2egmeD (vi — v3)

By evaluating the difference At in ms, the frequencies in MHz and DM in m™3 pe,
we have:

DM = 0.241 At (v7% — 1;2) (2.38)
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Figure 2.3: The geometry of scattering and scintillation. A pulsar emits radiation with
high spatial coherence. Wavefronts are perturbed by electron density variations on, in
the interstellar medium which cause refractive index fluctuations, on (from Cordes [66]).

e Scattering Measure (SM)

The physics of scattering phenomena is considerably more complicated. For a
complete treatment we refer the reader to the review by Rickett [265]. The general
idea is that the scattering measure gives an estimate of the small-scale fluctua-
tions 6n, of the ISM electron density along the line of sight, i.e.: the turbulence
which characterizes the Galactic ISM causes fluctuations in the electron density
field; therefore when a highly spatially coherent wavefront (like the one emitted by
pulsars) travels to the Earth, it is perturbed by the fluctuations in the refractive
index fluctuations én, induced by the fluctuations in electron density (see Fig. 2.3).
The scattering measure is defined as:

SM = /OD C2(s) ds (2.39)

where C? is the spectral coefficient of the wavenumber spectrum for dn, for which
most of the data are consistent with a power-law of the form:

0 _ 27
Py, (k) =C k™ — <k < — (2.40)

In this expression, k is the wavenumber while /g and [y are, respectively, the outer
and inner scales of the turbulence and the spectral index « is empirically determined
to be 11/34:0.3 for many lines of sight (Lee & Jokipil [195]; Armstrong, Rickett &
Spangler [6]), consistent with a Kolmogorov value of 11 /3. It is common to quote
SM in units of kpc m~20/3,

50
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The relevant observables for scattering measures are: the angular broadening of an
image, 0, the temporal broadening of a pulse, 7, and the characteristic bandwidth
of diffractive scintillation, Av;. We describe briefly each of them:

1. Angular broadening: compact radio sources of many kinds, Galactic and
extragalactic, show angular broadening by amounts ranging from < 1 mas
to 1 arcsec at 1 GHz, depending on the distance and direction. The angular
smearing scales approximately as v~ 2. Scattering theory yields the following
expressions relating SM to 0, (Taylor & Cordes [311]):

. 5/3
S]\/[:<1—28—W~L—S> Vé}féi (extragalactic  sources) (2.41)
a
0 5/3
SM:<71 . ) vl (galactic  sources) (2.42)
mas

where Vg, is the observing frequency in GHz.

2. Pulse broadening: Multipath propagation causes a multiplicity of arrival
times, usually seen as an exponential-like tail to pulses from pulsars. Temporal
broadening is related to SM by (Taylor & Cordes [311]):

5/6
SM = 292 <%> JLy3 (2.43)

where 7 is in seconds and D is the distance in kpc.

3. Diffractive intensity scintillation (DISS): Intensity variations in time
and frequency on time scales ~ 100 sec and frequency scales ~ 1 MHz. These
scales are very highly dependent on frequency, direction and source distance
and velocity. The DISS is related to SM through (Cordes [66]):

SM = 0.23(Av,D)~/0y 343 (2.44)

where the scintillation bandwidth Av; is in kHz.

Eq. (2.40) through (2.43) hold in the strong scattering regime and will break down
for nearby sources observed at high frequencies. Moreover, eq. (2.39) assumes
1sotropic density fluctuations, although evidence for anisotropies exist, at least for
some directions (e.g Frail et al. [113]).

Observations

In the last two decades the observations of dispersion and scattering measures have un-
dergone an unprecedented boost. In particular, the number of pulsars with an estimate
of dispersion or scattering measures has nearly doubled as well as the amount of pulsar
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DM (1143)

T,+0v4(269)

Figure 2.4: Venn diagram showing the number of DM measurements, independent dis-
tance measurements, (D), scattering measurements, (pulse broadening (74) + scintillation
bandwidth (Av,) measurements) and the overlap of pulsar distance and scattering mea-
surements. In addition to pulsar data, there are 118 angular broadening measurements
on non-pulsar Galactic sources and on 94 extragalactic sources (from Cordes & Lazio

[67]).
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with independent distance measurements (see Taylor, Manchester & Lyne [312]; Prince-
ton Pulsar Catalog'; Parkes Multibeam Survey'”). As we are going to see in detail in the
forthcoming section, the combined information of dispersion or scattering measures plus
and independent estimate of the pulsar distance allows us to map the 3D-distribution of
the Galactic free electrons and, in turn, of the ionized gas. Distance estimates have been
either derived by precise parallax measurements (Van Straten et al. [331]; Chatterjee et
al. [54]; Brisken et al. [37]) or have been obtained from HI absorption measurements
combined with a kinematic rotation model for the Galaxy. Alternatively, distances have
been assigned through the association with a supernova remnants or a globular cluster.
Noticeably, the reliability of these distance estimates have been substantially improved
(Frail & Weisberg [111]; Ryba & Taylor [269]; Frail et al. [112]). Moreover, pulsars have
been detected in a number of high-latitude globular clusters, well outside the Galactic
disk and its layer of dispersing electrons and consequently the equivalent thickness of the
dispersing layer is now known with more confidence (Reynolds [260]). The statistics have
been improved especially in the inner Galaxy and in directions near and between the
tangent points of the southern emisphere spiral arms where very little distance-related
information had previously been available.

Observable scattering quantities give important information not otherwise available from
dispersion measures only, especially on the innermost portions of the Galaxy, and pro-
vide a cross-check for regions where few, is any, independent pulsar distances have been
obtained. However, these kind of measures are more difficult to determine than disper-
sion measures and have correspondingly lower precision. Most of the available scattering
measures have accuracies of order 20%-50% (Taylor & Cordes [311]). Fig. 2.4 summa-
rizes the pulsar dispersion and scattering measures currently available (Cordes & Lazio
[67]).

Derived physical properties

Dispersion and scattering measures (complemented by emission measures) provide unique
information on the 3D spatial distribution of the Galactic mean electron density and its
fluctuations. Since free electrons are produced by ionization processes, their spatial re-
construction also tracks the location of the warm ionized gas in our Galaxy. Before
describing models of the Galactic electron density distribution based on available obser-
vations of DM, SM and EM, we show, following Cordes & Lazio [67], the mutual relations
existing among these physical quantities. For this purpose, we make the assumption that
free electrons contributing to DM, SM and EM are the same and that the electron den-
sity at location s along the line of sight is represented by: n.(s) = 75(s) + dne(s). In
addition, since along the line of sight there may be regions not fully ionized, we consider
a filling factor 7 which accounts for this effect.

Taylor & Cordes [311] relate the SM to the square of the local, volume-averaged electron
density by a dimensionless fluctuation parameter defined as:

'%http:/ /pulsar.princeton.edu/pulsar/catalog.shtml
""http://www.atnf.csiro.au/research/pulsar /pmsurv
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2/ \ "3
F= C; (ﬁ) (2.45)

where ( is the clumping factor of large-scale electron density fluctuations, ¢ = (m2) ] (m2)?,
€2 the corresponding quantity for small-scale density variations, 7 the volume filling fac-
tor for ionized regions and Iy the outer scale limit for an assumed Kolmogorov power-law
of electron density turbulence. The value of F' differs widely for the various Galactic
components, increasing by nearly 100 times from the outer to the inner Galaxy. In terms
of F, the differential contribution to SM from a particular electron density component
reads:

dSM = CSMF<TL5>ZOSCZS (246)

being Cgas a constant equal to [3(2m)'/3]71C,, where the scale factor Cyy = 10.2m~20/3
yields the SM in the conventional units of kpc m~20/3 for n, in em™3, ds in kpc and [y
in AU. If we now consider the differential contribution to DM from the same element of
electron density:

ADM = (n¢)ipsds (2.47)

it follows that:

dS]\/[/dD]\/[ - CSN[<ne>losF (248)

where (n¢)50s is the averaged-electron density along the line of sight. Finally, the differ-
ential contribution to EM is:

dEM = (n?),sds (2.49)

and this can be expressed in terms of dSM and dDM as:

dEM = CrzdDM + Cg e/ *dSM (2.50)

With these relations at hand, we now detail two recent electron density distribution
models: the Taylor & Cordes [311] model (hereafter TC93) and the Cordes & Lazio [67]
model (hereafter NE2001).

¢ TC93 model

Overview: The model worked out by Taylor & Cordes is a four-component model
which includes: a thick disk, a thin disk, a four-arm spiral structure, the Gum
Nebula. With respect to previous models (Manchester & Taylor [206]; Harding &
Harding [146]; Vivekanand & Narayan [332]), the TC93 one is the first to depart
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from the assumption of an axisymmetric Galaxy and to incorporate explicitly the
spiral arms'®. The most striking evidence for a spiral arm structure come from
the asymmetry resulting from the variation of pulsars DM with longitude (see
Fig. 2.5): at low latitudes, the largest values of DM are in fact in the longitude range
—90° < 1 < 70° Selection effects are unlikely to be the cause of the asymmetry as
a number of deep searches at low latitudes near [ ~ 60° have been carried out with
the Arecibo Observatory, yet the number of pulsars around I ~ —60° is clearly much
higher. In principle, contributions to the observed asymmetry of DM with respect
to [ may derive from regions near the solar system as well as from large-scale,
spiral arm structure. However, a number of facts contradict the former possibility:
individual regions such as the Gum Nebula have limited maximal contributions
to the dispersion measures of pulsars seen behind them: the asymmetry extends
over a range in longitude that is substantially larger than the Gum Nebula; the
asymmetry shows the very narrow Galactic latitude confinement that one would
expect for spiral arm structure while the Gum Nebula extends to at least 15°
above and below the Galactic plane. At the same time, Fig. 2.5 also shows that
the mean DM falls off monotonically with mean latitude b, almost independently of
[ at high latitude, therefore indicating the existence of a small scale-height (~ 0.15
kpc) disk-like distribution in the inner Galaxy. On the other side, the necessity of
incorporating in the model a thick disk component comes from a diagram like the
one of Fig. 2.6: here, the component of DM perpendicular to the Galactic plane,
DM sin|b], is plotted against |z| for pulsars with independent distant estimates.

The figure shows the extension of the dispersion layer up to |z| exceeding 1 kpc.
Finally, the model also explicitly incorporates the contribution of the Gum Nebula.
because of its large angular size (the angular diameter is ~ 40° with center at
I =260 b= 0°) and close proximity (distance from the Sun ~ 0.5 kpc).

Functional form: The electron density at a specified Galactic location is the sum
of contributions from each of the four components (tkd: thick disk, tnd: thin disk,
a: spiral arms, G: Gum Nebula):

Ne(x,y,2) = ntkdgtkd(r)sechQ(z/htkd)+nmdgmd(r)sechQ(z/htnd)+ (2.51)

4
+ngsech®(z/ha) > fi9a(r, 5;) + nage(u)

where:
gika(r) = sech2(r/Atkd)/sech2(8.5/Atkd) (2.52)
Ima(r) = exp{—[(r — Amq)/1.8]*} (2.53)

"*We will come back on the details of the TC93 model for the spiral arms in Chapter 4.
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Figure 2.5: Scatter plots of DM vs. Galactic longitude for eight latitude ranges. Data
represented with a filled circle are from the Princeton pulsar catalog while those rep-
resented with open circles are from the Parkes Multibeam survey. The circle in the
right, second-from-top panel indicates pulsars whose DMs are contributed from LMC
and SMC. The gaussian curve delineated by the dashed line in the two bottom panels
helps to make the asymmetry more evident (from Cordes & Lazio [68]).
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Figure 2.6: The component of DM perpendicular to the Galactic plane, DM sinb|, is
plotted against distance |z| from the midplane for pulsars with independent distance
constraints. The solid lines represent plane parallel models with exponential scale height
of 0.5, 0.75 and 1 kpc (as labelled). For these models, the midplane density is held fized
at 0.032 cm™®. The dashed lines denote the electron density range: 0.01 - 0.1 cm~3 (from
Cordes & Lazio [68]).

exp[—(sj/wa)?|sech?[(r — A,)/2.0] : r> A,
Go(r,55) = { pl=(s5/wa) ]sec GDE(IJ[“(SJ‘}I{J@)Q% - z A, (2.54)
= { -9 o i s

In these expressions (eq. (2.51) through eq. (2.54)), r = (% +52)*/? is the distance
from the Galactic centre projected on the plane; z is the distance from the Galactic
plane; ng, hy, A, are, respectively, the constant density at the mid-plane, the scale
height and the radial extent for each of the four components of the model (here z
stands in turn for: tkd, thick disk; ¢tnd, thin disk; a, spiral arms; G, Gum Nebula).
Moreover, in eq. (2.52), the Galactocentric distance of the Sun is assumed to be 8.5
kpc; in eq. (2.53), the adopted scale length of the inner disk is 1.8 kpc; in eq. (2.54),
sj = [(# —20)* + (y — y0)?]"/? is the distance of a point (z, y,0) to the nearest point
(%0, y0,0) of the j-spiral arm and the scale length of each arm is 2.0 kpc. In
eq. (2.55), u = [(z 4 0.492)* + (y — 8.587)? + (2 — 0)?]'/2 is the distance of a point
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(2,y,2) from the center of the Gum Nebula. Finally, the scale factors f; implement
a fine tuning for spiral arms: in general, aside from the radial cutoff for r > A,
the arms are assumed to have constant densities along their axes. However, there
are two exceptions: for the Carina-Sagittarius arm the density is doubled near the
tangent point while for the Crux-Scutum arm it is reduced by ~ 50%. This fine
tuning accounts for the over-abundance of high-dispersion pulsars detected in that
region of the Carina-Saggittarius arm and for the corresponding under-abundance
in the Crux-Scutum arm.

Model parameters: Overall, the model comprises 13 parameters. These are, for
each component, the electron density at the midplane, the scale lengths for the
r and the z dependences plus a fluctuation term which accounts for the relation
between the dispersion and the scattering contribution. For each of these param-
eters, the authors define a set of priors which are subsequently refined through a
best-fit procedure. This procedure is based on a list of 74 pulsars with independent
distance estimates. For each pulsar in the list, a model distance is computed by
numerically integrating eq. (2.51) along the line of sight until the observed DM is
reached. The parameters are then optimized by seeking the global minimum of an
appropriate goodness-of-fit statistic which is defined to be:

74
XQDM = Z A? (2.56)

=1

where /A, is the residual difference for pulsar 7 expressed in logarithms:

log(di/dm) : dm <d
log(du/dm) : dum > dy

d,, being the model distance and [d;, d,] the lower and upper limits to the allowed
pulsar distance range. Additional constraints are obtained by defining, in a similar
way, a second goodness-of-statistic, x%,,, based on interstellar scattering data for
223 Galactic and extragalactic radio sources. The procedure yields estimates for
the all 13 parameters as shown in Fig. 2.8.

Model discussion: The r— amd z— dipendences resulting from the model show
that for » > 12 kpc or z > 0.5 kpc, the thick component always dominates. How-
ever, for locations at low z and close to a spiral arm or the inner annulus, the other
components dominate. The uncertainty associated to distance estimates based on
the model is of the order of 25%.

NE2001 model

Overview: The NE2001 model (denoted in this way because it incorporates avail-
able data through the end of 2001) is built upon the TC93 model but largely
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supersedes it. A number of factors contribute to make the NE2001 model better
suited to reconstruct the spatial distribution of free electrons. Among these:

1. a near doubling in the number of lines of sight with dispersion measure or
scattering measurements';

2. a substantial increase in the number and quality of independent pulsar dis-
tance measurements;

. improved information on scattering;

3
4. refinement of the definition of Galactic spiral arms?’;
5. better modeling of the local interstellar medium;

6

. improved analysis for constraining the model parameters.

The model consists of five major components: a large scale distribution; the Galac-
tic Center; the local ISM; individual clumps; individual voids. The large scale
distribution, in turn, is the sum of two axisymmetric components, a thick and a
thin disk, and of the spiral arms. The necessity of accounting for a large scale
distribution has been already discussed in TC93. As for the other components a
few comments are required. Scattering measurements indicate that a region of en-
hanced scattering is along the line of sight to the Galactic Center. To constrain the
radial location of this region, scattering of extragalactic sources has been used. The
local ISM (LISM) displays density enhacements and deficit which are associated
with its particular star-formation history. As such, the LISM is not unique in the
Galaxy. However, it needs to be explicitly modeled because the rest of the Galaxy
is seen through it. In this attempt, a combined set of DM, SM, parallax and Ha
observations (providing estimates of EM) has been exploited. In particular, four
regions of low density have been considered: a local hot bubble (LHB) centered on
the Sun’s location; the Loop I (North Polar Spur) component; a local superbubble
(LSB) in the third quadrant; a low density region (LDR) in the first quadrant. In
addition, the contributions from Gum Nebula and from the Vela Supernova Rem-
nants have been included. As well as local zones of enhanced densities, the model
incorporates also the so-called clumps, 1. e. regions of higher-than-ambient density
which must exist spread throughout the Galaxy to explain the observed scattering
in the direction of many Galactic and extragalactic sources.

At the same time, the model includes ad hoc regions of lower-than-ambient density,
denoted woids, in order to account for some pulsar distance constraints.

Functional form: The functional form for the several components of the NE2001
model are shown in Fig. 2.7. For all the details about the functions, we refer the
reader to Cordes & Lazio [67], [68].

19See Fig. 2.4 and compare with numbers given in discussion of the TC93 model.
20See Chapter 4.
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TABLE 2
NE2001 MopEL COMPONENTS
ne(x) = (1 - wvoids){(l - wlism) ["gal (X) +nage (x)] + Wiism Plism (X)} + Wyoids nvcidl’(x) + nclnmp'(x)

Component Functional Form ~ Parameters No. Parameters Comments

Smooth Components gyt () = [n1 G1(r,2) + 72 Ga(r,2) + nqGa(x)]

Thick Disk 71 G1(r,2) = n1g1(r)h(z/H1) ny, Hy, AL By 4
Thin Disk  nzGa(r,2) = n2ga(r)h(s/Hz) 19, Ha, Az, e 4
Spiral Arms  naGa(x) fina, hjHa, wjwe, Fy 20
i=1...,b
Galactic Center {ngc) nqc oe“[5'.|./Rac+(z"Gc) 136l ngges Rachac 3
8% = (z = zac)® + (v - yac)’
Local ISM (jism ) s (%)y Fiom (X)) Wiarm (%) See Table 4 36 Excludes Gum, Vela
See below & Appendix A
N clumps 2 2
Clumps (nelumps) S neje el (x)  Netumps 6Naumps +1  Includes Gum, Vela
j=t
ey Xeji Tejr Fej (8/clump)
Nyoids
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Figure 2.7: Mathematical form for each component of the Cordes & Lazio model (from
Cordes & Lazio [67]).
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Figure 2.8: Comparison of the best-fit parameters for the large-scale component of the
TC93 model with the values retrieved by NE2001 (the table is drawn from Cordes &
Lazio [68]).

Model parameters: The parameters for the main components (the large-scale
component and the Galactic Center) of the NE2001 model are the same as for the
TCI3 case, that is: the electron density at the midplane, the scale lenghts for the
r and z dependences and a fluctuation term. The general fitting philosophy is to
account for the dispersion and scattering of as many lines of sight as possible. This
goal is achieved by the maximization of a likelihood function.

This is factorable according to the statistical independence of four kinds of measure-
ments: pulsar with independent distance constraints; scattering measurements of
pulsars; scattering measurements of other Galactic sources and scattering measure-
ments of extragalactic sources. Therefore, the likelihood function can be written
as:

L=LuL, (2.58)
where:
'Cs - Epsr,sﬁgal,s[’mgal,s (259>
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In eq. (2.58), Ly is assumed to be constant within the allowed range of values for
the pulsar distance, [d;, d,], while it has an exponential decay outside this inter-
val. L, instead, has a gaussian behaviour with respect to the scale length .41
which is a ratio of the model prediction with the observation for each of the scat-
tering observable (i. e., the scattering broadening, the pulse broadening and the
scintillation bandwidth). Having defined the likelihood function, priors for all the
fitting parameters are set. These are subsequently constrained by maximization of
the likelihood function. A comparison of the best-fit parameters obtained, for the
large-scale component, by NE2001 and by TC93 is shown in Fig. 2.8.

Model discussion: The major conclusion resulting from the NE2001 analysis 1s
that smooth, large-scale components are insufficient to produce a realistic descrip-
tion of the electron density distribution. The structure of the local ISM, as well as
clumps and voids of electrons spread throughout the Galaxy have to be taken into
account to produce reasonable agreement with observations. Distance estimates
based on the model turn out to be uncertain by less than 20%.

2.3.4 Radio recombination lines

The emission mechanism

In an ionized gas, an electron and ion may pass close enough to each other that, with
suitable release of energy, they become bound, with the electron in an energy level having
a large principal quantum number. Most of these newly bound electrons immediately
jump to the ground state. In a few cases the electron cascade downwards from level
to level releasing their energy in a series of lines known as recombination lines. Since
the paper of Kardashev [178] which predicted that the lines could be observed at radio
wavelengths, a number of hydrogen transitions have been detected over a wide range of
frequencies: from 36.5 GHz (n = 56 — n=>55) to 404 MHz (n = 254 = n = 253). Many
of these transitions have also been observed for helium. Line frequencies can be derived
from the well-known Rydberg formula:

_ 511 1

where R is the Rydberg constant?' for the hydrogen atom, c is the speed of light, Z
the effective charge of the nucleus in units of the electron charge e, n the lower principal

21 The Rydberg constant is a function of mass according to:

m
R = Rin (1 - M) (2.61)
where Riyr is the constant for infinite mass, m the electronic mass and M the total mass, including
electrons, of the atomic species involved.
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quantum number and An the change in n. In the radio domain, where An < n, eq. (2.60)
can be rewritten as:

v(n) ~ 2ReZ* = (2.62)

Av=v(n)—v(in+1) ~ 6RcZ*— ~ (2.63)

Shaver [285] has derived the expression for the highest quantum level, n, beyond which
no bound levels exist:

1020T61.5 26 1/8.2
g { N exrp (Tel/g)] (2.64)

Each transition is identified by its lower principal quantum number n and its change An.
At a given frequency, the most intense transitions are those of the Hno type because of
the great abundance of hydrogen.

To evaluate the intensity of the line, we proceed in a much similar way to the case of the
Balmer Ho line. The emissivity per unit volume for the line n’ — 7 is:

_L:hz/

Ju Z;An’nNn/ (265)

where A, is the Einstein spontaneous emission coefficient and N, is the number of
atoms in level n’. In condition of thermal equilibrium, it is possible to determine the
population density N, through Saha’s equation. Taking into account departures from
this condition, the population density can be written as:

3/2
gn' h]2
Ny = bnleO (27rm kT) exp(—xn /kT)N; N, (2.66)

where by is the departure coefficient® which can be determined through a set of sta-
tistical balance equations as in the case of Ha %, g, is the statistical weight of level
n', Uy the partition function and x, the ionization energy for n’. From eq. (2.65) the
absorption coefficient o can be obtained by applying Kirchhoff’s law and correcting
for stimulated emission.? A useful expression for the absorption coefficient is given by
Gordon [129]:

>2For the definition of the departure coefficient, see section 2.3.1.

%3Gee section 2.3.1.

*4Stimulated emission is proportional to e=*/*T so, since in the radio hv < kT, it follows that this
effect is relevant at these frequencies.
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ol =1.070 x 107An%ﬁNeNiTg2-5 exp(—xn /ET)mK (m) (2.67)

where fo, is the oscillator strength and, according to Menzel [219]:

A
forn = nM (1 + 1.5—%) (2.68)

with M = 0.190775, 0.26332, 0.0081056 and 0.0034918 for An = 1,2,3 and 4 respectively.
The final step to derive the line intensity consists in writing the transfer equation. As
we have seen in section 2.3.2, the free-free continuum is a dominant emission at radio
frequencies and this contribution cannot be neglected when considering the intensity
within the recombination line (compared to the optical case in which the continuum
emission is instead negligiable). Consequently, such intensity will be the sum of that in
the underlying continuum, I, and that from the line, /1.

I=1,+1I, (2.69)

Under the assumption of thermal equilibrium, I is:

I=B,(T)[1 - e (e (2.70)

where 7, and 77, are, respectively, the continuum and line optical thicknesses, obtained
by integrating along the line of sight eq. (2.26) and eq. (2.67). The intensity contributed
by the line alone is then:

I, =11, =B,(T,)e ™) ~ B,(T.)m T, Te < 1 (2.71)

At the same time, in thermal equilibrium, I, ~ B, (T.)7, when 7. < 1. Consequently, the
ratio of the total energy emitted in the line to that emitted in the underlying continuum
is:

L
LL—dl/: Ly ~ /-&—Zdy (2.72)

line I, Te ol

A useful approximation to af/ (af in this case) in eq. (2.26) is:

£f 0.08235N,1V;
ol ~—— —
v 21135

(2.73)

(Altenhoff et al. [2]) where v is in GHz, N, NN; in units of em™3 and o/ isin pe™!. This
approximation holds in the range of densities and temperatures typical of discrete HII
regions and is accurate to 5%. By using eq. (2.73), eq. (2.72) becomes:
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I n'n _
/ I—Ldy = 1.299 x 105Anf—1/2‘1Te LS pregp

c n

{1.579 X 105}

2.74
n?T, ( )

The factor F' accounts for the fraction of the free-free emission due to interactions of
He™ with electrons:

(2.75)

F= (1- NHE)

Ny

where Ny, and Np are the relative number densities of helium and hydrogen ions,
respectively. Observations of radio recombination lines in HII regions have established
that Ng./Ny is ~ 0.08 so that F' ~ 0.92. In principle, eq. (2.74) is a very powerful tool:
the electron density of optically thin ionized gas can be computed if the population of
energy levels are in thermodynamic equilibrium and we ignore the effect of thermal and
density gradients within the emitting medium. However, we will now see how, in the
case of the diffuse ionized gas, eq. (2.74) cannot be easily applied.

Observations

The first observation of radio recombination lines in regions of the Galactic plane free
of bright HIT regions were made, almost simultaneously, by Gottesman & Gordon [133]
and Jackson & Kerr [171]. However, the most important surveys so far carried out are
those by Hart & Pedlar [148] and by Lockman [197] (cfr. Table 2.2). With respect
to observations of discrete HII regions, surveys of the diffuse ionized gas are usually
made at lower frequencies (~ 1.4-1.6 GHz) where the compact, high density sources
are optically thick and hence do not contribute very much to the line emission. The
major characteristics distinguishing the recombination lines emitted by the diffuse ionized
gas from those of HII regions are the broad velocity extents and the weak intensities.
Table 2.2 lists surveys of the diffuse component to date.

Table 2.2: Published hydrogen recombination line surveys of extensive regions of the
Galactic plane.

Coverage Transition | v(MHz) | beam Ref.

9.4% <1 <130° | 158 — 157 | 1683.2 33’ Gordon & Cato [134]
358° < 1 < 50.5° | 167 — 166 | 1424.734 21 Lockman [197]
50 < 1<60° | 167 — 166 | 1424.734 | 31'x33' | Hart & Pedlar [148]

Clearly, there is a paucity of available data. This fact can be explained by considering
the instrumental difficulty to date to detect such faint lines: for purpose of illustration,
emission measures of 400 cm™% pc can be detected in the H142«a radio recombination line
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after an integration time of 20 hr (Gaylord [120]) while an emission sensitivity of 2 cm™®
pec for Ha can be reached with an integration time of 37 min (Reynolds [255]). Table 2.2
also shows that not only the entire range of longitude has not been fully explored (i.
e. the third and fourth quadrants have not been observed at all) but all these surveys
have been conducted at b ~ 0° so that the recombination line emission of the ionized gas
at low, intermediate and high latitudes is basically totally unknown. In addition, these
surveys are characterized by very coarse sampling (tipically ~ 1% in 1) due to the very
long integration time required at each position.

Derived physical properties

Derivation of the diffuse ionized gas electron temperature from direct application of
eq. (2.74) can be problematic. In fact, unlike HII regions, the continuum emission un-
derlying these diffuse lines at the typical frequencies of observations (~ 1.4 GHz) is not
only extremely weak but is a mixture of thermal (free-free) and nonthermal (synchrotron
radiation) components in unknown proportions. A useful observable quantity, in terms
of the brightness temperature 77, of the line excess over the continuum background, is
then:

1.579 x 10°

/ Tudl = 1.070 x 100A T / N, Nbo T Wexp < a
7 n?T,

)dl T, 7. < 1 (2.76)

where Ty, is in K, v is in kHz, the densities N, and N; are in cm™ and the path length
is in pc.

For most circumnstances in the ISM, the exponential term is close to unity for values
of n appropriate for the centimeter wavelength range. Moreover, the path length / can
be determined from the velocity information encoded in the line combined with a model
of Galactic differential rotation. This topic will be discussed extensively in Chapter 4.
For the time being it is important only to keep in mind that an element of ionized gas
moving at radial velocity v, will emit photons whose frequency is g in the rest frame of
the gas, while, in the rest frame of the observer, this is given by the well-known Doppler
shift relation:

v =1y <1 = Ul) (2.77)
c
With an estimate of the path length [, from eq. (2.76) it is then possible to derive the
quantity (N; - N, - b, - T;'5) averaged over the path [. Unfortunately, the ionization
factors (NV,, IV;) cannot be easily separated from the electron temperature. Nevertheless,
studies of [ Tydl provide unique information about the spatial distribution of the ionized
gas: at radio wavelengths, recombination lines are not affected by extinction (as in the
case of Ha®®) therefore allowing distant regions of the Galaxy to be probed. Fig. 2.9

25Gee section 2.3.1.
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Figure 2.9: The intensity of the H166« line as a function of galactic longitude (from Hart
& Pedlar [148]).

shows the longitude distribution of the H166a line intensity as it results from the Hart
& Pedlar [148] survey. The most intense peaks (I ~ 25° and I =~ 31°) in the line intensity
may be associated with bright HII regions. Weaker recombination lines are also observed
from directions which have low continuum-brightness at 5 GHz where HII regions are
supposed to be clearly detected. The emission from these directions represent roughly
30% of the total emission. Beyond [ = 31°, the mean intensity of the weaker emission
drops by about a factor 3 or more and has virtually disappeared by I = 50°. These
two longitudes correspond to directions tangential to the Scutum and Sagittarius arms
respectively. Hart & Pedlar [148] report that, based on the longitude distribution they
find, the bulk of the ionized hydrogen seems to be confined within 7 kpc of the Galactic
centre and presents a deficiency within 4 kpc of the centre. Such conclusion is confirmed
by Lockman [197] for the same frequency of observation (see Fig. 2.10). In addition,
Lockman’s analysis is characterized by the comparison between the radial distribution
resulting from the H166« emission with that for the H109¢ line (Fig. 2.11). Clearly, the
H109« distribution appears to be more extended in Galactocentric radius and significant
power is detected over a wide range of R (4 < R < 10 kpc). This is due to the fact that,
in general, high-frequency recombination spectra will be dominated by emission from the
most dense components of a hetereogeneous medium while lower-frequency lines by less
dense components (Brocklehurst & Seaton [39]). In particular, two effects ensure that
the H166a spectra will largely reflect conditions in low-density gas:

1. the optical depth in the continuum for ionized gas is, at 1.4 GHz, greater than
unity when the emission measure EM > 25735 cm™6 pc (see eq. (2.28)) so that,
if T, ~ 10* K and we consider a path length of a few parsecs, this condition is met
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Figure 2.10: Average radial power in the H166¢ line as a function of galactocentric
distance. In order to account for the projection of the galactic velocity field along the
line of sight, the emission is weighted by the quantity (AV)/ (Ar) where AV is the
velocity channel width and Ar is the distance through the Galaxy which will contribute
emission in the velocity range V + AV/2 (from Lockman [197]).

when the electron density N, > 10% cm™;

9. impact broadening of the lines is significant in dense regions: at H166« this broad-

ening significantly decreases the peak line temperatures when N, > 1500 cm ™.

On the contrary, none of these effects is important at high frequencies. This means in
practise that the H109« line probes mainly bright, dense HII regions while with the
H166a we trace the distribution of the more diffuse, low-density regions.

2.3.5 Faraday rotation measures

We have seen in section 2.2 how rotation measures, combined with a free electron den-
sity model, can probe the Galactic magnectic field. We now want to discuss how, in
turn, rotation measures provide useful indications on the free electron distribution (and,
ultimately, on the structure of the warm ionized gas) once assumptions on the uniform
magnectic field strength are made. The information derived from rotation measures is
particularly valuable when associated to analogous information obtained through scatter-
ing measures. Diffractive phenomena, such as angular broadening and pulse broadening
(see section 2.3.3), provide measurements of the density irregularities on scales of 108-1010
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cm but are relatively insensitive to irregularities on much larger scales (e.g. ~ 10'2 cm
or larger on which the outer scale of the interstellar turbulence could be probed). At the
same time, there is a need to know the relationship between the density perturbations
which produce scattering phenomena and the (presumably) associated magnetic field
variation. These kind of indications can be retrieved by means of the so-called structure
function, Dpa(A). The structure function contains information on the statistics of
the RM variations and it is determined by the nature of the plasma turbulence in the
interstellar medium. The structure function is defined as:

Dru(A0) =< [RM(0) — RM (6 + A6)]? > (2.78)

where angle brackets indicate an expectation value. In writing this equation, it is assumed
that the statistics of the RM fluctuations are stationary, i. e. not dependent on 6, and
isotropic, or dependent only on the magnitude of Af and not on its orientation.

2.4 Modelling the Warm Ionized Gas

The achievement of a full comprehension of the origin and topology of the warm ionized
gas is complicated by this being a typical inversion problem: i.e., although its boundary
conditions (the distribution of free electrons, temperature, filling factor, etc..) are (sort
of) known, it is still matter of debate what its initial conditions (the source of ionization)
are.

We have seen (Chapter 1) that in the McKee & Ostriker [217] model of the ISM it is
proposed that the warm ionized gas is located in transition regions between the cold HI
clouds and the hot, very low density coronal gas, and that is photoionized by a very
dilute Lyman continuum flux originating from luminous stars and supernova remnants.
However, this picture appears to be incompatible with the fact that most of the H* ig
located well above the thin layer of young stars and HI clouds that define the traditional
disk of the Galaxy. The presence of the Ht at high |2| and along lines of sight that are
far from ionizing stars (Reynolds [260]), coupled with the existence of an opaque layer
of HI that extends to high |z| (Lockman [198]; Lockman, Hobbs & Shull [199]) seem to
require either the existence of some as yet unidentified source of ionization at high |z|
or a special morphology of the HI that allows the ionizing photons originating near the
Galactic plane to travel a kiloparsec or more up into the lower halo. In order to an-
swer the first question, it is important to estimate the power input which is required to
mantain the large-scale ionization which is observed. This kind of calculation has been
made based on Ha measurements (see section 2.3.1) and confirmed by pulsar disper-
sion measurements (Reynolds [259]). The analysis vields and estimate for the hydrogen
recombinatio rate 7 ~ 4 x 10° cm2 57! (Reynolds [255]) which, considering 13.6 eV
per ionization, corresponds to a power consumption of 1 x 10™* erg cm—2 571 equal to
9.5 x 10°® erg kpc2 s~!. This value severely constrains the possible ionization source.
Several candidates have been suggested: Wolf-Rayet stars (Panagia & Terzian [236]),
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Figure 2.11: Average radial power in H109« line as a function of galactocentric distance.
The meaning of the ordinate axis is the same as in Fig. 2.9 (from Lockman [197]).

cosmic rays (van Dishoeck & Black [330]), the diffuse X-ray background (McCammon
et al. [214]), neutrino decay (Sciama [277] [278]) as well as supernovae and OB stars.
Apart for the ezotic neutrino model, cosmic rays and X-rays fail to produce the required
ionization rate by factors ranging from 20 to more than 100. On the other side, the case
of Wolf-Rayet stars, supernovae and OB stars has been investigated in detail by Abbott
[1]. He considers a complete sample of stars (B and A supergiants, O stars and Wolf-
Rayet) within 3 kpc from the Sun and, based on this set of sources, studies which, among
these spectral types, contribute more to the ionization of the interstellar gas. Now, there
are three ways in which stars transfer energy to the interstellar medium: through their
wind, their radiation field and, at their death, by supernovae. In terms of the total stel-
lar output of energy, radiation is the dominant mode. In particular, O stars contribute
66% of the total radiative luminosity (about 2.2 x 10* erg kpc™? s7'). However, all
the three modes are of comparable importance for the transfer of stellar energy to the
ISM: winds and supernovae are in fact much more efficient at transferring or dissipating
energy to the interstellar gas. The energy conversion efficiency is roughly 10% for stellar
radiation, 50% for stellar winds and 70% for SNs. Yet, each phase of the ISM has its
own efficiency for converting the energy from radiation, winds and supernovae. From
Abbott’s analysis, it turns out that stellar radiation completely dominates the heating of
the ionized gas while supernovae appear to be the major source of energy for the coronal
gas and the kinetic energy of cloud motions. This result has been also confirmed by Cox
[73] who has shown that, although supernovae (which provide 9.9 x 10% erg kpc™? s71)
could in principle produce enough diffuse electrons to explain the pulsar dispersion mea-
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sures, they fall short of providing the Galactic Ha brightness by a factor of 7. Therefore,
Galactic OB stars appear to be the only viable candidates to photoionize the interstellar
gas although two major problems arise:

1. the ionizing radiation must be able to reach the diffuse interstellar gas from the
stars which tend to be near the plane; these stars are possibly surrounded by HI
clouds that prevent any ionizing radiation from penetrating through them; from
the solar system we detect HI in emission in all directions and also in absorption
against all extragalactic sources with sufficient brightness;

2. the spectrum of the warm ionized gas is unlike ordinary HII regions: for instance,
the normally very strong [O;7;] A5007 is weak while low stages of ionization (N+,
ST) are strong.

The photons penetration problem: despite several authours (Torres-Peimbert, Lazcano-
Araujo & Peimbert [321]; Thuan [320], Lynds [203], Mathis [212], Bregman & Harrington
[31]) have explored the possibility that O stars can ionize regions in the Galaxy far away
from the plane, the first detailed study along this line has been made by Miller & Cox
[223]. Miller & Cox constructed a model of the diffuse interstellar gas that accounts
for enough penetration of the ionizing radiation to the diffuse gas. In their model, they
consider a random distribution of neutral HI clouds?® and a very smooth extracloud
medium whose density depends only on z and they show that, despite the attenuation
produced by these clouds against the ionizing flux generated by O stars, the Stromgren
volume which are obtained are large enough to explain the ionization at high |z]. In
addition, the Miller & Cox model seems to reproduce quite well the observed emission
and the dispersion data even taking into account its oversamplified picture of the diffuse
interstellar medium: in fact, various effects are not included such as the overlapping of
nearby Strémgren spheres; stellar winds; superbubbles; density concentration along the
spiral arms. Dust has been instead considered by assuming the clouds to be opaque. The
Miller & Cox calculations have been subsequently revised by Elmergreen [100]. A large
number of observations has shown that the ISM in the Galaxy and nearby galaxies has
a hierarchical, very likely fractal structure (Elmergreen & Falgarone [99]). Theoretical
works (see for example Norman & Ferrara [228]) also predict a fractal behaviour over a
large dynamical range. The fractal structure arises from turbulent pressure which plays a
crucial role in the various phases of the ISM (Kulkarni & Fich [190], Reynolds [256]) and
is pumped into it primarily by multi-supernova explosions. Fractal clouds (which are not
randomly distributed but are highly clumped and clustered) produce fractal ionization
zones through which O-star radiation can travel at least twice as far as in a standard
Strémgren sphere and contain extensive holes covering ~ 50% of the sky through which
this radiation can reach the Galactic halo.

The spectral problem: The primary optical emission lines used to characterize the
WIM are Ha A6563, [S;;] A6716, [N;] A6583, [O;] A6300, [Orr1] A5007 and Hel A\5876.

?8Clouds parameters are those described by Spitzer [305].
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Compared to classical HIT regions, the warm ionized gas has high [N;/]/Ha and [Srr]/Ha
and low [Oy77]/Ha (Reynolds [257], Osterbrock [235]). Domgorgen & Mathis [91] are
able to match the observed spectrum through a low-density, low-excitation model which
corresponds to a dilute stellar radiation leaking through the ISM. This view is also
supported by models of the radiative transfer of ionizing photons through the Galaxy
subject to the presence of interstellar clouds (Miller & Cox [223], Dove & Shull [92];
Bland-Hawthorn & Maloney [22]). However, with this pure photoionization models it is
not possible to explain two phenomena: the rise in the [O7r7]/Hp ratio with increasing
distance from the plane and the constant [Sr;]/[Ny;] line ratio (Haffner, Reynolds &
Tufte Haffner et al. 1999). In order to circumvent the first problem, one can consider
an additional ionization process (Martin [210], Collins & Rand [62]). Yet, this does not
help to explain the second effect for which it has been suggested that it could be due to
an increase of the electron temperature with |z| (Haffner, Reynolds & Tufte [139]). Such
a variation in temperature would seem to require the existence also of a non-ionizing
heating mechanism such as dissipation of interstellar plasma turbulence or magnetic
reconnection.
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Chapter 3

A radio catalog of Galactic HII
regions

3.1 Introduction

In the previous chapter we have discussed models (see Miller & Cox [223]; Elmergreen
[100]; Domgdrgen & Mathis [91]) of the Warm Ionized Medium which aim at understand-
ing the source of the large-scale ionization observed in the Galaxy. We have also seen that
such theoretical models are associated to another kind of models (see Taylor & Cordes
[311]; Cordes & Lazio [67]) whose purpose is mainly the reconstruction of the Galactic
free electron distribution which is useful not only to track the WIM spatial distribution
but also to help suggesting the source of ionization of the diffuse ISM. We denote the
latter class of models as descriptive models to distinguish them from the ones belonging
to the first category. According to the descriptive models, it is necessary to consider,
in addition to an axisymmetric component, a spiral arm component. One of the most
reliable tracers of the latter are the large concentrations of free electrons, namely the
HIT regions. As a first step towards a comprehensive analysis of the properties of these
sources and of their spatial distribution, we have compiled a large catalog containing all
the relevant information we could find in the literature. Such catalog is presented in this
chapter.

The chapter is organized as follows: section 3.2 provides a brief description of the pre-
existing optical and radio catalogs of HII regions; section 3.3.1 presents the procedure
adopted for the compilation of the Master Catalog and summarizes its content, while a
full description is given in Appendix I. Section 3.3.2 describes the Synthetic Catalog at
2.7 GHz and discusses its completeness and the distribution of sources. The conclusions
of the chapter are drawn in section 3.4.
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74 3. A radio catalog of Galactic HII regions

3.2 Pre-existing catalogs of Galactic HII regions

The first major attempts to put together existing data have been made at optical wave-
lengths. This is mainly due to historical reasons since optical studies of HII regions
started about half a century before the birth of radio-astronomy.

In the following two subsections we give a brief description of the main optical (by Sharp-
less [284] and Marsalkové [208]) and radio (COBE-HII [348], [349] and Kuchar & Clark
[188]) catalogs.

3.2.1 Optical catalogs

¢ The Sharpless Catalog

The catalog contains 313 HII regions north of declination -27%. It was obtained
by combining early observations (see Sharpless[283]) in the longitude region 315°
- 105°, extending for several degrees on either side of the Galactic plane, with
data from the National Geographic-Palomar Sky Atlas which have allowed the
full coverage of the sky north of declination -27°. The catalog provides valuable
information on the early-type stars associated with the listed sources. It also
reports, in addition to coordinates (Galactic — based on the Lund pole — and
Equatorial for the year 1900), information on the shape (circular, elliptical or
irregular), on the structure (amorphous or filamentary) and on the brightness.

e The Marsalkova Catalog

The catalog contains 698 sources and was produced combining 13 lists and small
catalogs, notably those by Sharpless [284] for the northern sky, and by Rodgers
et al. [266] and by Gum [138] for the southern sky. As the majority of listed
sources lie within +15° in Galactic latitude, the catalog has been divided into two
sections, the first containing the objects (667) within this region and the second
containing the HII regions outside it (31). An attempt was made to identify sources
erroneously included in the original lists. This task was performed by using the
POSS plates together with the Downes [93] SNR catalog and the Perek-Kohoutek
[242] planetary nebulae catalog. The catalog provides coordinates (Galactic and
Equatorial for the year 1950), angular dimensions, and a classification, similar to
Sharpless’, of shape, structure, and brightness.

3.2.2 Radio catalogs

e The COBE-HII Catalog
As a part of the preparatory work for the COBE space mission and, in particular,
of Galactic foregrounds studies®, between 1977 and 1978, Witebsky [348], [349]
compiled a list of Galactic HII regions by collecting all the information available

1See Chapter 2, section 2.2 for more details.

74



3.3 THE NEW CATALOG 7

at the time. A first version of the catalog (the so-called Master List) includes
data from Reifenstein et al. [252], Wilson et al. [343], Westerhout [341] and from
observations of the California Institute of Technology - list B. The Master List has
been subsequently revised and enlarged. The updated version (New Master List)
contains additional data from the 1966 Australian Parkes Survey, which explored
a substantial fraction of the Galactic plane, as well as from a vast number of other
small lists and small catalogs. Overall, the New Master List is a combination of
data from 19 papers, three of which (Berkhuijsen & Wielebinski [17], Israel et al.
[170] and Mills & Aller [224]) report observations of HII regions in external galaxies,
namely M31, M33 and the Small and Large Magellanic Clouds. The compilation,
which contains 909 sources, has been realized by means of a hierarchical method
based on the following criteria: degree of sky coverage, completeness of the survey,
year of observation, availability of multi-frequency data. Flux densities are given at
the reference frequency of 2.7 GHz, adopting the spectral index of —0.1 (S, o 2l
to extrapolate flux densities measured at other frequencies. Errors are not provided
for any of the quoted physical quantities (i.e. flux density and angular diameter).
Coordinates are Galactic.

e The Kuchar & Clark Catalog

The catalog contains 760 HII regions with angular sizes of up to 10’ at 4.8 GHz. The
data have been obtained in a self-consistent manner from images of the Green Bank
(Condon et al. [64]) — northern hemisphere — and Parkes-MIT-NRAO (Condon et
al. [65]; Tasker et al. [310]) — southern hemisphere — 4.85 GHz radio continuum
surveys. Nearly 35% of the sources have fluxes measured by these surveys for the
first time. The catalog provides the following information for each source: coor-
dinates (Galactic and Equatorial for the year 1950); peak flux; observed angular
diameter; recombination line velocity (data are taken from the literature and re-
fer to observations at various frequencies); comments on the source environment.
Errors on flux density, angular size and line velocity are also reported.

3.3 The new catalog

A large amount of data on HII regions has become available after completion of the
catalogs described in the previous section. This has motivated the construction of a
new, up-to-date catalog.

The reason for producing a radio catalog of HII regions rather than an optical one
resides in the fact that optical catalogs are severely limited by dust obscuration effects.
Consequently, radio data more lickely succed in tracking the actual distribution of HII
regions in the Galaxy. At the same time, as mentioned in section 2.2 of Chapter 2, we
are interested in the ionized gas, both diffuse and localized, because of its implications
as a foreground for CMB experiments and these are operated at radio frequencies. This
subject will be discussed extensively in Chapter 5.
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76 3. A radio catalog of Galactic HII regions

3.3.1 The Master Catalog

The construction of the full catalog (referred to as Master Catalog) involved several steps.

Selection of the original catalogs

The Master Catalog was compiled combining data given by the 24 papers listed in Ta-
ble 3.1. In order to clarify our selection criterion, we briefly summarize the classification
of HII regions by Lockman et al. [201]:

e Ultra-compact HII regions (UCHII), characterized by very high EM?2, (~ 107
cm~% pc), angular sizes of the order of a few arcsec, and flux densities at radio
wavelengths, of the order of tenths of Jy.

o Compact HII regions, having smaller EM (~ 10*~® ¢cm~° pc), typical angular
sizes of a few arcmin, and radio flux densities between a few Jy and a few hundreds
Jy. An example is the Orion Nebula.

o Diffuse HII regions, with typical EM ~ 10% cm™® pc, angular size between a few
and tens of arcmin, and flux density at radio frequencies of a few Jy. A typical
example is the Rosetta nebula.

e Extended HII envelopes, characterized by very low EM (~ 30-50 cm~® pe).
Not easily identified with structures with well defined boundaries, they have very
low fux densities at GHz frequencies. Although the EHEs appear as a sort of
diffuse background, they differ from the warm ionized gas for two reasons: the WIM
has a typical EM orders of magnitudes smaller than the EHEs and is distributed
throughout the Galaxy while these sources are confined to the plane.

We have included in the catalog only compact and diffuse HII regions, which however
account for the bulk of the free electron condensations along the Galactic plane. We
have considered single-dish medium-resolution observations, typically with beam-widths
of a few arcmin, rather than interferometric or synthesis telescope surveys (Becker et al.
[13]; Taylor et al. [313]) which usually achieve a resolution of a few arcsec. Also, we
have not considered single-dish low-resolution observations (Westerhout [341]; Wilson &
Bolton [342]), whose typical angular resolution is ~ 1°. Likewise we have disregarded
surveys simply oriented to the study of the morphology and of the spectral behaviour of
the diffuse CGalactic radiation at centimeter wavelengths (Reich et al. [248]; Reich et al.
[251]; Fiirst et al. [115]; Fiirst et al. [116]; Duncan et al. [96]).

2For a definition of the emission measure, EM, see Chapter 2.
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Table 3.1: List of the references (in alphabetical order) for the catalog. I, and /.,
limit the longitude interval spanned by each survey. The range in latitude is |b| < 2°—4°,
T Number of sources after subtraction of non-thermal objects.

Notes: (a) the list of HII regions is obtained by cross-checking the continuum survey
data with the radio recombination line survey by Lockman [200]; (b) early Parkes survey
at 2.7 GHz; (c) Effelberg 100-m survey at 2.7 GHz; (d) Cygnus X; (e) nonuniform sky
coverage; (f) Green Bank and Parkes-MIT-NRAO surveys cover almost the whole sky:
HII regions have been identified from either optical or radio recombination line surveys
along the disk.

Reference bmin  lmez v (GHz) HPBW () Number! of sources
Altenhoff et al. [3] 335°  75° 1.4/2.7/5 10 325
Altenhoff et al.(®) [4] 2° 60° 5 2.6 265
Beard® [9] 331° 333° 2.7 7.4 13
Beard & Kerr® [10] 27°  38° 2.7 7.4 34
Beard et al.(*) [11] 345°  5° 2.7 7.4 72
Berlin et al. [18] 4 10° 3.9 0.8x18.3 45
Caswell & Haynes [53] 190°  40° 5 4.2 308
Day et al.(%) [78] 307° 330° 2.7 8.2 109
Day et al.®®) [79] 37° 4T 2.7 8.2 48
Downes et al. [94] 357°  60° 5 2.6 169
Felli & Churchwell [102] (e) (e) 1.4 10 80
First et al.(9) [114] (e)  (e) 2.7 4.27 7
Goss & Day® [132] 6°  26° 2.7 8 85
Kuchar & Clark [188] £y H 4.8 3.1/4.2 760
Mezger & Henderson [220] (e)  (e) 5 6.3 17
Reich et al.(¢) [249] (e) (e 2.7 4.27 5
Reifenstein et al. [252] 348°  80° 5 6.5 105
Thomas & Day® [317] 288°  307° 2.7 8.2 39
Thomas & Day(®) [318] 334°  345° 2.7 8.2 29
Wendker(® [340] 76°  84° 2.7 11 77
Wilson et al. [343] 282°  346° 5 4 132
Wink et al. [346] (e) (e) 5/15/86 2.6/1/1.3 112
Wink et al. [347] 359°  50° 14.7 1 84

Identification and removal of SNRs

The selected catalogs may contain in principle also some Galactic sources, different from
HII regions, that we need to exclude from our Master Catalog. In particular, filled-
center SNRs may easily be mistaken for HII regions: this type of SNR presents in fact
an almost flat spectrum and a very bright central region. A typical source belonging to
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78 3. A radio catalog of Galactic HII regions

this class is the Crab Nebula, the remnant of a supernova exploded in 1054. Supernova
remnants (SNRs) have been identified by cross-correlating the positions of catalogued
sources with those of Galactic supernova remnants listed by Green [137]. The Green
Catalog contains 215 objects. The identification has been performed taking into account
the average position uncertainty of HII regions and of SNRs (~ 1" in both cases).

Flux densities and angular diameters

We provide the flux densities integrated over each source, S, and the source angular
diameter, ©g77. In a few references (Wink et al. [346] at 86 GHz; Wink et al. [347])
only the peak value of the flux density is given. We have corrected this to a true value
by assuming that the source has a Gaussian profile and using the observed diameter (see
Rohlfs [268]).

The source angular diameter is given, by some authors (Altenhoff et al. [4], Downes et al.
[94]; Wink et al. [347]), in terms of observed diameter, i.e. the true diameter convolved
with the instrument beam. We derived a true diameter again assuming a Gaussian
source profile. For source dimensions significantly smaller than the beam-width, only
upper limits to the diameters could be derived. These values are also included in the
Master Catalog, for completeness.

Other relevant data

Tn addition to the basic data on flux density and diameter, the Catalog includes additional
information on source properties, such as: i) the notes by Kuchar & Clark [188] on the
environment of each source, indicating whether the source is complex or if it has a
strong source nearby; ii) radio measurements provided by surveys different from those
listed in Table 3.1; iii) optical counterparts of the unobscured sources, obtained from the
identification given in the Catalog by Mérsalkové [208]; iv) radio recombination line data,
given by Downes et al. [94], Caswell & Haynes [53], Kuchar & Clark [188], Reifenstein
et al. [252], Wilson et al. [343], Wink et al. [346], Wink et al. [347], and Lockman [200].

Summary of the Master Catalog content

The catalog lists 1442 sources, observed by at least one of the surveys of Table 3.1 and
recognized as Galactic HII regions. All relevant information from each of the references
is retained. Measurements of individual HII regions are available at one or more of the
following 8 frequencies: 1.4, 2.7, 3.9, 4.8, 5., 14.7, 15, and 86 GHz. This large data base
is presented in the form of 11 sub-catalogs:

sub-catalog 1 coordinates (epoch 2000) and remarks
sub-catalog 2 /3  flux density (Jy) / 1-o (%) error
sub-catalog 4 /5  diameter (arcmin) / 1-o (%) error
sub-catalog 6 /7 line velocity (km/sec) / 1-o error (km/sec)
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sub-catalog 8 /9  line width (km/sec) / 1-o error (km/sec)
sub-catalog 10 / 11  line temperature (K) / 1-o error (K).

The sub-catalogs give, for each source, an identification number along with the position
in Galactic and celestial coordinates. Apart from sub-catalog 1, each sub-catalog has
37 columns. The columns are in order of increasing frequency of observation; at each
frequency different columns report the data from the references in Table 3.1, in alpha-
betical order. We note that for sub-catalog 6-11 (the radio recombination line data) the
observations may refer to frequencies other than those in the main continuum catalog
(in this case, the line frequency is reported). Appendix I gives a detailed description of
the content of each sub-catalog.

3.3.2 The Synthetic Catalog at 2.7 GHz

The final task in bringing together the wide-spread radio data on HII regions is to
construct a readily accessible catalog summarizing the basic information on each of
the 1442 sources covered in the comprehensive data base of the Master Catalog. This
Synthetic Catalog gives the best available data on flux density, angular diameter and,
where available, the line velocity.

We have adopted, for the Synthetic Catalog, a reference frequency of 2.7 GHz because it
lies in the middle of the frequency range of catalogs containing most of the data, namely
1.4, 2.7 and 5 GHz. We now describe our procedure to get the best-estimate values of
the flux density at 2.7 GHz, diameter and velocity with corresponding error estimates.

Estimates of flux densities at 2.7 GHz

If direct flux density measurements at 2.7 GHz were not available, we adopted the fol-
lowing procedure:

1. if measurements are available only at one frequency, we extrapolated the flux den-
sity to 2.7 GHz using a spectral index of —0.1;

[N}

. whenever measurements at 1.4 and 5 GHz are available, the 2.7 GHz flux density
was obtained by interpolation between these two frequencies if we have both, or
by extrapolation with a spectral index of —0.1 if we have just one; measurements
at other frequencies, if any, are ignored;

3. if measurements are not available at either of the above frequencies, we extrapolated
with the usual spectral index the flux density at the frequency nearest to 2.7 GHz;

4. for the purpose of extrapolating to 2.7 GHz, measurements at frequencies very
close to each other, such as 4.8 and 5 GHz, or 14.7 and 15 GHz were considered to
be at the same frequency and their weighted average was adopted.
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80 3. A radio catalog of Galactic HII regions

We consider the data at 3.9, 14.7, 15 and 86 GHz to be less reliable than those at 1.4 and
4.8/5 GHz for the following reasons: the 3.9 GHz measurements come from observations
of the RATAN-600 telescope and they may be significantly affected by the ellipticity of
the antenna pattern (see Table 3.1); at 14.7 and 15 GHz our HII regions are frequently
resolved and the determination of their total flux density is correspondingly difficult; at 86
GHz, in addition to the higher resolution, dust emission may contribute substantially to
the observed flux. Moreover, we prefer to interpolate between 1.4 and 5 GHz rather than
extrapolate to 2.7 GHz directly from only one of these two frequencies because we have
no information on the free-free self-absorption frequency. When multiple observations
are available at the same frequency, a weighted mean flux density was computed, using
the errors discussed below.
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Figure 3.1: Results of the flux error estimate for: earlier Parkes survey at 2.7 GHz (top
left); Mezger & Henderson [220] (top right); Wink et al. [347] (bottom center). o(S.) is
defined as 100(S, — S)/S. Overlaid — solid line — is the best fit function.
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For the majority of the sources flux density errors are quoted in the original papers.
Whenever errors are not given, an estimate was made by looking for sources with
additional flux density measurements and computing the percentage difference o =
100(S; — S)/S, S. being the flux density in the catalog without errors. The mean
value of o as a function of S was fitted (after having removed the relatively small num-
ber of points with a dispersion 2 130%) with a constant, o = a, with a linear relation,

o = a+bS,, and with a quadratic expression, o = a + bS, + ¢S2. We have considered
also fits with a constant, linear, and quadratic dependence of log o on log S,, but we have
chosen to use the larger, and thus more conservative, values of o(S,) estimated using
natural (not logarithmic) quantities.

Fig. 3.1 illustrates the results of the procedure we have described. For example, to es-
timate the errors for the early Parkes 2.7 GHz catalogs we have looked for sources in
common with other catalogs at the same frequency, namely, Altenhoff et al. [3], Fiirst et
al. [114], Reich et al. [249], Wendker [340]). In particular, there are 105 sources in com-
mon with Altenhoff et al. [3]. The mean o is quite well fitted by the law ¢ ~ 33.5—0.1x S
(with S'in Jy), consistent with the 10-30 % errors quoted by Altenhoff et al. [3].
Similar comparisons have been carried out for the Mezger & Henderson [220] data and
for the Wink et al. [347] data. Since the number of coincidences of Mezger & Henderson
sources with sources in each individual sample at the same frequency is too small, we
have brought together sources common to any other catalog at the same frequency (5
GHz), reaching a total of 38 sources. In the case of the Wink et al. [347] catalog, the
error estimate is based on the 21 sources in common with the Wink et al. [346] catalog.
The errors on the derived flux densities at 2.7 GHz were estimated applying the stan-
dard rules for the propagation of errors, neglecting the uncertainty in the spectral index.
Table 3.2 summarizes the errors quoted in the original papers and those estimated in
this work.

Angular diameter

The published diameter data are not as comprehensive as the flux density data. Nev-
ertheless we have been able to assign a value of the diameter, with its error, to each
source. For 42 % of the sources (from the Parkes catalogs and from Mezger & Henderson
[220], Wendker [340], Wink et al. [346], Wink et al. [347], Berlin et al. [18]) errors on
diameters are not given. For 14 % of the sources no diameter is given; for these we derive
an indicative value.

The diameters given in the Synthetic Catalog are:

1. values measured at 2.7 GHz, if available;
2. failing that, measurements at 4.8/5 GHz;

3. in the absence of measurements at 2.7 and 4.8/5 GHz, the weighted average of
available data, excluding those at 14.7/15 GHz (no diameter data are available at
86 GHz);
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82 3. A radio catalog of Galactic HII regions

4. values measured at 14.7/15 GHz for lack of data at other frequencies.

Values at 14.7/15 GHz are preferably excluded because, as noted above, sources are easily
resolved at these frequencies. In each case, when multiple observations are available at
the same frequency, a weighted mean is computed, using the errors discussed below.
For the 14% of HII regions lacking direct measurements, an indicative diameter was
estimated exploiting the (weak) correlation between diameter and flux density, illustrated
in Fig 3.2. A linear fit yields f(arcmin) = 2.25 x S (Jy) with a typical error of a factor
of 2-3. In the Synthetic Catalog a label marks diameter estimates based on the above
relation.
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Figure 3.2: Correlation between flux densities at 2.7 GHz and angular diameters observed
at the same frequency. The solid line represents the linear best-fit relation.

Whenever errors on diameters were not provided, they were estimated following a strat-
egy similar to that used for errors on flux densities. The main difference is that, for
diameters, we relax the requirement of comparing data at the same frequency. As shown
in Fig. 3.4, there is no significant difference in the diameters measured at 2.7 GHz (the
Parkes survey) and at 5 GHz (Altenhoff et al. [3], Mezger & Henderson [220] and Reifen-
stein et al. [252]). On the other hand, provided that an adequate number of sources in
common is retrieved, we prefer to use surveys at the same frequency and with similar
angular resolution.

We computed the percentage differences, o, between the angular diameters, ©,, given in
catalogs without error estimates and independent measurements, O, of the same objects:
o = 100(6,—0)/0. Again, we derived the global average of the o /0O, ratio and the best
fit linear and quadratic dependence of the mean value of o on ©. (and of logo on log©,).
Again we adopted the larger (hence, more conservative) error estimates obtained from
the fits in terms of natural (i.e., non-logarithmic) quantities.
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Figure 3.3: Estimates of percentage errors, o(0,) = 100(0,—0) /6, on angular diameters
for the samples of: Altenhoff et al. 1970° (top left): Altenhoff et al.b (3] (top right); earlier
Parkes survey at 2.7 GHz (left, second row); Caswell & Haynes [53] (right, second row).
Overlaid — solid line — is the best fit function.

Figures 3.3 and 3.5 show the results of the error estimates. In particular, we consider
the comparison between the following data-sets (the first one is that for which we are
estimating the errors): Altenhoff et al.® [3] vs. Reifenstein et al. [252] (48 common
sources); Altenhoff et al.” [3] vs. Kuchar & Clark [188] (63 common sources); Caswell &
Haynes [53] vs. Wilson et al. [343] (79 common sources); early Parkes 2.7 GHz Survey
vs. Reifenstein et al. [252] (31 common sources); Felli & Churchwell [102] vs. Kuchar &
Clark [188] (21 common sources); Wendker [340] vs. Reifenstein et al. [252] (8 common
sources); Wink et al. [347] vs. Downes et al. [94] (59 common sources); Wink et al.
[346] vs. Altenhoff et al. [4] (53 common sources).

The data in the Altenhoff et al. (1970) catalog have been split because the diameters
have been measured in two different ways: they were partly obtained from a survey of
Galactic sources made at 5 GHz with the 140-ft antenna - beamwidth 6’ (W.J. Altenhoff,
P.G. Mezger and J. Schraml, private communication), and partly were measured directly
from contour maps. The set of sources for which the size was measured in the 5 GHz
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Figure 3.4: Comparison of diameter measurements at 2.7 GHz (y-axis) and at 5 GHz
(x-axis). The best fit function is: Og g, = 1.17 + 1.17 X Osgn,. Data are from:
earlier Parkes survey (2.7 GHz data); Altenhoff et al.® [3], Mezger & Henderson [220];
Reifenstein et al. [252] (5 GHz data).

survey is denoted as Altenhoff et al.® [3] while the remaining sources are denoted by
Altenhoff et al.b [3]. In the case of the Berlin et al. (1985) catalog, which has a small
number of matches with other catalogs, the error has been estimated as the average
value of o. Table 3.2 summarizes the estimated and quoted errors on diameters in the
Synthetic Catalog.

Summary of the content of the Synthetic Catalog

The Synthetic Catalog summarizes the radio frequency information on 1442 Galactic
HII regions. It contains the position, flux density, diameter data for each HII region,
supplemented by velocity data where available. To those HII region with no published
diameter data, an indicative diameter is given (marked by #+) on the basis of the flux-
size correlation in Fig 3.2. For sake of illustration, the first ten lines of the Synthetic
Catalog are reported in Table 3.3. The line velocity value that we quote in Col. 9 is the
weighted average of the available data (see Sect. 3.3.1 for details). Although the original
measurements can be, for the same source, at different frequencies, the weighted average
of these data is a meaningful quantity and provides a useful kinematic indication. Since
the line velocity is predominantly an effect of the Galactic rotation motion, it does not
strongly depend on the frequency of observation.
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Table 3.2: Summary of percentage errors on flux densities and angular diameters. Errors
marked by x have been estimated by the authors of the Synthetic Catalog. Errors
marked by xx correspond to the indicative diameters estimated by means of the flux
density-angular size correlation in Fig 3.2.

In the linear relationships between error and flux-density or angular size, flux densities
are in Jy and angular sizes in arcmin.

Reference % flux error % size error
Altenhoff et al.® [3] 10/30 6.5-0.4x0 (x)
Altenhoff et al.’ [3] 10/30 33.94+2.5x0 (%)
Altenhoff et al. [4] 5 10
Beard [9] 33.5-0.1xS (%) 300 ()
Beard & Kerr [10] 33.5-0.1xS (%) 37-0.3x0 (x)
Beard et al. [11] 33.5-0.1xS (%) 37-0.3x0O (x)
Berlin et al. [18] 10 72.5 ()
Caswell & Haynes [53] 10 22.14+2.8x0 ()
Day et al. [78] 33.5-0.1xS (x) 300 ()
Day et al. [79] 33.5-0.1xS (%) 300 ()
Downes et al. [94] 5 10
Felli & Churchwell [102] 15/35 77.4 (%)
Fiirst et al. [114] 10 300 ()
Goss & Day [132] 33.5-0.1xS (%) 37-0.3x0 (%)
Kuchar & Clark [188] 10/20 16/25
Mezger & Henderson [220] 23.3(%) 20/50
Reich et al. [249] 10 300 ()
Reifenstein et al. [252] 15 3
Thomas & Day [317] 33.5-0.1xS (x) 300 ()
Thomas & Day [318] 33.5-0.1xS (%) 300 ()
Wendker [340] 6 =73.6+17.6x0-0.5x0?
Wilson et al. [343] 15 5
Wink et al. [346] 5/15 73.5-52.1xO+11.1xO? (%)

Wink et al. [347] 30.3-1.9xS+0.1x S? (x)  85.8-38.1xO+5.2x0? ()

3.3.3 Statistical properties of the Synthetic Catalog

The Synthetic Catalog combines the observational data from 24 catalogs with various
flux density limits and different angular resolutions. The Kuchar & Clark 1997 catalog,
for example, reaches a sensitivity of 30 mJy but is not sensitive to sources with diameters
greater than ~10" due to its beam-switching strategy. Other surveys (e.g. Altenhoff et
al. [3]) are sensitive to a wide range of angular scales but include only sources stronger
than 1 Jy. We now consider the properties of the sources listed in the Synthetic Catalog
in the light of these selection criteria.
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86 3. A radio catalog of Galactic HII regions

Table 3.3: A selection of sources from the Synthetic Catalog is shown. The arrangement
of column is as follows:

- Col. 1: source-numbering (records from 1 to 1442)

- Col. 2-3: galactic coordinates, 1 and b

- Col. 3-4: celestial coordinates (epoch 2000)

- Col. 5-6: derived 2.7 GHz flux density and 1-o error (Jy)

_ Col. 7-8: derived angular diameter and 1-o error (arcmin)

_ Col. 9-10: velocity relative to the LSR and 1-o¢ error (km/sec)

- Col. 11: notes on individual sources (see Sect. 3.3.2 and Appendix I for details)

N b RA DEC S Og ) oy Visr Ov,sx Notes
1 01 00 1745513 -285108 230.0 241 59 0.5 274 4.0 W24
9 0.2 -0.1 174629.0 -284907 209.4 10.5 10.7 0.5 24.5 3.5

3 02 -0.0 1746056 -284600 1776 381 9.2 0.5 -12.7 3.5 W24
4 03 -05 1748170 -285625 2.5 07 27 1.7 200 4.9 C,S
5 04 -0.8 1749417 -290033 8.0 26 7.0 23 200 4.9 C,S
6 04 -05 1748311 -285117 4.1 1.0 39 18 24.0 4.9 C,S
7 05 -0.7 1749322 -285219 29 09 23 14 175 4.9 C
8 05 -0.1 1747116 -283344 283 40 33 1.4 45.8 5.0 S5, X
9 05 00 1746482 -283037 403 86 438 0.3 47.1 2.0

10 06 -09 1750333 -285319 25 08 24 13 150 49 S,521,RCW1

Completeness and flux density limit

A useful way of investigating the completeness of a catalog is to plot the integral count
N(> S) as a function of flux density S. As shown by Fig. 3.6, the bright tail (300
Jy > Ssrqu. > 70 Jy) of the integral counts, N(> 9), of the catalogued HII regions
exhibits the Euclidean slope [N(> S) o S73/2] as expected for the nearest sources
(within a distance not exceeding the thickness of the HII layer). At fainter fluxes the
counts flatten to N(> S) oc S~ consistent with the 2-D (disk-like) distribution of more
distant sources. Below ~ 7 Jy the counts become still flatter, suggesting the onset of a
substantial incompleteness.

The completeness limit is to a large extent determined by source confusion. The
surface density of catalogued sources reaches values of one source per few beams in the
region 60° around [ = 0°, b ~ 0°, for a typical 10’ beam. As extensively discussed in the
literature (e.g., Scheuer [273]; Condon [63]; Hogg [164]) confusion becomes important at
fux levels at which there are more than 1/30 sources per beam. Correspondingly, it is
very difficult to resolve into individual sources the structure seen right in the Galactic
plane, particularly towards the Galactic center. Thus, the majority of weak HII regions
are actually found in less crowded areas, such as the anti-center region or regions at
|b| > 1°.
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Figure 3.5: Results of the percentage error estimate, 0(0,) = 100(0, — ©)/0), for: Felli
& Churchwell [102] (left, third row); Wendker [340] (right, third row); Wink et al. [346]
(bottom left); Wink et al. [347] (bottom left). Overlaid — solid line — is the best fit
function.

Spatial distribution

The Galactic latitude and longitude distribution of the HII regions in the Synthetic
Catalog are shown in Fig 3.7. A striking feature is the narrow distribution in Galactic
latitude where the full width at half power is 0.95° when averaged over all longitudes;
the mean Galactic latitude is b=0.05°. This narrow distribution reflects the distribution
of the O and B stars responsible for the ionization.

The main concentration in longitude is at |I| < 60° where the line of sight cuts the spiral
arms internal to the local spiral arm in which the Sun lies. There are also discernable
peaks at [ ~ £80° associated with the local arm; the peak at | ~ 80° is the Cygnus X
region where Wendker [340] identified 77 HII regions. There is a clear deficit of sources
in the anticentre region of the Galaxy ({=90°-270°). Although there is a less complete
coverage 1n this sector of the Galactic plane as indicated in Table 3.1, the large deficit of
sources is real. The optical study of the distribution of HII regions in the outer Galaxy
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Figure 3.6: Cumulative counts N(> S) of HII regions in the catalog by Paladini et al.
(2003).

by Fich & Blitz [105] indicate that they are limited to R < 20 kpc.
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Figure 3.7: Left panel: Galactic latitude distribution of the HIIL regions of the Syn-
thetic catalog. The mean Galactic latitude is b=0.05°. Right panel: Galactic longitude
distribution.

3.4 Conclusions

We have collected multifrequency radio data of Galactic HII regions from 24 published
works and built a self-consistent database of 1442 sources. This work has resulted in the
construction of what we have called Master Catalog which consists of 11 sub-catalogs
storing the original information from the source references. In particular, the sub-catalogs
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list flux densities and diameters as well as radio line velocities, line widths and line tem-
peratures with their respective errors.

From this large data set, we have produced a readily accessible Synthetic Catalog giv-
ing the flux density, diameter and velocity (where available) at 2.7 GHz, the frequency
where most data are given. Errors on these observed parameters are derived using the
procedures discussed in Sect. 3.3.2.

It should be emphasized that the Catalog is a compilation of published radio data on
HII regions; it is not a complete survey down to the faintest lux density level listed. We
argue in Sect. 3.3.2 that it is probably complete to a flux density of 7 Jy. Nevertheless,
the Catalog provides an up-to-date list of the brightest HII regions available for further
study at microwave and sub-millimeter wavelengths. The Master Catalog and the Syn-
thetic Catalog are available via ftp at: cdsarc.u-strasbg.fr.
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Chapter 4

Spatial distribution of Galactic HII
regions

4.1 Introduction

We have seen (Chapter 2, section 2.3.3) that a spiral arm structure appears to be manda-
tory in any electron density model that aspires to realism. The major argument support-
ing this statement is (see Fig. 2.5) the asymmetry of the distribution of DM vs Galactic
longitude. Another direct demonstration of the validity of this picture is also provided,
as reported by Cordes & Lazio [68], by the calculation of the DM deficit for individual
pulsars for various density models, defined as the difference between the model DM inte-
grated to infinite distance and the pulsar DM: ADM = DM - DM,; (model). When the
spiral arm structure is not included in the considered model the number of DM deficits is
quite large, especially in the direction of the Carina-Sagittarius arm (I ~ 65° + 10%) and
up to [ ~ 410° This broad longitude range encompasses all of the spiral arms interior
to the solar circle.

As it is well known, HII regions are among the most reliable tracers of the Galactic spiral
structure (Vallee [326]). Consequently, a good knowledge of the spiral pattern requires
an accurate reconstruction of their spatial distribution. Recovering such a distribution,
however, is complicated by the distance degeneracy problem. While the galactocentric
distances can be derived from the Galactic rotation curve if velocity data are available,
there are in general two solutions (“near” and “far”) for the distance from the Sun of
regions within the solar circle.

In this chapter, we address this problem by exploiting the rich information content of the
extensive radio catalog of Galactic HII regions presented in Chapter 3. The chapter is or-
ganized as follows. In section 4.2 we recall the basic features of the spiral arm component
which have been included in recent models of the electron density distribution (namely,
the TC93 [311] and the NE2001 [67], [68] models). In section 4.3, we describe, for our
sample, the derivation of galactocentric distances and investigate the radial gradient of
the electron temperature, discovered in previously published works. In section 4.4 we
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92 4. Spatial distribution of Galactic HII regions

discuss distances from the Sun and methods to overcome the degeneracy; the thickness
of the HII layer is also estimated. The main conclusions are summarized in section 4.9.

4.2 The spiral arm component in electron density
models

e TC93 model

The TC93 model has been the first to take into account an asymmetric component
by including the contribution of spiral arms. The skeleton model of the arm shapes
(e.g. the arm centroids) is the HII region map published by Georgelin & Georgelin
[125]. Additional information on the shape and relative arm densities is taken from
the surveys of HII regions by Downes et al. [94] and Caswell & Haynes [53]. While
keeping the locations of the spiral arms fixed, some particular features of the spiral
arms near the tangent point have been determined by using the dependence of pul-
sar dispersion measures on Galactic longitude. Finally, a least-squares grid-search
procedure has been applied to evaluate the remaining free parameters of the model
( the half-width w,, the scale height ha, the Galactic radial cutoff distance, A, and
the fluctuation parameter F,'). The resulting four-arm pattern (see Fig. 4.1) is
basically identical to that proposed by Georgelin & Georgelin [125]. However, the
axis of arm 3 has been moved slightly inward in regions just inside the solar circle
to correspond better with the measurements by Downes et al. [94] in the northern
hemisphere. Also, arm 4 has been extended at its outer end as suggested by the
data by Caswell & Haynes [53].

e NE2001 model
The definition of the spiral arms given in the TC93 model has been revised due to
the following reasons:

1. recently discovered pulsars seem to require thicker arms since the TC93 model
provides too few electrons for measured DMs;

9. there is evidence for the influence of a local (Orion-Cygnus) arm on the scat-
tering of some pulsars;

3. the spiral arms in TC93 have been truncated arbitrarily in their arc lengths
and there is evidence suggesting that they need to be extrapolated further;

4 it is worthwhile to consider mathematically defined forms of the spiral arms,
such as the logarithmic spiral forms, which are also used to describe to mag-
netic field in our Galaxy and in external galaxies (Vallee [328]; Beck et al.
[12]; Wainscoat et al. [334]).

The adopted functional form of the spiral arm density is?:

1See Chapter 2, section 2.3.3, eq. (2.51), (2.54).
2Gee also Fig. 2.7 in Chapter 2.
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Figure 4.1: TC93 spiral arm model. Circles correspond to HII regions and hatched areas
correspond to the directions of intensity maxima in the thermal radio continuum and
neutral hydrogen emission (from Taylor & Cordes [311].)

Narms = NaGa(X) (4.1)
with:
Na””ﬂls
Go(z,y,2) = > [iga,(r,s;/w;)h(z/h;h,) (4.2)
=1

where the summation ranges over Ny,.,,s=5: the canonical 4 spiral arms, plus the
local Orion-Cygnus arm. The factors f;, w; and h; allow the control of the electron
density, width and scale height of each spiral arm. Each arm has also a separate
F' parameter, F, , j =1,5%

It is important to note that the shapes of the arms have been perturbed in the
vicinity of the Sun to match the shapes defined in TC93. These perturbations
have been guided by the detailed distribution of DM in Galactic longitude and by
the locations of spiral arm tangents according to a number of tracers such as HII
regions. The resulting spiral arm pattern is shown in Fig. 4.2.

3For the definition of the fluctuation parameter F' see Chapter 2, section 2.3.3.
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Figure 4.2: NE2001 spiral arm model (dashed lines): four-arm logarithmic spiral model
combined with a local arm (Orion-Cygnus). The shape of the logarithmic arms is mod-
ified to match some of the features of the TC93 model (shown with solid lines) (from
Cordes & Lazio [67]).

4.3 Galactocentric distances of HII regions

4.3.1 Distance estimates

In the previous chapter we have described the construction of an extensive catalog of
Galactic HII regions. The catalog contains radio recombination line velocities for ~ 800
of the listed HII regions. The references for the velocity data and the lines used are listed
in Table 4.1. This is, by far, the largest sample used to derive distances. The present
analysis also improves on the earlier ones because of the adoption of an updated Galaxy
rotation curve. Previous studies (Caswell & Haynes [53]; Downes et al. [94]) were based
on ~ 300 sources and used Schmidt’s [275] rotation curve or slightly modified versions
of it.

" The rotation velocity © around the Galactic centre of an object at galactocentric distance
R, Galactic longitude [, and with radial velocity V; in the local standard of rest, is given
by:

where ©y and R, denote, respectively, the rotation velocity and the galactocentric
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Figure 4.4: (1,v) diagram of the recombination line velocities of the catalogued HII regions

used in the analysis.
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Table 4.1: References for velocity data.

Reference Line
Caswell & Haynes [53] H109a/H110c
Downes et al. [94] H110«
Lockman [200] H85a,/H87ct/H88c
Reifenstein et al. [252] H109«
Wilson et al. [343] H109«
Wink et al. [346] H76a/H900
Wink et al. [347] H76«

distance of the Sun. We adopt the IAU-recommended values of Ry = 8.5kpc* and
O = 220kms™! (Kerr & Lynden-Bell [181]). From eq. (4.1) we can derive R from
radial velocity measurements, if the rotation curve ©(R) is known. We have used the
linear expression derived by Fich, Blitz and Stark [106] (hereafter FBS89), holding for
galactocentric distances between 3 and 17 kpc:

O = (221.64 — 0.44R) kms™" (4.4)

where R is in kpc (see Fig. 4.5).

The outer part of the FBS89 rotation curve was constructed using spectrophotometric
distances and velocities of HII regions. Our sample has some sources in common with
theirs, namely those with CO velocity measurements. To avoid circularity we have
excluded such sources from further analysis. Thus the velocity measurements we have
used are fully independent of those used by FBS89. As discussed by Blitz [23] and
FBS89, the use of HII regions to derive a rotation curve yields relatively small absolute
errors compared with methods relying on other classes of objects such as star clusters,
planetary nebulae, carbon stars, and diffuse atomic hydrogen. On the other hand, the
good agreement of the FBS89 rotation curve with determinations using other methods
indicates that systematic errors specific to HII regions cannot be large except, perhaps,
in special regions where systematic, non-circular, velocity components (e.g. streaming
motions) are present. One such region is the Perseus arm where a mean streaming
velocity ~ 12 km sec™! has been found by Brand & Blitz [28]. As a consequence, the
distances of 36 sources in that region may be affected by a substantial systematic error.

The mean measurement error on V, is ~ 1kms™!, although with a large scatter (the

minimum error is 0.02kms~!; the maximum 10.7kms™!). The corresponding error on
the derived values of R are typically of order 1%. On the other hand, random motions
can add a significant uncertainty to the computed values of R. The average local peculiar
velocities reported by Stark & Brand [308] and Clemens [59] are >~ 5kms™!. To curtail

4We use the IAU recommended value although recent works favor a smaller distance, ~ 7.1+ 0.4 kpc
(e.g. Olling & Merrifield [230]).
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Figure 4.5: Data used for the FBS89 rotation curve determination. Crosses denote HI
tangent point data and triangles CO data. Error bars are shown for a few outlying HII
regions. Also shown are the best-fit linear (solid line) and power-law (dashed line) FBS89
rotation curves for the TAU standard values Ry = 8.5 kpc and 6y = 220 km sec™! (the
figure is from Fich et al. [106]).
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Figure 4.6: Distribution of galactocentric distances of all ~ 800 sources with velocity

data (solid line). The dot-dashed line shows the distribution of 575 sources with radial
velocities, |V,.| > 10kms™.
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this effect, we consider only objects with |V,| > 10kms™!. As a consequence, we are left
with 575 sources.

The distribution of the derived galactocentric distances is shown in Fig. 4.6, where the
peaks corresponding to the spiral arms at R = 4, 6 and 8 kpc are visible. The latter
peak, due to sources on or near the solar circle, however disappears if we consider only

sources with |V;] > 10kms™.

4.3.2 The Electron temperature data and the Galactocentric
distance gradient

Determinations of the electron temperatures are, for HII regions, particularly important.
In fact, this physical quantity is used to compute the abundances of heavy elements
and these, in turn, enable us to trace the Galactic chemical evolution. In particular,
the electron temperature needs to be estimated with high accuracy: as pointed out by
Shaver et al. [288], a 40% change in the electron temperature can change the estimated
abundances by an order of magnitude. In the optical band the electron temperature
is usually obtained by measuring the intensities of [O;r;] 4353 or [IN;;] 5755, both very
weak lines which are detectable only in relatively hot (> 7000 K) and bright HII regions.
The number of HII regions for which reliable abundances can be obtained is therefore
severely limited. However in our Galaxy, electron temperatures can also be determined
from radio recombination line data and this method allows us to achieve accuracies of
a few percent (Shaver [286]). Moreover, recombination lines can be detected for a large
number of sources thus widely complementing the optical estimates. A useful relation
for computing the electron temperature, 7, is:

AV, 1.908 x 10*veX N, /N,
T, ¢ T.15InT, —In(20.18)]

kmsec™ ' K™! (4.5)

(Shaver et al. [288]). In this expression, AV is the linewidth to half intensity in km
sec™!; T} the line temperature in K; T¢ the temperature of the underlying continuum
in K; xn, = 1.58x10°/n?T, in K~! ; N, the number density of hydrogen ions®. Eq. (4.5)
shows that, also at radio wavelengths, estimates of electron temperatures are not trivial,
although less complicated than in the optical band, due to the fact that they require
simultaneous accurate measurements of the line and of the continuum.

Electron temperatures are available for 404 of the 575 sources in our catalog with more
reliable estimates of R, (Caswell & Haynes [53]; Downes et al. [94]; Reifenstein et
al. [252]; Wilson et al. [343]; Wink et al. [346], [347]). We are then in a position
to investigate the dependence of HII region electron temperatures upon Galactocentric
distance. Such gradient is thought to be causally related to the abundance gradient, as
oxygen is one of the principal coolants in HII regions. Non-LTE effects should be small
over the entire range of frequencies 5 to 22 GHz (Shaver et al. [288]; Wink et al. [347]),

5The term N, /N, accounts for the helium abundance.
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Figure 4.7: Electron temperatures versus galactocentric distance. The solid line shows
our least-squares linear relationship, the dot-dashed line that found by Shaver et al.
[288].

so that corrections to the computed 7, values are not necessary. When two or more
values of T, are available for the same source, their weighted average has been taken.
The data shown in Fig. 4.7 confirm the previously reported correlation between T, and
R, based on much smaller samples (Churchwell et al. [57]; Downes et al. [94]; Shaver et
al. [288]). The least-square linear relationship is:

T, = (4166 + 124) + (314 £ 20)R K (4.6)

close to the previous result by Shaver et al. [288] who found T, = (3150 £ 110) + (433 +
10)R K.

Shaver et al. [288] have shown that the electron temperature gradient is a function of
both the effective temperature, Tuy, and the electron density, n.. Such a dependence
could explain much of the observed scatter.

4.4 Distances from the Sun

The galactocentric radius R is related to the distance D from the Sun by the equation:
R = (R:+ D?—2DRycosl)? , (4.7)
which has obviously, in general, two real solutions for D if R < Ry:

Dfarjmear = Ro(cos % (cos 12 — (1 — (R/Ry)?))?) (4.8)
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corresponding to the two intersections of the line-of-sight with the orbit of radius R. The
solution is unique only for sources lying outside the solar circle or whose line-of-sight is
tangent to their orbit.

To break the degeneracy we need auxiliary data. Two kinds of data have been used:
absorption lines and optical counterparts. Since only neutral (HI) or molecular (H,CO
and OH) gas in front of an HII region can absorb its continuum emission, if the region
is at the “near” distance the gas absorption line velocity is lower than its recombination
line velocity. On the other hand, if the HII region is at the “far” distance it is possible to
detect absorption at a velocity higher than that of its recombination line. At the same
time, if an optical counterpart is detected, then it is very likely that the HII region is
at the “near” distance since the heavy dust obscuration at optical wavelengths makes
detections of far sources quite difficult.

Tables 4.2, 4.3 and 4.4 list the sources for which the ambiguity can be resolved using
auxiliary data. HI data are mainly taken from Kuchar & Bania [187] and Caswell et al.
[52]. Additional data are taken from Kerr & Knapp [180] and Goss & Radhakrishnan
[131]. H,CO data are from Wilson [345]. Optical identifications are from the catalogs
by Marsélkové [208], Blitz et al. [24], and Brand & Blitz [28]. Complementary data on
individual sources are from Miller [222] and Shaver et al. [287].

Of our 575 sources with |V,| > 10kms™!, 117 have a unique solution for D (84 lie outside
the solar circle and for 33 the line of sight is tangent to their galactocentric orbit); for 177
others we have additional data allowing us to discriminate between the two solutions;
281 are left with the distance degeneracy. For the latter, we need an additional distance
indicator.

4.4.1 The luminosity-physical diameter correlation

A rough proportionality between luminosity and linear diameter is expected based on
the following argument. The luminosity is proportional to the product of the emission
measure (which is proportional to the linear diameter) with the square of the angular
size. But, for our sample, the distribution of angular sizes has a dispersion of only 6’
which is small enough not to swamp the correlation with the emission measure.

In order to verify the correlation, we have selected from the catalog presented in Chapter 3
the HII regions with flux densities, S,, and angular diameters, , measured with the same
instrument as well as with an unambiguous determination of the distance, D, from the
Sun. We have 57 such sources with measurements at 2.7 GHz and 190 with measurements
at 5 GHz. At both frequencies we find a highly significant correlation between the
luminosity L, = 4mD?S, and linear diameter (see Fig. 4.8). The Pearson correlation
coefficients are 0.54 (corresponding to a probability p ~ 107° that the correlation is
occurring by chance) at 2.7 GHz, and 0.56 (p ~ 107'") at 5 GHz.

On the other hand, we should worry about the possibility that the correlation is an
artifact arising through the dependence of luminosity on D? while the linear diameter
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Table 4.2: Galactic HII regions for which the distance ambiguity was resolved using
auxiliary data. The (o) denotes HII regions with an optical counterpart, for which the
“near” solution was chosen; (al) and (a2) denote sources for which, respectively, HI or
H,CO absorption data are available.

l b Near or Far [ b Near or Far
kinematic distance kinematic distance
6.4 -0.5 near (o) [19.1 -0.3 near (a2)
6.5 0.1 near (al) | 19.6 -0.2 near (a2)
6.6 -0.3 near o) |19.6 -0.1 near (a2)
6.6 -0.1 near (al) [ 19.7 -0.1 near (a2)
6.7 -0.2 near (al) | 21.0 0.1 far (a2)
7.0 -0.2 near (o) {219 0.0 near (0)
84 -0.3 near (a2) | 22.8 -0.5 far (a2)
8.7 -04 near o) 229 -0.3 far (a2)
10.5 0.0 near (a2) | 22.9 0.7 near (0)
11.7 -1.7 near (o) |23.0 -04 far (a2)
124 -1.1 near (o) |231 06 near (o)
134 0.1 far (a2) | 234 -0.2 tangent (a2)
14.0 -0.1 near (a2) | 23.5 -0.0 far (a2)
14.2 -0.2 near (o) [23.7 0.2 tangent (a2)
14.2 -0.1 near o) 1239 -0.1 far (a2)
144 -0.7 near (a2) | 24.0 0.2 far (a2)
14.6 0.0 near (o) |24.2 -0.1 far (a2)
14.6 0.1 near (a2) | 244 0.1 tangent (a2)
15.0 -0.7 near (o) | 245 0.2 tangent (a2)
15.1 -0.9 near (o) | 245 0.5 tangent (a2)
15.1 -0.7 near (o) |24.7 -0.2 tangent (a2)
15.2 -0.8 near (a2) | 24.7 -0.1 near (0)
15.2 -0.6 near (a2) | 24.8 0.1 tangent (al)
16.6 -0.3 near (o) [25.3 0.3 near (o)
16.9 0.8 near (o) 254 -0.3 far (a2)
17.0 0.8 near (o) | 254 -0.2 far (a2)
170 0.9 near (a2) | 25.7 0.0 far (a2)
18.1 -0.3 near (a2) | 25.8 0.2 tangent (a2)
18.2 -0.3 near (o) ]26.1 -0.1 far (a2)
182 -0.4 near (a2) | 27.3 0.1 far (a2)
18.3 -0.4 near (a2) | 275 0.2 far (a2)
183 -0.3 near (a2) | 28.6 0.0 far (a2)
18.3 1.9 near (a2) | 28.7 0.0 far (a2)
18.7 2.0 near (o) |28.8 0.2 tangent (a2)
189 -0.4 near (o) 129.0 -0.6 near (o)
18.9 -0.5 near (a2) | 29.1 -0.7 near (o)
19.0 -0.0 near (a2) | 29.9 -0.0 far (a2)
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Table 4.3: Galactic HII regions for which the distance ambiguity was resolved using
auxiliary data. The (o) denotes HII regions with an optical counterpart, for which the
“near” solution was chosen; (al) and (a2) denote sources for which, respectively, HI or
H,CO absorption data are available.

! b Near or Far l b Near or Far
kinematic distance kinematic distance
302 -0.1 far @2) | 39.9 -1.3 near ()
30.5 0.0 near (o) | 40.5 25 near (0)
305 0.4 near (o) | 41.1 -0.2 far (al)
30.6 -0.1 tangent (al) | 41.2 04 near (al)
30.7 -0.3 tangent (a2) | 41.5 0.0 far (al)
30.8 -0.0 near (al) | 421 -0.6 near (al)
31.0 0.0 far (al) | 424 -0.3 far (al)
312 -0.1 far (al) | 42.6 -0.1 near (al)
31.3 0.1 tangent (al) | 439 -0.8 far (al)
314 -0.3 near (a2) | 44.3 0.1 near (al)
314 0.3 tangent (a2) | 45.1 0.1 far (al)
31.6 0.1 near (al) | 45,5 0.1 far (al)
31.8 1.5 near (o) | 46.5 -0.2 near (al)
322 0.1 far (al) | 48.6 0.0 far (al)
328 0.2 far (al) | 48.6 0.2 far (al)
33.1 -0.1 tangent (al) | 494 -0.2 far (al)
334 -0.0 far (al) | 51.1 0.2 far (al)
343 0.1 near (al) | 52.8 0.3 far (al)
349 -0.0 near (al) | 53.6 0.0 near (0)
351 -1.5 near (a2) | 53.6 0.2 far (al)
352 -1.8 near (a2) | 60.9 -0.1 near (0)
353 -1.8 near (a2) | 62.9 0.1 near (0)
35.6 -0.5 near (al) | 63.2 0.4 near (0)
356 -0.0 far (al) | 63.2 0.5 near (0)
35.6 0.1 far (al) | 302.8 1.3 near (0)
357 -0.0 near (a2) | 3054 0.2 far (al)
36.3 -1.7 near (o) {3087 0.6 near (0)
36.5 -0.2 far (al) | 311.0 04 near (0)
374 -0.2 far (a2) | 311.9 0.1 far (al)
374 -0.1 far (al) | 311.9 0.2 far (al)
374 -0.0 far (al) | 316.8 -0.1 near (0)
375 -0.1 far (al) | 316.8 -0.0 near (0)
376 -0.1 far (al) | 317.0 0.3 far (1a)
377 -0.1 far (al) | 320.2 0.8 near (0)
37.8 -0.2 far (al) | 321.1 -0.5 near (0)
379 -04 far (al) | 322.2 0.6 near (al)
38.1 -0.0 far (al) | 324.2 0.1 near (0)
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Table 4.4: Galactic HII regions for which the distance ambiguity was resolved using
auxiliary data. The (o) denotes HII regions with an optical counterpart, for which the
“near” solution was chosen; (al) and (a2) denote sources for which, respectively, HI or
HoCO absorption data are available.

l b Near or Far [ b Near or Far

kinematic distance kinematic distance
326.6 0.6 near (al) | 333.6 -0.2 near (al)
326.7 0.6 near (o) 13364 -0.2 near (o)
327.3 -0.6 near (al) | 336.5 -1.5 near (al)
327.3 -0.5 near (o) |336.8 0.0 far (al)
328.0 -0.1 near (o) {3371 -0.2 far (al)
3283 04 far (al) | 337.9 -0.5 near (al)
328.6 -0.5 near (o) |338.9 0.6 near (al)
3309 -04 near (al) | 340.8 -1.0 near (al)
331.3 -0.3 near (al) | 345.4 -0.9 near (al)
3315 -0.1 far (al) | 3454 14 near (al)
3328 -1.4 near (o) | 3482 -1.0 near (o)
3328 -0.6 near (o) | 348.7 -1.0 near (0)
333.0 -0.4 far (al) | 3505 1.0 near (o)
333.1 -04 near (o) | 351.6 -1.3 near (o)
333.3 -0.4 near (o)
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104 4. Spatial distribution of Galactic HII regions

Table 4.5: Fractions of near (N), far (F), and tangent (T) solutions resulting from absorp-
tion data. The last column shows the number of sources of the catalog whose distance
ambiguity is resolved through listed HI absorption data.

N %) F (%) T(% N

Kuchar & Bania [187] 20 72 8 40
HI Caswell et al. [52] 67 28 5 18
Kerr & Knapp [180] 55 45 - 9
H,CO Wilson [345] 44 37 19 84

is proportional to D. To check if this can be the case, we have computed the partial
correlation coefficient between the two quantities, i.e. the correlation at constant D. For
the combined sample of 190+ 57 sources (extrapolating to 5 GHz the 2.7 GHz fluxes with
a spectral index of —0.1, S oc %!, as appropriate for optically thin free-free emission)
we find a partial correlation coefficient of 0.37 for which p ~ 1078, The correlation is
therefore clearly physically significant. This issue will be further discussed in section 4.5.
Assuming a linear relationship between log L, (in erg/s) and logd (in pc):

log L, =a+bxlog d (4.9)

a least square fit yields @ = 31.9, b = 1.05 at 2.7GHz and a = 32.4, b = 0.86 at 5 GHz.
Combining the two samples, we obtain a = 32.1, b = 0.88 at 5 GHz.

The solar distance D can then be estimated as:

b -1
e (O\TT [ v \FE [ S \F
— =5 | — k 4.
D=10 b<1”> (1GHZ> (1Jy> be (4.10)

Although the dispersion around the above relationship is too large to make it a good
distance indicator for individual sources, it allows us to discriminate in a statistical
sense among the “near” and “far” solutions. To test the reliability of this approach we
have applied it to the 177 sources for which the distance degeneracy has been broken
using complementary data. We find that the fractions of “near” (~ 65%) and “far”
(~ 35%) distances are correctly reproduced although the correct distance is assigned to
only ~ 60% of individual sources.

We have homogeneous measurements of flux densities and of angular diameters at either
2.7 or 5 GHz for 256 out of the 281 HII regions with distance degeneracy. To these
sources we apply eq. (4.10). We find that 100 (~ 40%) objects are assigned to the
“near” solution and 155 (~ 60%) to the “far” solution.

To cross-check our result we consider the distribution of the 256 sources in the log L, —
logd plane, assuming that they are either at the “near” or at the “far” distance (see
Fig. 4.9). There is a better fit to the luminosity - diameter relation of eq. (4.10) for the
“far” solution. However, the spread is greater than in Fig. 4.8, suggesting that there is
a mix of near and far distances, with the majority being at the “far” distance.
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Figure 4.8: Luminosity-physical diameter correlation at 2.7 (57 sources) and 5 GHz (190
sources) for HII regions with unambiguous distances.
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Figure 4.9: Luminosity-physical diameter best-fit derived for unique distance plus aux-
iliary data sources (solid line) overlaid on the luminosity-physical diameter distribution

obtained assuming near (upper panel) or far solutions (bottom panel).
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Figure 4.10: Distributions of solar distances for HII regions. The Panel (a) shows the
distribution of all 294 sources with unambiguous distance estimates (solid histogram) and
of the subset of 177 sources whose near/far degeneracy was broken by complementary
data (dashed). The insert details the distributions of the various kinds of complementary
data. Panel (b) shows the distribution of 256 sources with near/far degeneracy resolved
using the luminosity-diameter relationship; the dashed line shows the expected shape in
the case of a uniform distribution of HII regions in the solar circle.

20% R > Rg (0) _g

20k R<R  (b) 3
z Ok
1o
o e 000l aea n
20% R<R () 4
z L R
OA Mo o oo« ]

20 40 60 80

Physical diameter (pc)

Figure 4.11: Distributions of linear diameters. Panel (a): 117 sources with unique solu-
tions for solar distances; panel (b): 256 sources with near/far degeneracy resolved using
the luminosity-diameter relationship; panel (¢): 177 sources with near/far degeneracy
resolved using auxiliary data.
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Figure 4.12: Distributions of 2.7 GHz luminosities. Panel (a): 117 sources with unique
solutions for solar distances; panel (b): 256 sources with near/far degeneracy resolved us-
ing the luminosity-diameter relationship; panel (c): 177 sources with near/far degeneracy
resolved using auxiliary data.

4.4.2 Distance degeneracy and properties of the sample

We will now consider the implications of breaking the distance ambiguity on the prop-
erties of the HII regions lying within the solar circle (R < Ry). The considerations will
include the distributions of radial distance from the Sun, the physical diameter and the
source luminosity.

The distribution of distances from the Sun from different samples with unambiguous
distances are shown in Fig. 4.10(a). The dashed line is for the 177 sources with R < R,
whose distance ambiguity has been resolved using the complementary data plotted in
the insert. The full line is the sum of these 177 sources plus the 117 sources at R > Ry
with unambiguous kinematic distances.

Fig. 4.10(b) shows the distributions of sources whose near/far degeneracy has been re-
solved using the luminosity-diameter relationship. It can be seen that the number of
sources reaches a first peak at 3-5 kpc from the Sun followed by a minimum at 6-9 kpc
and a second peak at 10-14 kpc. The minimum corresponds to distances from the Sun
which include the Galactic centre region where there is a deficit of detected sources.

As a further check, we consider the extreme case of a uniform distribution of HII re-
gions in the galactic plane. Under this assumption, the expected number N of sources
in the region of the Galactic plane at a distance D + AD from the sun is given by
N(D) = K x (8- D-AD), where §=arcos(D/2R,) is the angle subtended by the portion
of the Galactic at distance D 4+ AD from the sun, and K is the uniform density of HII
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Figure 4.13: Variation of bin-averaged z with distance from the Galactic centre, R.

regions. According to this calculation the distribution has a peak at 12-14 kpc from the
Sun. We conclude that the distribution in Fig. 4.10(b) is an acceptable fit to expecta-
tion, but with a small deficit of more distant sources. This deficit is expected given the
incompleteness of the catalog at faint fluxes (see Fig. 3.6 in Chapter 3). Application of
eq. (4.10) would appear to have been successful.

The distribution of sources in Fig. 4.10(a) with R < Ry (dashed line) shows a strong
deficit in the range 12-14 kpc compared with Fig. 4.10(b). There are a number of
contributing factors. Those sources with optical counterparts are preferentially nearby
because of obscuration at larger distances. In addition, it is more difficult to measure
accurate absorption spectra for sources at lower flux densities; these will again be pref-
erentially at larger distances. Table 4.5 illustrates this situation. The deeper survey by
Kuchar & Bania [187] shows a near to far number ratio 20:72; this may be compared
with the expected ratio 25:75 for a uniform distribution in the Galactic plane. The less
deep survey by Caswell et al. [52], Kerr & Knapp [180] and Wilson [345] have a majority
of sources at the near distance.

We now turn to the distribution of linear diameters deduced from the application of
our technique of resolving the distance ambiguity. Low diameter sources are somewhat
under-represented in Fig. 4.11(b), since objects in this sample are on average at greater
distances as seen in Fig. 4.10(b). Fig. 4.12 shows the 2.7 GHz luminosity distribution for
the same three samples of sources as in Fig. 4.11. The 256 sources (Fig. 4.12(b)) whose
distance ambiguity is broken by the use of eq. (4.10) have higher intrinsic luminosities
than the other two samples. Again this is because of their greater average distances for
similar flux density and angular size distributions.
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4.4.3 The z-distribution of Galactic HII regions

We take all 550 HII regions with distance determinations and estimate their z distances
from the Galactic plane using the expression:

z = (D x sin(b)) x 10° (4.11)

where z isin pc, and the distance D from the Sun is in kpc. For the Northern (quadrants T
and IT; 0° < [ < 180°) and the Southern (quadrants ITT and TV; 180° < [ < 360°) Galaxy,
we have binned the galactocentric distances, R, into annuli 0.2Ry wide. Fig. 4.13 shows
the mean of the z-distribution, < z; >, where ¢ is the index of the bin. The increasing
< z; > with R in quadrants I and II and a corresponding decrease in quadrants III and
IV clearly show the warp® of the Galactic plane well known from HI and CO studies
(see, for example, Burton [49]), although of in the case of HII regions it has a smaller
magnitude.

In order to investigate the thickening of the HII region layer with R, we have also
computed, for each bin, the width o; of the z-distribution:

eI

g; = [i(q- < zZ; >)2} (412)

where N is the number of sources in the i-bin (see Table 4.6). The uncertainty on o is
dominated by the sampling error, that we have estimated following Danese et al. [76],
on the assumption of an underlying Gaussian distribution. The result is illustrated in
Fig. 4.14 for all 550 sources with distances and shows that on both sides of the Galaxy, the
HII region layer thickens with increasing R. A similar effect is found for the distribution
of OB stars by Bronfman et al. [41] and for the distribution of molecular gas, based on
the data from Cohen et al. [61], Grabelsky et al. [136], May et al. [213] and Digel [89],
as reported in Bronfman et al. [41].

For R < Ry, the width of the z-distribution (Fig. 4.14) is almost constant. Table 4.7
gives the azimuthally averaged values of o for the combined Northern and Southern data
sets. The best-determined distances give o =~ 39.3 pc; when the data for HII regions
with distances relying on eq. (4.10) are included, o ~ 52pc. These values are similar
to the values o = 32 pc derived for dust-embedded OB stars (Bronfman et al. [41]) and
o = 5lpc for the Hy layer (Bronfman et al. [40]). The HI (Malhotra [205]; Binney &
Merrifield [20]) layer is wider by a factor of about 2. Pulsar dispersion measures indicate
a thin disk of ionized hydrogen with ¢ = 70 pc (Reynolds [260]).

The negative mean value of z, < z >, is consistent with the well known result that the
sun lies above the plane: Reed [247] finds z; = 10-12 pc by analyzing the distribution
of 12,522 OB stars.

6See section 1.2.2 in Chapter 1.
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Figure 4.14: Azimuthally-averaged thickness in the Northern (0° </ < 180°) and South-
ern (180° < 1 < 360°) Galaxy (filled circles). Also shown for comparison are the UCHII
layer (solid line), the Hy layer (dashed line) (both from Bronfman et al. [41]) and the
HI layer (dotted line). Data are from Malhotra [205] for R < Ry and from Binney &

Merrifield [20] for R > Ry.

Table 4.6: Azymuthally-averaged o, for the Northern and the Southern hemisphere with
sampling errors, under the assumption of an underlying Gaussian distribution. Centroids
of the bins (Ry;,) and number of sources per bin (V) are also shown.

Northern Southern
Ry (kpe) | N o, (pc) N o, (po)

3.9 103 477587 36 34.3%37
5.6 124 56.953 96 56.2738
7.3 41 43.6f5° 57 48.8%%3
9.0 10 712755 24 67.17328
10.7 19 129.3730% 15  67.6785¢
12.4 8 987, 5 11477820
14.1 4 2750 - -

110



4.5 CONCLUSIONS 111

Table 4.7: Width ¢ and mean, < z >, of the z-distribution within the solar circle. The
results in the first column use sources with unique solutions (u) plus sources whose dis-
tance degeneracy was resolved with auxiliary data (aux) or with the luminosity-diameter
correlation (assig). In the second column, the last group (assig) of sources is not included.

o (pc) o (pc) <z> (pc)
utaux-assig u-taux
52 - -11.3
- 39.3 -7.3

4.5 Conclusions

We have analyzed the spatial distribution of 550 Galactic HII regions taken from the
2.7 GHz catalog presented in Chapter 3, exploiting the extensive database of kinematic
information included in the catalog. For each source we have derived a galactocentric
distance using the FBS89 rotation model.

Distances from the Sun could be unambiguously derived for 117 sources, lying either out-
side the solar circle (84) or on a line-of-sight tangential to their orbit (33). A highly sig-
nificant correlation between luminosity and linear diameter was found for these sources.
The corresponding least-square linear relationship in the log-log plane was used to re-
solve, at least in a statistical sense, the distance ambiguity for an additional 256 sources.
The reliability of this approach was successfully tested comparing the distributions of
solar distances, linear diameters and luminosities so obtained with those of sources with
unambiguous distances.

An analysis of the z-distribution of HII regions shows:

1. an increase of the mean value of |z| with R, for R > Ry, reflecting the shape of the
warp;

2. a corresponding increase of the width of the distribution as a function of R, com-
parable to what is seen for the OB stars (Bronfman et al. [41]) and the molecular
gas distribution (Cohen et al. [61]; Grabelsky et al. [136]; May et al. [213]; Digel

(89]);

3. an azimuthally-averaged thickness of the HII region layer within the solar circle
similar to that of OB stars (Bronfman et al. [41]) but narrower than those of the
diffuse HII and HI (Reynolds [260]).

To check to what extent the above results depend on the adopted linear diameter—
luminosity correlation, we have repeated the analysis adopting the extreme assumption
that the two quantities are totally independent. In this case we have used the mean
linear diameter (d = 7.6 pc) of sources with known solar distance as a distance indicator.

111




112 4. Spatial distribution of Galactic HII regions

120 T T T T
1005- _
80} ]
Zso}
40}

201

o] IR v
-600 -400 -200

400 600

Figure 4.15: z-distribution of the 456 sources at R < R, whose solar distance is either
unambiguous or assigned through the luminosity-diameter correlation. Overlaid are a
gaussian (solid line) and exponential curve (dashed line) with o taken equal to 52 pc
(see Table 4.7) and normalized to the number of plotted sources.

The results for R > Ry (and, in particular, the increase of | < z > | and the thickening
of the z-width with increasing R) are obviously unchanged since objects outside the
solar circle are unaffected by the distance degeneracy. For R < R, we find ¢ = 51.4 pc,

<z >= —7.2pc, not significantly different from the values found using the correlation
(see Table 4.7).

Also, we confirm, for a much larger sample, the positive gradient of electron temperature
with galactocentric distance discovered in previously published works.

The 2-D distribution within the Galactic plane of HII regions having distances deter-
mined in the present study is shown in Fig. 4.16. The HII regions show spiral-like
structures, in acceptable agreement with the spiral arms delineated by the TC93 model.
This fact is partly expected due to the fact that the skeleton model of the arm shapes
in TCI3 is derived from the map published in Georgelin & Georgelin [125], built on the
basis of velocity data from Reifenstein et al. [252] and Wilson et al. [343]) comple-
mented by the information contained in Downes et al. [94] and Caswell & Haynes [53]
(see section 4.2). However, our analysis exploits data not available for the TC93 analysis
(see Table 4.1) and makes use of a different rotation curve. From this point of view,
the agreement with the TC93 model is not a trivial result. A more detailed study of
the spiral arm structure is beyond the goal of this work and represents one of the future
developments of the current analysis.

112



'70°

110°

4.5 CONCLUSIONS 113
180°
>
o
o
90°
S
o
o
50°
<
| J
0 4 kpc

o unambiguous distances (unique + with complementary data)

A correlation—assigned distances o

OO

Figure 4.16: 2-D distribution of 550 HII regions from the catalog presented in Chapter
3. The diamonds correspond to the 117 sources for which there is no distance ambiguity,
plus the 177 sources for which the distance degeneracy was resolved thanks to auxiliary
data. The triangles correspond to the 256 sources to which the luminosity-diameter
correlation was applied. Also shown is the spiral arm model by Taylor & Cordes [311].

An updated version of this model is given in Cordes & Lazio [67], [68].
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Chapter 5

Applications of the HII region
catalog

5.1 Introduction

We have described in Chapter 3 the construction of an extensive data base of radio
observations of HII regions which has been distilled into the Synthetic Catalog of 1442
objects at a frequency of 2.7 GHz. We consider some uses of this catalog and of the
associated Master Catalog for CMB studies as well as for studies of individual HII re-
gions and, more in general, of the Galactic emission. The chapter is organized as follows:
section 5.2 shows that HII regions are easily detectable by instruments devoted to CMB
observations therefore contributing significantly to the foreground signal. Section 5.3
discusses the reasons for considering HII regions in the process of instrumental calibra-
tion. Section 5.4 deals with the role played by HII regions for pointing and beam-shape
reconstruction. In section 5.5, we analyze the straylight effect produced by the overall
distribution of Galactic HII regions. In section 5.6, we describe the use of the catalog
in view of observations of HII regions in the poorly explored, yet scientifically relevant,
millimetric spectral region while, in section 5.7, we discuss how, by taking into account
the thermal emission from HII regions, it is possible to explain the lack of a clear corre-
lation between total intensity and polarized emission from the Galactic plane. Finally,
in section 5.8 we summarize the main conclusions of the chapter.

5.2 Detectability of HII regions

The rms noise in Jansky per second of integration, rms, , is related to the rms antenna
temperature in Kelvin degrees per second of integration, 7msys o, by:

(rmsis /Jy) = 2.95 x 107*(FWHM /arcmin)® - (v/GHz)?(rms1,,4/K) (5.1)
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Figure 5.1: Differential (bottom curves) and cumulative distributions (upper curves) of
S/N ratios of HII regions in the Synthetic Catalog at 30 and 100 GHz for PLANCK
(dotted lines) and COBE-DMR (dash-dot lines). The S/N binsize for the differential
distribution is of order of ~ 0.05. The COBE-DMR angular resolution is 7° at both
frequencies. PLANCK has a nominal FWHM of ~ 33.6" at 30 GHz and 10’ at 100 GHz.

where FWHM is the full-width at half maximum of the instrument beam and v is the
frequency. More generally, this expression relates the flux density to its antenna temper-
ature of a point-like source on the axis of a Gaussian, symmetric beam.

Eq. (5.1) can be then used to determine the S/N ratio for a point source of a given
flux density. Appropriate correction factors need to be applied if the source is extended.
For example, in the case of an extended source with uniform surface brightness, the S/N
ratio is ~ 40 to 90 % of the value computed with Eq. (5.1) if its diameter is ~ 2 — 3 times
the beamwidth or ~ 1/2 — 1/3 the beamwidth, respectively. The S/N ratio represents
an easy way to compare the signal produced by Galactic HII regions with the sensitivity
of a typical CMB anisotropy experiment. Therefore, we have performed this calculation
in the case of the high resolution satellite experiment PLANCK by ESA !, scheduled
for launch in 2007. PLANCK will observe the entire sky with a sensitivity at the end
of the mission of about 10 pK per resolution element. The beamwidths vary between
~ 33.6" and 5’ from 30 to 857 GHz respectively. For numerical estimates, we consider
here the channels at 30 and 100 GHz which have a nominal FWHM of ~ 33.6" and 10'.
For comparison, we make the same calculation for COBE-DMR for which, at 31.5 and
90 GHz the rms temperature was 150 and 100 K and the beamwidth was 7° (Boggess
et al. [26]).

The S/N for all the HIT regions in the Synthetic Catalog have been calculated as discussed
above. The flux densities were estimated at each frequency extrapolating the values at 2.7
GHz with a spectral index of 0.1 (S, oc »"%!). Fig. 5.1 shows the number of sources per

Thttp://planck.esa.nl
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Figure 5.2: Simulated map, in terms of antenna temperature at 30 GHz, of the distribu-
tion of the Synthetic Catalog HII regions for an instrument with a FWHM of 33.6’. The
map is displayed in an all-sky Mollweide projection. The colours indicate the values of
log(Tantenna) (see the colour bar). Signals reach values of up to tens of mK. See also the
text.

S/N bin, given a binsize of ~ 0.05 (differential distribution), and the number of sources
with S/N greater than a given value (cumulative distribution) for both PLANCK and
COBE-DMR at ~ 30 and ~ 100 GHz. From Fig. 5.1 it is clear that the vast majority
of sources in the Synthetic Catalog produce a signal well above the PLANCK detection
threshold: 80% of them will have S/N > 100 (note, however, that the confusion noise
has not been considered).

Thus, PLANCK’s high sensitivity and high resolution should allow to significantly ex-
tend the existing HII regions data base. It is important to emphasize that none of the
individual HII regions can been seen by COBE-DMR whose sensitivity, according to
Eq. (5.1), is a factor of 6 x 10° lower than PLANCK’s at 30 GHz and a factor 4 x 10*
lower at 100 GHz. Fig. 5.2 shows the catalog HII regions as seen by PLANCK at 30
GHz, where the beam-width is 33.6".

To produce the map in Fig. 5.2, we have implemented a code which simulates the contri-
bution of each source in the Synthetic Catalog at a given angular resolution by assuming
a symmetric Gaussian profile for the source brightness distribution and numerically con-
volves, in real space, the relevant part of the map — obtained after considering the con-
tribution from all the sources in the catalog — with another symmetric Gaussian profile
having the instrument FWHM. The final map is generated in HEALPix (Hierarchical
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Figure 5.3: Simulated maps of the Cygnus X region (left panel) and of the Galactic
Center region (right panel) at 30 GHz with a FWHM resolution of 33.6". The units of
the color bar are mK. Minimum and maximum refer to positive pixel signal values.

Equal Area and IsoLatitude Pixelization of the Sphere, by Gorski et al. [130]). Fig. 5.3
shows the strong Galactic centre and Cygnus X regions. Antenna temperatures as high
as ~ 50mK are seen.

5.3 The role of HII regions in instrumental calibra-
tion

As far as instrumental calibration for CMB observations is concerned, HII regions play
a twofold role. On one side, it is necessary to investigate if, bright sources such as
these, can degrade the calibration accuracy which, for such experiments, is particularly
important?. On the other hand, since HII regions are non-variable sources and have
quite a well-known spectrum, they also appear to be possible candidates for relative
calibration. These two topics are discussed separately in the following.

21t can be shown that, to recover the values of cosmological parameters with the precision of a few
%, CMB experiments must reach a calibration accuracy of order ~ 1% (see, for instance, Cappellini et
al. [50]).
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5.3.1 The impact on the accuracy of absolute calibration

In the framework of the preparatory work for the PLANCK space mission®, Cappellini
et al. [50] have investigated the problem of how to achieve a high calibration accu-
racy by keeping under control the statistical * and systematic ° errors which may affect
the instrument performance. In this context, the contribution of HII regions has been
analyzed. To clarify the subject, a brief summary of the basic calibration concepts is
given.

Calibrating an instrument means converting the output signal of each detector channel
(e.g. telemetry units in the case of a space instrument) to physical units (e.g antenna
temperature). If the instrument response is linear:

TA - GOV + Toﬂ“set (52>

where V7 is the receiver voltage output corresponding to the sky antenna temperature
T4; Tomser the instrumental offset; Gy the calibration factor, constant to first order.
In practice, though, G can vary due to instrumental effects such as variations of the
amplifier gain or thermal instabilities. For differential measurements, as in the case of
CMB anisotropy experiments, the calibration factor is determined by comparing pairs
of sources:

Ty =Ty = Go(Vo — V1) (5.3)

where 15 — 17 = AT, is the antenna temperature difference of the two sources® while
Va—V1 = AV is the corresponding detector output. As we have previously mentioned, the
error on the determination of Gy depends on the a-priori uncertainty on the calibration
source temperatures, oar,, and on the intrinsic detector noise, oay. According to
(Bersanelli et al. [19]):

0Gy \/JiTA + (GOO-AV)Q
Gy ATy

(5.4)

Eq. (5.4) allows an estimate of the accuracy on Gy for a single pair of sources. However,
experiments operating from space cover large areas of the sky and the calibration factor
is evaluated from the overall distribution of AT,y and AV values by minimization of the
x? function:

AW~A%Wﬂ2 (5.5)

OAV,

=X |
k
*For a summary of the instrumental characteristics of the satellite, we refer the reader to section 5.2.
Intrinsic detector noise.
SUncertainty on the emitted flux density of the calibration sources.
Usually, the pair consists of a bright source in the sky and the underlying background.
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where k is the index of the pair of observed points used for calibration. According to
this expression, G is the value of g that minimizes x?(g) while Gy is the true value of
the calibration factor, i.e. the value which has to be recovered.

For CMB anisotropy experiments, an ideal calibration source is represented by the CMB
dipole” which not only always enters the field of view of the instrument, thus allowing to
continuously calibrate it, but also it has been accurately measured by the COBE-FIRAS
instrument (Fixsen et al. [110]). Its amplitude (AT = Tpf = 3.372+£0.014 mK in the
direction (I,b) = (264.14°40.15, 48.26°+0.15)) is known with the accuracy of =~ 0.4%.

In addition to the CMB dipole, different components contribute to the emission at the
frequencies of CMB experiments. These emissions act as contaminants of the prime cal-
ibrator, i.e. the dipole, and generate a systematic uncertainty in the calibration process.
The main sources of emission which have been considered by the analysis are the ones
which are diffuse in nature such as synchrotron, free-free and interstellar dust emission.
Known HII regions drawn from the catalog described in Chapter 3 have also been in-
cluded while extragalactic point sources have not been taken into account at this stage
of the analysis. The amplitude and spatial distribution of all the considered components
have been modelled® to produce synthetic sky maps in the HEALPIx scheme®. Each
emission has been extrapolated to the frequency of interest by using a suitable spectral
index for that specific component. In particular, HII region flux densities have been
extrapolated with the spectral index o = —0.1. The uncertainty associated to these
foreground components have also been considered and a full-sky map of errors, or(a,d),
has been built. With both the synthetic maps for each component and the full-sky error
map at the frequency of interest, two types of sky maps have been produced at each
considered frequency, namely, a calibrator map:

T, 8) = Tyip(er, 8) + Toyne(ct, 8) + Tause (e, 8) + Trp(c, ) (5.7)
which corresponds to our knowledge of the sky based on available data and an observed

map:

T°% (e, 8) = T (o, ) + Trrr(e, 6) + or (v, 9) (5.8)

TA dipole pattern is what appears to an observer who moves with velocity § = v/c with respect to
the CMB field and it is given by:

/1— 32

where Ty is the isotropic CMB temperature and 6 is the angle between § and the line of sight.

8The process of modelling has been performed, in the case of extended emissions, by using available
templates for each diffuse component. In particular, the analysis makes use of the following maps:
for synchrotron emission, the 408 MHz map by Haslam et al. [150}; for dust emission, the 100 pm
TRAS/DIRBE map by Schlegel et al. [274]; for free-free emission, a template has been obtained by
assuming that free-free is spatially correlated with dust and that, its amplitude at 100 GHz is 1 /3 of
that of dust (De Zotti et al. [85]).

9The reader is referred to section 5.2 for details and references.
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where:

O‘T(CY, 6) = \/O.%dip + U%sync + O—%dust + O'%ff (59)

which is the real sky. As we can see from comparison of egs. (5.7) and (5.8), the HII
region emission has been added only in the observed sky. This is because, in order
to be more conservative, the systematic error on the recovery of the calibration factor
introduced by HII regions has been estimated under the assumption that no information
on their presence in the sky is available while calibrating the instrument. To complete
the simulation process, it has then been necessary to create fictitious data streams taking
into account the PLANCK scanning strategy'®: in practice, the calibrator and observed
maps are converted into antenna temperature and convolved with a gaussian beam with
the Full Width Half Maximum (FWHM) of PLANCK at each considered frequency. This
step has been realized by making use of the pipeline developed by the PLANCK Data
Processing Center and which incorporates all the specifics of the payload and of the
receivers (i.e. noise properties). At this point, the calibrator factor G is computed from
the data streams by applying eq. (5.5) for two different time-scales: each hour and day
for a total integration time equal to the mission time (~ 1 year). The results retrieved
by the simulations are the following:

e known HII regions affect less than 0.5% of the sky, contaminating ~ 7% of the scan
circles in a very small number of pixels per circle;

e in a very limited number of cases, the systematic error introduced by the presence
of HII regions goes beyond the threshold of the overall 1% uncertainty which is
required by CMB anisotropy experiments;

e however, if the calibration procedure is repeated excluding in the y2 function the
pixels with known HII regions, the systematic error is significantly decreased also
in those cases.

5.3.2 Candidates for relative calibration

In the previous section, we have seen that HII regions do not impact significantly on
the process of absolute calibration in the case of high-sensitivity, high-resolution CMB
experiments such as PLANCK. In general, these objects cannot be used for absolute
calibration since the accuracy on their flux density and position is often not very high
and, also, the number of transits in the instrument field of view over the entire mission
lifetime is very limited. However, objects such as HII regions can be very useful for the
so-called relative calibration which consists in monitoring the stability of the calibration

PLANCK sits on a Lissajous orbit around the Lagrangian point L2 of the Sun-Earth system. The
spacecraft spins at 1 r.p.m. and the field of view is 5° from the telescope optical axis at a given angle
a =~ 85° from the spin axis which is repointed of 2.5’ every hour to maintain the anti-solar direction.

121
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factor G'! over the mission time. In this case, the physical characteristics which are
required are brightness, compactness and temporal stability which make these sources
easily recognizable in the received signal.

5.4 The use of HII regions for beam-shape and point-
ing reconstruction

HII regions are bright and compact sources so that they represent suitable candidates
for beam reconstruction in experiments operating from radio up to infrared frequencies
with a few arcmin-resolution. In the case of CMB measurements performed from space,
two techniques have been suggested for the in-flight reconstruction of the beam: on one
side, the use of planet transit (Burigana et al. [44]); on the other the use of the interplay
between amplitudes and phases of the CMB signal with the instrumental noise (Chiang
et al. [55]). In particular, the former method, which allows the complete reconstruction
of the beam shape down to a level of -25 dB, despite being originally conceived for planet
transit, can be applied to any other class of bright and compact objects, such as HII
regions. Furthermore, these sources have also the advantage of providing a larger number
of transits over the mission time, compared to planets.

The characteristics which make HII regions viable candidates for beam reconstruction
— brightness and compactness — are also important for pointing reconstruction. It is
important to recall that, for example, a few compact HII regions — namely, RCW38,
RCW57, IRAS08576, IRAS1022 — were used by BOOMERAng (de Bernardis et al. [81])
for this purpose, together with other auxiliary bright radio sources, such as QSOs and
BL LACs. In addition, recently, Walsh [335] has suggested the use of UCHII as pointing
calibrators for single dish submillimeter telescopes.

Both for beam reconstruction and pointing, the HII region Catalog presented in Chapter
3 provides useful information for the selection of sources. As an illustrative case, the
Synthetic Catalog contains 36 HII regions which have a flux density > 30 Jy at 30 GHz"
and a diameter < 5. More accurate flux densities and positions of cataloged HII regions
will also become available soon from ground-based aperture synthesis observations such
as the nearly completed Canadian Galactic Plane Survey'3.

5.5 The contribution of HII regions to straylight

HII regions, as delineated in Fig. 5.3, can in principle also represent a significant con-
tribution to one of the most critical spurious systematic effects in CMB experiments,
the so-called straylight contamination. This effect consists in unwanted radiation coming

118ee section 5.3.1, eq. (5.5) for the definition of G.
12The extrapolation from 2.7 GHz has been made with the spectral index -0.1.
13More information at: http://www.ras.ucalgary.ca/ CGPS/
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from direction far from the optical axis and it does not pertain only to the telescope
but to the entire optical system, including solar panels, shielding, thermal stability and
focal assembly components. The variation of straylight signal over the mission time con-
taminates the anisotropy measurement in a way which is not easily controllable in the
data analysis process. This is mainly due to the fact that an accurate measure, both
on the ground and in flight, of the antenna pattern at very low response levels is quite
complicated. In addition, the straylight signal, once it is reduced by an appropriate
optical design (see below), is expected to be embedded in a mixture of true signal, noise
and other systematic effects (see, for instance, Burigana et al. [43]).

The antenna response far from the beam axis — denoted as sidelobes — largely depend
on diffraction and scattering effects on the edge of the telescope mirrors, as well as
from other supporting structures. Therefore, one can try to reduce the entity of such
features by decreasing the illumination at the edge of the primary mirror which, in
other words, corresponds to increase the edge taper, that is the ratio between the power
per unit area incident on the center of the mirror and the power incident on its edge.
In practise, the higher the edge taper, the lower the sidelobes level and the straylight
contamination. Unfortunately, though, increasing the edge taper has a negative impact
on the angular resolution, once the size of the primary mirror is fixed (Mandolesi et
al. [207]). Consequently, it is extremely important for CMB anisotropy experiments to
reach the best trade-off between the improvement of the angular resolution — required
to measure the high-order acoustic peaks of the anisotropy power spectrum — and the
minimization of the straylight contamination, especially the one due to the Galactic
emission, including the contribution of HII regions.

A systematic investigation of this issue, at 100 GHz'*, has been done by Burigana et al.
[45], again in the context of the preparatory work for the PLANCK space mission. The
general idea behind this analysis is the following: for each receiver and for a given optical
configuration — corresponding to a fixed value of the edge taper for a given position of the
receiver — and a simulated Galactic emission at a specific frequency, fictitious satellite
data streams are produced, taking into account the scanning strategy of the instrument.
The straylight in the sidelobes so obtained is then evaluated for each of the chosen opti-
cal configurations. The best trade-off between angular resolution and straylight is then
the optical configuration which allows a minimization of the straylight signal without
a degradation of the resolution under a certain threshold. In particular, as a reference
frame, two angular regions are defined within the antenna pattern!®: the intermediate
and the far sidelobes. The intermediate pattern is the angular region between 1.2° and
59 while the far pattern corresponds to off-axis angles > 5°. For simulating the Galactic
emission, maps in the HEALPIx scheme!® of each of the emission components — syn-
chrotron, free-free and dust emission — have been built by modelling their amplitude and

4For the choice of frequencies, see section 5.3.1.

151t is important to stress that such definitions are arbitrary and are used only as a practical reference
for the discussion and evaluation of the results.

16See section 5.2. for details and reference on HEALPIx.
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spatial distribution using available extended surveys as a reference'”. The extrapolation
to the considered frequency has been made by adopting a suitable spectral index for
each component. For HII regions, the Synthetic Catalog described in Chapter 3 has
been exploited and source flux densities have been extrapolated with a spectral index of
—0.1. Data streams have been produced by means of the same pipeline adopted for the
calibration study of section 5.3.1. The results of the simulation indicate that:

e the overall straylight contamination is quite low (at the level of a few pK);
e the contamination in the far sidelobes is larger than in the intermediate sidelobes;
e the contribution on the far sidelobes is mainly due to the diffuse components;

e HII regions do not impact significantly on the straylight signal, neither in the
intermediate nor in the far sidelobes;

e a trade-off between angular resolution and straylight is therefore easily achievable
for each receiver.

5.6 Radio/millimeter studies of HII regions

The Synthetic Catalog discussed in Chapter 3 provides a rich source of information for
further studies of individual HII regions. In particular, in this section we want to empha-
size the scientific case for observations in the millimeter band, for which the Synthetic
Catalog may represent a valid tool for selecting detectable sources and estimating flux
densities.

Compact HII regions are bright millimetric sources of our Galaxy. Yet, direct information
on their emission at these frequencies is quite poor, although plenty of measurements
are available both at centimeter and far infrared/sub-millimetric wavelengths. Studies
of selected objects have been performed (Schwartz [276]; Chini et al. [56]; Gordon [128];
Gear et al. [121]) but they concern only very limited samples. Moreover, despite the
wealth of data at neighbouring frequencies, the extrapolation to the millimetric band is
quite complicated. At these wavelengths the transition between two different physical
mechanisms occurs (see Fig. 5.4): at cm wavelengths, the continuum emission is primarily
free-free resulting from the close encounters of unbound, electrically charged particles
ionized by ultraviolet photons; at sub-mm wavelengths, it is mostly thermal radiation
which comes from the dust grains heated by infrared radiation. This fact illustrates by
its own the relevance of observations in this frequency range.

At the same time, millimetric observations of compact HII regions can also shed light on
fundamental questions on the physics of star forming regions. A deeper nunderstanding,
for instance, is required of the physical relationship between the radio and FIR/submm

17See section 5.3.1 for the data base which have been used.
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Figure 5.4: Examples of UCHII region spectra from Kurtz et al. [192]. Spectra range
from radio to near-infrared wavelengths. Each plot is labelled by the Galactic coordinates
of the radio source and also by the figure number which is indexed by source in Table 2
of Kurtz et al. The flux densities shown were obtained with a range of instruments
(references given in Kurtz et al. [192]). The spectra exhibit a remarkable similarity and
in all cases show a peak at ~ 100 pm which is at least three orders of magnitude higher
than the radio continuum peak at ~ 10 GHz.
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emission mentioned above. Because the heating mechanisms are different and because
the two components may be differently distributed within a source, the free-free emission
and the dust emission do not have to be spatially coincident. A displacement between
the radio and the FIR contours of emission in M17 has been detected (Wilson et al. [344];
Gatley et al. [118]). More data are nonetheless necessary to constrain this kind of result.
By combining high-resolution measurement of the emission at millimeter wavelengths
and similar data at centimeter wavelengths, it is possible to realize a comparative study
of the morphology in the two frequency bands.

Likewise, comparison of millimeter data with auxiliary data in the sub-millimeter, FIR
and IR regions establishes the emission spectrum of the dust grains and allows to con-
strain crucial parameters such as the dust temperature and the emissivity index of the
modified black-body spectrum. These two parameters are crucial in narrowing the pos-
sible choices of grain material. A sample of compact HII regions selected from the IRAS
sources has been measured (Chini et al. [56]): the derived average temperatures are in
the range between 26 K and 65 K when the emissivity index, 3, ranges between 2 and
1. Nevertheless, considering the large uncertainty affecting these results, further, more
accurate measurements appear to be necessary.

Although not tightly related to the radio/millimeter studies on individual HII regions we
are considering in this section, it is also worth mentioning that the Synthetic Catalog may
provide a useful crosscheck for source identification in IR experiments such as DENIS
(Epchetein et al. [101]) and 2MASS (Kleinmann [184]) for which a major problem is
represented by the association of an observed source with a bright IR Galactic object
like an HII region rather than with a galaxy.

5.7 HII regions and the polarized diffuse Galactic
radio emission

One of the applications of the HII region Catalog presented in Chapter 3 is in the study
of the polarization of Galactic foregrounds. Such studies are particularly important since
several ongoing or planned experiments (see Staggs et al. [307] for a recent review) are
designed to reach the sensitivities required to measure the expected linear polarization of
the Cosmic Microwave Background (CMB), and CMB polarization measurements have
already been achieved by the DASIT (Kovac et al. [186]) and WMAP (Bennett et al. [14]).
While there is a very strong scientific case for CMB polarization measurements (cf., e.g.,
Zaldarriaga [352] and references therein), these are very challenging both because of
the weakness of the signal and because of the contamination by foreground emission
which may be more polarized than the CMB. Unfortunately, our knowledge of polarized
foreground components is also very meager (see Davies & Wilkinson [77] for a recent
review).

As part of the investigation of the polarized Galactic synchrotron emission (which is the
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Figure 5.5: Total (upper panel) and polarized intensity fluctuations in the area surveyed
by D97 (from Baccigalupi et al. [7]).
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Table 5.1: Bright HiIr regions between 1 = 300° and 1 = 320°.

1 (deg.) b (deg.) Saram,(Jy) Size (')

305.1 0.1 16.3 5
305.2 0.0 62.2 7
305.2 0.2 50.1 4.8
305.4 0.2 62.2 3.5
305.6 0.0 37.6 8
307.6 -0.3 12.2 4.2
308.6 0.6 17.8 7.8
308.7 0.1 12.0 -
308.7 0.6 21.0 -
309.6 1.7 51.0 7.5
310.8 -0.4 16.6 10.9
311.9 0.1 12.9 4
311.9 0.2 11.5 4
312.3 -0.3 10.0 -
316.3 0.0 12.0 -
316.8 -0.1 43.2 2.7
317.0 0.3 15.0 7
318.0 -0.8 11.0 10.8
319.2 -0.4 12.4 2.9
320.2 0.8 11.0 1.8
320.3 -1.4 12.0 -
320.3 -1.0 23.0 -
320.4 -1.1 17.5 6
320.4 -1.0 13.0 5.6

likely dominant foreground contribution at microwave frequencies, at least at intermedi-
ate to large angular scales (Tegmark et al. [314]), Baccigalupi et al. [7] have performed
an analysis of the polarimetric Parkes survey data (Duncan et al. [96], [97]; hereafter
D97). DI7 covers 127° of Galactic longitude (238° < 1 < 5°) out to at least b = +5° (for
340° <1 < 5° the survey extends to b = +7°, for 340° < 1 < 352° to b = —7°, and for
240° <1 < 270° to b = —8°) with an angular resolution of 10.4'. The center frequency
of the observation is 2.417 GHz. A comparison of the total power and polarized emis-
sion maps shows little correlation. The same effect is seen for the medium-latitude 1.4
GHz polarimetric survey (Uyaniker et al. [324]; Uyaniker et al. [325]). While the total
intensity clearly peaks on the Galactic Plane (apart from a number of spurs and loops
extending to high Galactic latitude), the polarized intensity is much more uniformly
distributed. Also, many sources which are very bright in total power are not seen in po-
larized emission and, conversely, bright regions of extended polarization do not appear
to be associated to sources of total-power emission (D97, U99).
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Two main factors may contribute to this situation. On one side, many bright structures
on the Galactic plane are (unpolarized) HII regions and significant thermal radio emission
is also expected between and above bright HII regions in our Galaxy: Duncan et al.
[96] estimate a thermal flux level of the order of 100 mJy per beam area at 2.4 GHz,
comparable to the level of the radio continuum often observed near these regions. The
large thermal contributions to the Galactic emission, which are concentrated close to the
Galactic plane, obviously make it very unlikely that the total intensity power spectra for
these regions can be representative of the synchrotron power spectra at high Galactic
latitudes.

On the other side, differential Faraday rotation or variations of the magnetic field ori-
entation may strongly depolarize the emission from distant regions of the Galaxy (Burn
[46]; Gardner & Whiteoak [117]; for a recent, detailed discussion of depolarization mech-
anisms, see Sokoloff et al. [302]) so that only the polarized emission of relatively local
origin can be observed. The two factors may act together: variations in the density of
thermally emitting electrons may lead to a large enough differential Faraday rotation to
produce substantial depolarization; in addition, the magnetic field may be tangled by
turbulent motions of the ionized gas, leading to further depolarization.

Fig. 5.5 shows the fluctuations around the mean of both total and polarized intensities for
the D97 survey, as a function of the angular distance from the Galactic center, for regions
10° wide in longitude. It may be noted that polarization and total intensity fluctuations
are correlated only near the Galactic center. The intensity peaks are associated to
the most prominent Galactic sources, i.e. the Galactic center and the Vela Supernova
remnant (260° <1< 270°). For polarization, the signals at 320° <1 < 360° are due to
features appearing near the Galactic center such as the polarization “plume” (Duncan et
al. [98]), while away from the Galactic center, at 1 < 320°, only the supernova remnant
produces peaks both in total and in polarized intensity.

Also, and most important, this figure shows that the total intensity fluctuations are
higher by 2 or 3 orders of magnitude than the polarization ones, implying a polarization
degree much lower than the maximum expected for un-depolarized synchrotron emission.

In fact, most of the observed intensity close to the Galactic plane appears to come from
bright HII regions. For example, the region between 1 = 300° and 1 = 320° contains 95
bright HII regions drawn from the catalog presented in Chapter 3; the brightest ones are
listed in Table 5.1 with their flux density at 2.7 GHz and their angular sizes which are
typically in the range 2'-10". It is easily checked that these sources account for most, if
not all, of the total intensity reported by D97. The intensity fluctuations due to them
can be roughly estimated to be:

2
25
)
N, pixels

0 (5.10)

where S; is the flux of the ¢ — th HII region in the Catalog, scaled to the D97 resolution
and to 2.4 GHz by assuming a spectral index of 0.1 (S, oc v7%1), appropriate for the
free-free emission. This yields oy ~ 1 Jy/beam, close to the value of 1.4 Jy/beam that
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we obtain from the D97 data. These sources, bright in total intensity, are not polarized,
although Keating et al. [179] claim that Thomson scattering by the electrons in the HII
region itself may polarize the radiation tangentially to the edges of the cloud structure
at a maximum level of about 10% for an optically thick cloud. Therefore, under the
assumption of no polarization, the observed effect according to which the total power
along the Galactic plane has little correspondence in polarization, as from Fig. 5.5, can
be explained.

5.8 Conclusions

In this chapter, we have seen that the HII region Catalog provides an up to date finding
list for the brightest HII regions available for study at microwave and sub-millimeter
wavelengths. In particular (section 5.2), the Catalog appears to be relevant for future
high sensitivity CMB mapping projects such as PLANCK. We have also shown (section
5.3.1) that, although Galactic HII regions do not impact severely on the recovery of the
calibration factor, individual compact bright HII regions have a role in relative calibra-
tion (section 5.3.2). Moreover, we have seen (section 5.4) that HII regions are useful
as pointing and beam-shape indicators and that (section 5.5) the HII region Galactic
distribution contribute to the straylight radiation without introducing a significant con-
tamination. In section 5.6, we have pointed out the need of observations of HII regions
at millimeter wavelengths for which the Catalog provides information for the selection of
sources and estimates of flux densities. Finally, in section 5.7, we have described part of
an analysis of the polarized Galactic synchrotron emission for which it has been impor-
tant to consider the contribution given by HII regions in order to clarify some features
of the observed signal.
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Chapter 6

A preliminary analysis of the diffuse
component in the thin layer

6.1 Introduction

So far, we have considered only the role of HII regions for the warm ionized gas thin
layer. However, as we know, this is not only contributed by individual sources but also by
diffuse gas. In this chapter, a preliminary analysis of the diffuse component is presented.
At radio wavelengths, the ionized gas emits continuum thermal bremsstrahlung radiation
(also called free-free) as well as recombination lines. Here we focus on the continuum
radiation which, as we have already discussed (Chapter 2, section 2.3.3), cannot be
traced directly being emitted over a range of frequencies similar to that of synchrotron
radiation produced by relativistic electrons accelerated in the Galactic magnetic field.
This fact then requires that, to investigate the diffuse contribution to the thin layer and
its relation with HII regions, we single out the free-free from the total observed radio
emission. Such decomposition can be achieved by exploiting the spectral dependence of
each emission component if data are available at least at two different frequencies. Once
the component separation has been performed, we can study the physical properties of
the free-free distribution and make a comparison with what we know for HII regions.

The chapter is organized as follows. Section 6.2 describes the data base used for the
analysis. Section 6.3 discusses the determination of the zero levels of the considered
surveys. Section 6.4 presents the details of the spectral analysis. Section 6.5 shows the
results of the component separation and the recovered estimate for the contribution of
HII regions to the global free-free emission budget. In section 6.6 the main results of the
analysis are summarized.
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132 6. A preliminary analysis of the diffuse component in the thin layer

6.2 Choice of the data base

We first need to select a region of the Galaxy surveyed at many frequencies, close to the
plane and in a longitude range where we expect the emission from the ionized gas to be
particularly bright. At the same time, we also want to avoid regions where the source of
the observed emission is not fully understood such as areas located in the proximity of the
Galactic center. Following these guidelines, we have decided to conduct our analysis on
the region 20° < I < 30° and —1.5° < b < +1.5°. At ~ 30% and [ ~ 20°, the line of sight
is tangent, respectively, to the Carina-Sagittarius and the Crux-Scutum arm therefore,
in both directions, maximums of emission are expected. As for the latitude range, this
has been somehow limited by the sky coverage of one of the two surveys we have used,
namely the 5 GHz Parkes survey by Haynes et al. [151]. The reason for choosing a data
set with limited latitude coverage relies in the fact that, as we are also going to discuss
in the next section, a spectral component analysis requires, for being reliable, the use of
high-quality data. In this context, the quality of the data is determined, mainly by the
precision of the calibration procedure and by the accuracy in mantaining the baseline
reasonably constant. The 5 GHz Parkes survey and the 408 MHz survey by Haslam et al.
[150] appear to meet such requirements. Details about the surveys are given hereafter
and summarized in Table 6.1.

The 408 MHz survey: The 408 MHz map covers the whole sky and it has been ob-
tained through the combination of four different surveys using, respectively, the Jodrell
Bank MKkI, the Bonn 100-m, the Parkes 64-m and the Jodrell Bank MkIA telescopes.
All the observations were made with a similar observing strategy (i.e. nodding scan
technique, Haslam et al. [149]), on large parabolic reflector telescopes. The antenna
temperatures of all surveys have been calibrated into brightness temperature using the
404 MHz absolutely calibrated observations by Pauliny-Toth & Shakeshaft [238]). Small
corrections were applied to the brightness temperatures of the Jodrell Bank and Effels-
berg 100-m surveys: 1 K and 1.75 K were, respectively, subtracted from the brightness
temperature scales; in the Effelsberg case, the temperature scale so obtained was then
multiplied by 1.085. The temperature scale of the final map is believed to be accurate to
better than 10% while the average zero-level has an uncertainty of £ 3 K. Each survey
was brought to a standard resolution of 0.85% x 0.85° before combination to the final
map.

The 5 GHz survey: The 5 GHz survey was made using the Parkes 64-m telescope and
has an angular resolution of 4.1'. Tt covers 190° <[ < 40° and —1.5° < b < +1.5°. The
primary scan direction was chosen to be either right ascension or declination, whichever
was nearer to being orthogonal to the galactic plane. In particular, the longitude range
336° < 1 < 40° was scanned in right ascension while the longitude range 180° < 1 <
336 was scanned in declination. The region of the sky to be surveyed was divided into
blocks, each block being ~ 16 square degrees in area. Baseline levels within each block
were set by reference to two tie-down scans for which points well off the galactic plane
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6.3 ZERO LEVEL DETERMINATION 133

Figure 6.1: The selected Galactic region — 20° < [ < 30° and —1.5° < b < +1.50 — in
the 5 GHz Parkes survey (top panel) and in the 408 MHz Haslam et al. survey (bottom
panel). Clearly, the 5 GHz survey, having much higher resolution, allows us to distinguish
the details of emission, including individual sources.

were assigned to the zero level. The tie-down scans were chosen to be as long as possible
to keep the overall baselines consistent within an area as large as possible. Overall, the
zero level, although it was set arbitrary, is believed to be constant over the whole series
of blocks (150) to within ~ 0.2 K. The sky brigthness temperature scale has an accuracy
of ~ 10%.

6.3 Zero level determination

As mentioned in the introduction, it is possible to perform the separation of the free-free
from the synchrotron emission by exploiting the information on their spectral behaviour.
However, this method is subject to large errors if the zero levels of each involved survey
has not been accurately determined. For this purpose, we have made use of the auxiliary
data at 2.3 GHz by Jonas et al. [174]. The 2.3 GHz survey, which has been made with
the HartRAO 26-m telescope, covers 67% of the sky with a resolution of 20’. However,
the digital format of the map that we worked with has been convolved to a final angular
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134 6. A preliminary analysis of the diffuse component in the thin layer

Table 6.1: Summary of the main properties of the surveys used for the analysis.

Survey v HPBW  Sky coverage
Haslam et al. 408 MHz 51’ whole sky
Parkes 5 GHz 4.1 1900 < 1 < 40°
2159 < b < 1.5

resolution of 1.2°. The estimateduncertainty in the temperature scale is less than 5%
and the error in the absolute zero is better than 80-mK in any direction. For these
characteristics, the 2.3 GHz data set represents a valid reference for setting the zero
levels of our surveys. Before detailing the method applied to our case, we give a brief
overview of the main concepts involved in the discussion.

Following Reich & Reich [250], the observed temperature 7' at a frequency v can be
written as the sum of a series of contributions:

T(V) - Tgal(y) + Tcmb + Te:c(V) - Tzero(V) (61)

where: T,4(v) is the Galactic brightness temperature; Temp 1s the brightness temperature
of the Cosmic Microwave Background ( = 2.73+0.05 K, Smoot et al. [296]); T¢,(v) is the
contribution of the unresolved extragalactic sources; Tyero(v) is the zero level correction.
The contribution of the unresolved extragalactic sources can be estimated for frequencies
up to ~ 1 GHz according to:

Toe(v) = 30K (v/178 M Hz)™>™ (6.2)

(Bridle[36]). This relation allows the extrapolation of the known value of 30 K at 178
MHz for the steep-spectrum sources. However, at frequencies higher than ~ 1 GHz,
flat-spectrum sources become dominant so that a proper estimate must be performed
with a spectral index flatter than —2.75.

If we consider two frequencies v; and v, and we assume that the spectral index 3 over
these two frequencies is constant in some region of the sky, the following relation is valid:

T (1) = Ap{T (va) — Tors(v2)} + Tops (1) (6.3)

where: Ay = (1 /12)F and T,f;(v) is the offset temperature. From eq. (6.1) and (6.3),
it follows that:

Toff(V) - Tcmb + Tez(y) - Tzero(y) (64)

Consequently, by assuming Ty..,=0 at one frequency, the value for T,ero at the other
frequencies results. The spectral index g can be determined with a so-called T-T plot
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(Turtle et al. [323]), i.e. by means of an extrapolation of the temperature differences
T(11) —T(v2) towards zero. In practise, this technique is a direct application of eq. (6.3)
and consists in a linear fit of the temperature emission distribution at the frequencies
v; and v5. The spectral index  can then be recovered from the slope of the fitted line
while an estimate of the offset is given by the intercept of the line with the x-axis. The
drawback of the method is that it can only be applied in regions of the sky in which
is roughly constant, i.e. in which there are no local intense features of emission. In our
case, the selected region is highly contaminated by individual sources such as HII regions
and SNRs (cfr. Fig. 6.1, the 5 GHz high resolution map). By searching in the HII region
Catalog presented in Chapter 3, we find 102 catalogued sources in the longitude and
latitude range that we are considering. A similar check in the Green Catalog (Green
[137]) of SNRs retrieves 13 objects. Consequently, we are able to make use of the T-T
plot technique for the 408 MHz survey for which high-latitude data are available where
the emission is relatively smooth and unaffected by local intense features. Conversely,
for the 5 GHz data we have worked out a different approach based on the comparison
with the 2.3 GHz data of only selected points in the map where the emission has a known
behaviour and for which a known spectral index can be used to extrapolate from one
frequency to the other. Hereafter, the procedure followed for the 408 MHz and the 5
GHz survey is described in detail.

Zero level for the 408 MHz survey

After convolving the Haslam et al. map to the Jonas et al. angular resolution, we have
selected the region at —15° < b < —5% 20° < | < 30° and the corresponding one at
+5% < b < +15%, 20° < [ < 30°. In this case eq. (6.3) reads:

Toscr: = (2.3/0.408)° {Tuosnrrrs — Tostsonrs. b + Loffsacm. (6.5)
= (2.3/0.408)° Tuosnrsrz — (2-3/0.408)° Tops, v + Tossy o

(6.6)

The 1536, — Taosarm, distribution can then be fitted with a linear funtion such as:
Ts3cm: = a X Taospmz + b (6.7)

where:

a = (2.3/0.408)" (6.8)
b = Tot,oom — (2.3/0.408)" x Tppp, (6.9)

The results are shown in Fig. 6.2. The spectral index from the fitted slopes has a mean
value f = —2.75 which is in good agreement with published values of the spectral index
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Figure 6.2: T-T plots between 2.3 GHz and 408 MHz for —15% < b < —5° (left panel)
and +5° < b < +15° (right panel). The fitted slopes correspond to the spectral indices
B reported in the upper left corner of the plots.

of the diffuse galactic emission at these frequencies (see Fig. 6.3) indicating that the
quoted temperature scale errors of the two surveys are upper limits.

To recover the offset, we have assumed that the absolute zero level of the 2.3 GHz
map is correct. From the values of the intercepts of the fitted lines and from eq. (6.5),
it follows that the 408 MHz offsets for the two considered regions of the sky are: 4.6
K (-15° < b < =5 and 0.6 K (+5° < b < +15°). Thus, different patches of the
408 MHz map seem to be characterized by different offsets. A similar result has been
reported by Jonas [175]. However, the 408 MHz and the 2.3 GHz maps appear to be in
general agreement. In fact, if we consider for both data sets a latitude cut of the region
—20° < b < 420°, 20° < I < 30° and we scale the 408 MHz brightness temperature to 2.3
GHz adopting a spectral index for synchrotron emission § = —2.8, we obtain the result
illustrated in Fig. (6.4): the consistency between the two cuts is very good at |b| >~ a few
degrees from the Galactic Plane where the synchrotron radiation is dominant while in the
proximity of the plane, where the thermal emission is intense, the offset between the two
data sets clearly shows up. Taking this fact into account, we choose to use, as indicative
offset, the mean value 2.6 K which we have obtained by taking the average between the
two found values. This decision is also corroborated by the following consideration. The
minimum value of the 408 MHz map for the range of selected coordinates (20° < [ < 30°,
—~1.5% < b < +1.5°%) is ~ 70 K. Therefore, if we compare this to the offset uncertainty
which is of order of few K, its is clear that the propagated error on the spectral index
analysis due to such uncertainty is basically negligible. We will come back on this point in
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Figure 6.3: A summary of the published measurements of the spectral index of the diffuse
galactic emission. The frequency span of each measurement is represented by the width
of the associated rectangle while the height of the rectangle indicates the uncertainty in
the spectral index. Plotted data are from: Turtle et al. [323]; Penzias & Wilson [241];
Andrew [5]; Yates & Wielebinski [350]; Bridle [36]; Howell [167]; Sironi [292]; Webster
[337]; Hirabayashi [162]; Sironi & Bonelli [293]; Lawson et al. [194]; Reich & Reich [250];
De Amici et al. [80]; Kogut et al. [185]. Data in the shaded areas and figure are from
Jonas [175].

section 6.4.2. For the moment, with the assumption: 7,;;=2.6 K, by considering a CMB
contribution of 2.7 K and an extragalactic contribution of ~ 3 K (computed through the
application of eq. (6.2)), we derive a value of T},,, ~ -3.1 K which is consistent with the
published uncertainty.

Zero level for the 5 GHz survey

For the 5 GHz survey it has not been possible to use a strategy similar to the one
applied to the 408 MHz case. In the 5 GHz survey one can clearly distinguish individual
sources of emission superposing the diffuse background. As we have already mentioned,
it is possible to identify 102 HII regions in the area of the sky we are considering. At
radio frequencies, HII regions emit free-free radiation for which the spectral index 3 is
well-known and equal to -2.1 (see Chapter 2, section 2.3.2). The offset of the Parkes
map can then be derived according to this strategy: the 5 GHz map is scaled to 2.3
GHz with 8 = —2.1 and convolved to 1.2% the brightest pixels in the map containing
HII regions are selected; the brightness temperature in these pixels is compared to the
corresponding pixels in the 2.3 GHz map; the offset of the 5 GHz map is estimated from
the average difference between these pairs of pixels. In order to be able to select in the
Parkes data the pixels containing HII regions, we have built a simulated map for the 102
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Figure 6.4: Latitude cuts for the 408 MHz survey and the 2.3 GHz survey. The Haslam
et al. data have been convolved at the angular resolution of the Jonas et al. map and
extrapolated to 2.3 GHz with a spectral index for synchrotron emission J = —2.8. The
cuts have been obtained by averaging the data along slices 20'-wide along the latitude
direction.

catalogued HII regions at the frequency of 5 GHz and at the angular resolution of 1.29.
The simulated map has been constructed following the guidelines described in section
5.2 of Chapter 5. Flux densities and angular diameters data for the sources have been
drawn from the Catalog discussed in Chapter 3. In practise, for deriving the Parkes
offset we apply again eq. (6.3) which, in this case, reads like:

THHz.sGHz = (2'3/5‘)_2.1 {THHsGHz - Toffs,cH;} + Toffz,SGHz (6'10)

By assuming that the absolute zero level of the Jonas et al. is correct, we compute
ToffﬁGHz from:

TOffSGHz - < (THIIZ‘BGH: - (2'3/5)“2‘1 X THIISGH:) ) (6'11)

for which we obtain: Ty, . ~ 0.67 K. From eq. (6.4) we recover the zero-level correc-
tion. The CMB contribution had been already subtracted out from the digital version of
the data we have used. As for the extragalactic component, at this frequency it is mainly
due to flat-spectrum sources. This contribution can be roughly estimated assuming that
it doubles the contribution from steep-spectrum sources as derived from eq. (6.2). This
turns out to be of order of ~ 0.02 K therefore being completely negligible. The offset we
have found thus also corresponds to the zero level correction of the Parkes data.
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It is important to point out that in the case of the 408 MHz data, we could have not
followed the lines now described for evaluating the offset. This is because, although in
principle, we may select in the 408 MHz map the pixels containing SNRs for which a
synchrotron spectral index may be adopted for the extrapolation to 2.3 GHz, in practise
this turns out to be hardly feasible. The reason is that a quick check in the Green SNR
Catalog shows that the 13 objects lying in the coordinates region we are working with
have widely varying spectral indices, spanning the range -2.0 — -2.7. This fact clearly
introduces in the analysis a systematic effect not easily controllable.

6.4 Spectral analysis and component separation

Having defined the zero levels for the 408 MHz and the 5 GHz survey, we can perform
the component separation. For this purpose, we have made use of maps at the common
angular resolution of 1.2° with a pixel size of 20’. At each considered frequency, the
brightness temperature 7,(v) of a single pixel can be written as:

Ty(v) = Tps(v) + Topn(v) (6.12)

where Tyz(v) and Ty, (v) are the free-free and synchrotron emission contribution at
the frequency v. By exploiting the information on the frequency dependence of each
component, we have:

L) = ()" )
Trs(n) = (%)a”Tff(Vz) (6.13)
Ton) = (27" Tonos)

In these expressions, g, afr and agy, are, respectively, the galactic, free-free and
synchrotron spectral index. The fraction of thermal emission at each frequency can then
be obtained by combining eq. (6.13) to (6.15). In particular, for the case at 5 GHz:

0.408Y *gal 0.408\ «/¢ 0.408\ Fsv»
TbﬁGHz (?> = TfstHz (T) +T5?J”5GH: (T) (614)

0.408\ ®rf 0.408\ %syn
= Ttfion. (“‘5‘”‘> + (Tosen. = Tfisom.) (--5_>

0.408\ @ff 0.408 %svn 0.408Y “svn
Tfst'Hz <( 5 ) —< 5 > >+Tb5GHz( 5 )

By dividing both sides of the last expression by Ty, .,., we get:
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0.408\ %= T 0.408\ 7 (0.408 %
05) A () - 0) ) 619

TbscH: 9

If we now call:

T
fthSGHz - I{fSGHZ (616)
bscH =

then eq. (6.15) can be written as:

1 — (0.408)“9@1_%1/"

5
Jthson. = NG (6.17)
- (%42)
Likewise, for the case at 408 MHz, we have:
Qga]l —Qsyn
L (i)
fth408.MHz = 5 \OffQsyn (618)
- (vim)

In particular, for ay; and ag,, we have adopted the values -2.1 and -2.9 while gy is
computed, for each pair of pixels, from:

Qgal = Zog(TbSGHz /Tb4OSJ\JHz )/l09(408 *M[HZ/5 GHZ) (6'19)

with Tyy = Tya(v) — Tops(v) according to eq. (6.1) and (6.4). Before illustrating the
results of the application of eq. (6.19), we discuss the validity of eq. (6.17) and (6.18)
with the assumption a;y=-2.1 over the range 408 MHz — 5 GHz.

6.4.1 The optical thickness regime for free-free in the range 408
MHz - 5 GHz

A critical point of the analysis is the assessment of the physical conditions of the emitting
ionized gas in the frequency range we are considering and, in particular, at 408 MHz.
We recall from section 2.3.2 of Chapter 2 the expression for the optical thickness 7J/ of
thermal bremsstrahlung in the Altenhoff et al. [2] approximation. In CGS units, this is:

77~ 0.08235T M3 vgE (EM fem ™ pce) (6.20)

If we assume a typical value for T, ~ 8000 K which is common to both the diffuse ionized
gas and HII regions, we see clearly that 71/ depends strongly on the emission measure.
EM is known to vary widely according to the form of ionized gas we are considering,
i.e. diffuse gas or discrete, compact sources. For the diffuse gas, we use the reference
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Figure 6.5: Emission measure distribution for 44 cataloged HII regions lying in the range
20° <1 < 30° —1.5° < b < +1.5% Data are from: Downes et al. [94]; Reifenstein et al.
[252]; Wink et al. [346].

value reported by Reynolds [254] of EM ~ 9 - 23 em™% pc. For this, at 408 MHz we
obtain from eq. (6.20) 7/ ~ 2.6x1075 — 6.7x10~° and the optical thin regime applies.
As for HII regions, of the 102 sources lying in our selected coordinate range, 44 have an
available estimate of the emission measure. The distribution of these values is shown in
Fig. 6.5. Most of the sources appear to be characterized by an emission measure EM
~ 10* em™® pc and only a few appear to have higher values, of order of ~ 10° cm= pe.
In this range of emission measure, 7/ varies in the range ~ 0.03 - 0.3. Again, being
7/ < 1, the assumption ap;=-2.1 is correct. BEq. (6.20) indicates that, at 408 MHz,
7]/ is bigger than unity for values of the emission measure > 108 ¢m " pc. As we have
already discussed (Chapter 3, section 3.3.1), these values of EM tend to characterize
mainly UCHII whose flux density at these frequencies is rather faint. In addition, from
Fig. 6.5 it appears that none of the bright HII regions we are more likily to consider has
such high values of emission measure. In summary, our adopted free-free spectral index
appears to be correct over the frequency range 408 MHz — 5 GHz and the error which
may be introduced in the analysis by neglecting the presence of UCHII in our region of
the sky is assumed to be small.
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Figure 6.6: Galactic spectral index distribution between 408 MHz and 5 GHz. The
distributions recovered assuming different values of the 408 MHz offset are shown. The
mean value is (for all cases): e = 2.48+0.2.

6.4.2 The galactic spectral indices and the component separa-
tion

By applying eq. (6.19) pixel by pixel, we obtain the spectral index distribution of Fig. 6.6.
The figure has been obtained assuming, for the 408 MHz offset, the mean value 2.6 K
as well as the upper and lower estimates we have derived from the T-T plots technique.
Clearly, our assumption that the propagated error on the spectral index analysis due
to the offset uncertainty would be negligible appears to be correct. The distribution,
independently from the choice of the 408 MHz offset, has a mean value @q = 2.48+0.2.
In the following, we assume Toff, ., . =26 K. In Fig. 6.7 the variation of spectral index
with latitude is also shown: clearly, there is a flattening of the spectral index towards the
Galactic Plane. This effect is consistent with what expected since, in proximity of the
plane, the contribution of thermal emission from compact HII regions becomes dominant
making the galactic spectral index flatten. At the same time, at latitude [b| ~ 19, the
synchrotron radiation becomes more intense than the diffuse thermal emission causing a
steepening in the values of agq.

If we now apply eq. (6.17) and eq. (6.18), we can compute the fraction of thermal
emission at 408 MHz and 5 GHz. Results of the calculation are shown in Fig. 6.8. The
figures illustrate the variation of fun,gen . a0d finggy, with latitude. Following the same
reasoning as for the spectral index case, the thermal fraction of the total emission appears
to increase moving towards the plane.
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Figure 6.8: Fractions of thermal emission at 408 MHz (right panel) and 5 GHz (left
panel). Clearly, the free-free becomes dominant in proximity of the plane where the
thermal emission from HII regions is very intense.
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Figure 6.9: Latitude cuts for the total (dashed line), free-free (solid line) and synchrotron
(dotted-dashed line) components for the 5 GHz Parkes survey. Clearly, the free free
contribution is dominant within one degree from the Galactic Plane. At bigger latitudes,
the synchrotron component becomes more intense.

6.5 The free-free component and the contribution
from HII regions

Having an estimate, pixel by pixel, of the fraction of free-free, we can then proceed with
the component separation for each considered frequency. Fig. 6.9 illustrates the outcome
of the analysis in the 5 GHz case. Brightness temperature mean values are shown for each
component obtained by averaging out the pixel data along strips 20-wide in latitude.
As we have mentioned in the introduction, the purpose of this work is to compare the
free-free distribution with the distribution of discrete HII regions and to give an estimate
of the contribution provided by the latter to the total emission. For this purpose, from
Fig. 6.9 we single out the free-free latitude cut and we perform a gaussian fit to the curve
in order to evaluate its full-width-half-maximum. This turns out to be of order of ~ 1.7
degrees (Fig. 10, left panel). Analogously, after computing the latitude distribution of
the 102 HII regions lying in our selected region of the sky, we consider the gaussian fit to
this histogram. The HII region distribution appears to be much narrower — fwhm ~ 0.8
degrees — (Fig. 6.10, right panel) than its parent free-free distribution clearly revealing the
presence of diffuse ionized gas in the thin layer. By exploiting the HII region simulated
map at 5 GHz, smoothed to an angular resolution of 1.2° (see section 6.3), we can also
estimate the contribution which they provide to the total emission budget. We obtain:
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Figure 6.10: Left panel: free-free latitude cut at 5 GHz. The fwhm of the distribution is ~
1.7 degrees. Right panel: HII region latitude distribution. The fwhm of the distribution
i1s ~ 0.8 degrees. '

N
Zj:l TbHIIj

~ 11% 6.21
T, (6.21)

where N=102, Tbmzj is the brightness temperature of the j — th HII region provided by
the simulated map and Ty,, is the total brightness temperature of the free-free component
of the 5 GHz Parkes map as obtained in section 6.4.

6.6 Conclusions

We have presented the preliminary results of an analysis aimed at the investigation of
the contribution of diffuse gas to the thin layer of warm ionized gas. For this purpose, we
have realized a decomposition of the total radio emission into its free-free and synchrotron
components. The analysis, which has been carried out in a selected region of the Galactic
Plane (20° <1 < 30° —1.5° < b < +1.5%), has made use of data at 408 MHz and 5 CHz.
The surveys have had their zero levels adjusted with auxiliary information at 2.3 GHz.
The component separation method which has been applied has allowed the recovery
of the Galactic spectral indices across the considered region of the sky. Latitude cuts
made on the recovered free-free distribution and on the corresponding distribution of
cataloged HIT region has enabled to show, clearly, the presence of the diffuse component.
An estimate of the HII region brightness contribution to the free-free emission budget
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has given a value ~ 11% indicating that also in the thin layer the diffuse gas is dominant
with respect to discrete HII regions.
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Conclusions

The spatial distribution of the Galactic warm ionized gas is characterized by a thin and a
thick layer. The thin layer consists in ionized gas located in the proximity of the Galactic
Plane while the thick layer corresponds to ionized gas which is situated well above the
plane. The thin layer is contributed by discrete HII regions and diffuse gas. Current
models (Miller & Cox [223]; Démgorgen & Mathis [91]) tend to favour a scenario in
which the presence of ionized gas in the thick layer is due to ultraviolet radiation leaking
out of regions of star formation located in the thin layer. In the light of these models,
an accurate knowledge of the physical properties of the thin layer is crucial for a global
understanding of the mechanisms regulating the warm ionized gas.

Despite the important role played by the thin layer, no systematic investigation of it has
been performed and no attempt of bringing together the widely spread available infor-
mation on HII regions has been made. Consequently, our knowledge on this component
has been based so far either on oversimplified analytical calculations or on scattered
observational information which largely suffer from undersampling. For instance, the
value which is commonly quoted as the HII region contribution to n, along every line
of sight at the midplane (0.015 ¢m™2) has been obtained analytically from a statistical
average of the population of nearby hot stars (i.e., less than 1 kpc from the Sun) and
the Stromgren spheres they would produce in a uniform, high-density medium (Prentice
& ter Haar [244]; Lyne et al. [204]). Following the argument by Miller & Cox [223],
this value seems to overestimate the effective contribution of traditional HII regions due
to the fact that their filling factor is expected to be small given the typical Stromgren
radius of an O star in a high-density medium (R, < 50 pc for a medium density n > 1.0
cm™?). The scale height of the HII region distribution which is also usually reported (70
pc) is computed from the same analytical model.

At the same time, the Galactic electron density distribution has been synthesized, in
most recent models (Cordes & Lazio [67], [68]), by adopting smoothly varying, large-scale
components subsequently perturbed by small-scale under/over dense regions. However,
as suggested by Cordes & Lazio [68], an alternative approach is to model the large-scale
structure out of those clumps which are recognized to be the fundamental structures
comprising the WIM, such as HII regions and shells and supershells. Yet, this second
approach is feasible only when accurate information regarding the locations of these
structures has been acquired. At present, electron density models rely mainly on pulsar
dispersion and scattering measures for which the number of probed lines of sights does
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not allow to achieve such accuracy.

The arguments discussed above have motivated our work whose main results, together
with its future perspectives, are outlined below.

A radio catalog of Galactic HII regions

We have collected radio data on Galactic HII regions from 24 published works and built
4 self-consistent database of 1442 sources. This work has resulted in the construction of
what we have called Master Catalog which consists of 11 different sub-catalogs storing the
original information from the source references. In particular, the sub-catalogs list flux
densities and diameters as well as radio line velocities, line widths and line temperatures;
errors are given on these quantities.

From this large data set observed at a range of frequencies and beamwidths, we have
produced a readily accessible Synthetic Catalog giving the flux density, diameter and
velocity (where available) at 2.7 GHz, the frequency where most data are given. Errors
on these observed parameters have also been derived.

The Master Catalog and the Synthetic Catalog (which are publicly accessible via ftp at:
cdsarc.u-strasbg.fr) are going to be constantly updated whenever new data of Galactic
compact HII regions become available. At the same time, since the current version of the
catalog does not include either ultra compact HII regions (UCHII) or extremely extended
HII regions (EHE), we foresee an extension of the catalog to include also these classes
of objects.

A full description of the catalog is given in: A radio catalog of Galactic HII regions
for applications from decimeter to millimeter wavelengths, Paladini, R., Burigana, C.,
Davies, R., Maino, D., Bersanelli, M., Cappellini, B., Platania, Smoot, G., A&A, 397,
213, 2003

Spatial distribution of Galactic HII regions

We have analyzed the spatial distribution of 550 Galactic HII regions taken from the
2.7 GHz Synthetic Catalog, exploiting the extensive database of kinematic information
contained in the catalog. For each source we have derived a galactocentric distance using
the Fich et al. [106] rotation model.

Distances from the Sun have been unambiguously derived for 117 sources, lying ei-
ther outside the solar circle (84) or on a line-of-sight tangential to their orbit (33). A
highly significant correlation between luminosity and linear diameter was found for these
sources. The corresponding least-square linear relationship in the log-log plane was used
to resolve, at least in a statistical sense, the distance ambiguity for an additional 256
sources. The reliability of this approach was successfully tested comparing the distri-
butions of solar distances, linear diameters and luminosities so obtained with those of
sources with unambiguous distances.

An analysis of the z-distribution of HII regions has shown: an increase of the mean value
of |z| with R, for R > Ry, reflecting the shape of the warp; a corresponding increase of
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the width of the distribution as a function of R, comparable to what is seen for the OB
stars and the molecular gas distribution; an azimuthally-averaged thickness of the HII
region layer, o = 52 pc, within the solar circle similar to that of OB stars but narrower
than those of the diffuse HII and HI.

The robustness of our results have been checked by repeating the analysis adopting the
extreme assumption that luminosities and linear diameters are totally independent. In
this case we have used the mean linear diameter (d = 7.6 pc) of sources with known
solar distance as a distance indicator. The results for R > R, (and, in particular, the
increase of | < z > | and the thickening of the z-width with increasing R) are obviously
unchanged since objects outside the solar circle are unaffected by the distance degeneracy.
For R < Ry we find 0 = 51.4pc, < 2 >= —7.2pc, not significantly different from the
values found using the correlation.

We have also confirmed, for a much larger sample, the positive gradient of electron
temperature with galactocentric distance discovered in previously published works.

In addition, we have found that our recovered HII region 2-D distribution shows spiral-
like structures, in acceptable agreement with the spiral arms delineated by the Taylor &
Cordes [311] model.

Although a more detailed study of the spiral arm structure was beyond the goal of the
analysis, it represents its natural development. In particular, we intend to investigate
how the spiral structure results as areas of overdensities in the HII region distribution.
An interesting topic we would like to tackle is also the relation between the spiral pattern
and the underlying Galactic magnetic field for which a wealth of information is contained
in rotation measures data.

This work is the content of: Spatial distribution of Galactic HIT regions, Paladini, R.,
Davies, R., DeZotti, G., submitted to MNRAS

Applications of the HII region catalog

The HII region catalog appears to have many applications related to CMB mapping
projects such as PLANCK. We have shown that, Galactic HII regions do not appear to
impact severely on the accuracy of the recovery of the calibration factor and, at the same
time, that individual compact bright HII regions have a role in relative calibration. In
addition, we have seen that HII regions are useful as pointing and beamshape indica-
tors and that the HII region Galactic distribution contribute to the straylight radiation
without introducing a significant contamination. We have also pointed out the need of
observations of HII regions at millimeter wavelengths for which the Catalog provides
information for the selection of sources and estimates of flux densities. Finally, as part
of an analysis of the polarized Galactic synchrotron emission, we have discussed the im-
portance of considering the contribution of HII regions for a better understanding of the
observed signal.

This vast data base can also be useful to address one of the still open questions related
to regions of star formation, such as the interplay between the warm ionized gas and the
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dust. A way to tackle this problem is to study the relationship between the radio and the
FIR/submm emission. This can be done by combining the radio data provided by the
catalog with information at higher frequencies. Such kind of analysis, representing one
of the developments of the present work, would enable us, on one side, to establish the
turning point frequency where radiation emitted by dust becomes dominant with respect
to the free-free produced by the ionized gas. At the same time, as far as the FIR/submm-
part of the spectrum is concerned, it would be important to constrain crucial parameters
of the dust like its temperature and the emissivity index which, in turn, determines the
nature of the grain material.

The analysis described above is contained in the following papers:

Power spectrum of the polarized diffuse Galactic radio emission, Baccigalupi, C., Buri-
gana, C., Perrotta, F., De Zotti, G., La Porta, L., Maino, D., Maris, M., Paladini, R.,
A&A, 372, 8, 2001

Trade-off between angular resolution and straylight contamination in CMB anisotropy
ezperiments. II. Straylight evaluation, Burigana, C., Sandri, M., Villa, F., Maino, D.,
Paladini, R., Baccigalupi, C., Bersanelli, M., Mandolesi, R., submitted to A&A

Optimized in-flight calibration for extended CMDB surveys, Cappellini, B., Maino, D., Al-
betti, G., Platania, P., Paladini, R., Mennella, A., Bersanelli, M., submitted to A&A

A preliminary analysis of the diffuse component in the thin layer

We have presented the preliminary results of an analysis of radio continuum data intended
to disentangle the free-free radiation from other components of emission in order to study
its physical properties (i.e. the thickness with respect to the plane) and estimate the
contribution from compact HII regions. The analysis, which has been carried out in a
selected region of the Galactic Plane (20° < [ < 30°, —=1.5° < b < +1.5%), has made
use of data at 408 MHz (Haslam et al. [150]) and 5 GHz (Haynes et al. [151]). The
surveys have had their zero levels adjusted with auxiliary information at 2.3 GHz. The
component separation method which has been applied has allowed the recovery of the
Galactic spectral indices across the considered region of the sky. Latitude cuts operated
on the recovered free-free distribution and on the corresponding distribution of cataloged
HIT region has enabled us to show, clearly, the presence of the diffuse component. An
estimate of the HII region brightness contribution to the free-free emission budget has
retrieved a value ~ 11% indicating that also in the thin layer the diffuse gas is dominant
with respect to discrete HII regions.

These results will be reported in: Analysis of the diffuse component in the thin layer of
Galactic warm ionized gas in the range: 20° < 1 < 30°, —1.5° < b < +1.5°, Paladini, R.,
DeZotti, G., Davies, R., in preparation
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We foresee several developments in this area. First of all, along the lines followed for
the HIT region distribution, we would like to estimate the scale height of the diffuse
gas in the thin layer. This parameter can be recovered according to the technique first
worked out by Haffner et al. [139] for determining the scale height of the Hor emission
in the direction of the Perseus arm. In practise, taking into account the dependence
of the free-free emission on the emission measure and adopting a model of the electron
density distribution, it is possible to convert the observed latitude-dependence of the
radio continuum into a function of z, the distance from the Galactic Plane, thus deriving
the scale height of the emitting gas.

The estimate so obtained can be further refined by repeating the analysis using informa-
tion on the radio continuum at three rather than two frequencies. In particular, we would
like to complement our 408 MHz and 5 GHz data with the 2.7 GHz Effelsberg 100-m
data (Reich et al. [248]; Fiirst et al. [115]; Reich et al. [251]) which are characterized by
a resolution (4.3") comparable to the 5 GHz Parkes data. The use of three frequencies
allows, simultaneously, a more accurate determination of the ionized gas scale height and
an estimate of the spatially varying Galactic synchrotron spectral index which, in the
current work, was kept fixed.

We are also planning to conduct the same kind of analysis at higher frequencies, in
addition to the already used 5 GHz Parkes data, the 10 GHz data by Handa et al.
[145] at the angular resolution of 3’ and the 61 GHz WMAP data obtained with a 20'-
beam. This is motivated by two main reasons: on one side, the improvement of the
angular scale is useful for increasing the accuracy on the component separation and, as
a consequence, on the scale height parameter. On the other side, from the comparison
with the lower-frequency case, it is possible to retrieve important information on the
nature of the emitting material. In fact, one of the most problematic topics regarding
the warm ionized gas concerns the presence, in the Galaxy, of spinning dust grains whose
continuum emission, according to theoretical models (Draine & Lazarian [95]), peaks in
the 20-40 GHz region, so that our analysis over a broad frequency range would provide
an important check of the validity of such models.

'To conclude our discussion, it is important to remember that a new era is opening up for
the understanding of the Galactic warm ionized gas. On one side, the current generation
of Ha surveys such as the extensive WHAM and SHASSA and the on-going VTSS and
MWEFC projects is expected to improve of many orders our knowledge of the structure
and kinematics of the ionized gas. Moreover, the potentiality of these surveys have been
recently enhanced by the successful attempts of correcting the observed Ho emission for
dust extiction.

At the same time, further crucial information will be provided by neutral hydrogen
surveys. In fact, experiments such as the recently completed HIPASS! and the on-going

' The HI Parkes All Sky Survey (HIPASS) has been conducted on the Parkes 64-m telescope, operated
by the Australia Telescope National Facility, between February 1997 and March 2000. HIPASS is the
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HIJASS?, although having being designed for mapping the large-scale distribution of HI
density in the Universe, are characterized by sensitivities high enough to be capable of
detecting also the very faint recombination lines signal due to the local, Galactic ionized
gas. The information provided by these observations, unaffected by undersampling and
extinction, is unique and can contribute, in an unprecedented way, to improve our current
knowledge of this thermal phase of the interstellar gas.

deepest HI survey yet of the sky south of declination +20, Further information can be found in Barnes
et al. [8].

2The HI Jodrell All Sky Survey (HIJASS) is a blind survey of neutral hidrogen of the northern
sky, & . 25°, being conducted on the 76-m Lovell telescope at the Jodrell Bank observatory. For other
information the reader is referred to Kilborn [183]
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The Master Catalog contains the original data taken from the source references of Ta-
ble 3.1 in Chapter 3. Due to the extensive amount of information, we have divided for
convenience the Master Catalog into 11 sub-catalogs. We give hereafter the description
of the structure of each of these compilations while, for a general overview about the
content of the sub-catalogs, we refer the reader to section 3.3.1 of Chapter 3.

Each sub-catalog (except for Sub-catalog 1) has 37 columns and 1442 entries correspond-
ing to the total number of sources. The columns are in order of increasing frequency
of observation and, at each frequency, the columns are in alphabetical order of the ref-
erences in Table 3.1. In all sub-catalogs, a null entry corresponds to no information
available from the source reference.

Sub-catalog 1 lists only source coordinates, notes about the environment and radio /optical
couterparts. For its content specificy, it presents a peculiar structure with respect to the
other sub-catalogs. In details:

- Col. 1: source-numbering (records from 1 to 1442)

- Col. 2-3: Galactic coordinates, 1 and b

- Col. 4-6: celestial coordinates: RA - J2000

- Col. 7-9: celestial coordinate: DEC - J2000

- Col. 10: general remarks - C= complex field, S= strong source nearby, X=strong source
nearby (> 10 Jy), radio or optical counterpart. This flags follow the definitions given by
Kuchar & Clark [188] according to which a source is in a complex field when there are
two or more sources within either 2 x ©,, (i.e, four source radii) or 2 X Oy, whatever
is larger 3, or with a strong and/or much stronger source nearby.

As for the counterpart in other wavebands, for the case of the radio identifications: Ke
refers to Kesteven [182]; NRAO to Pauliny-Toth et al. [239]; W to Westerhout [341];
3C to Third Cambridge Catalog (Bennett [15]) and 4C to Fourth Cambridge Catalog
(Gower et al. [135] - Pilkington et al. [243]).

For the optical identifications, the Mérsalkovs Catalog 1974 has been consulted. In
this case: BBW refers to Bok-Bester-Wade [27]; DWB to Dickel-Wendker-Bieritz 186];
Ge (a) to Georgelin-Georgelin [122]; Ge (b) to Georgelin-Georgelin [123]; Ge (c) to
Georgelin-Georgelin [124]; G to Gum [138]; H to Hoffleit [163]; RCW to Rodgers-
Campbell-Whiteoak [266]; S to Sharpless [284] . Moreover, M stands for Messier Catalog;

3In Kuchar & Clark’s paper, fluxes and angular sizes are measured directly from the survey images.
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NGC for Dreyers’New General Catalog and IC for the Index Catalog.

Sub-catalog 2 to sub-catalog 11 have the following structure:

- Col. 1: source-numbering (records from 1 to 1442)

- Col. 2-3: Galactic coordinates, 1 and b

- Col. 4-6: celestial coordinates: RA - J2000

- Col. 7-9: celestial coordinate: DEC - J2000

_ Col. 10-11: 1.4 GHz - Altenhoff et al. [3], Felli & Churchwell [102]

_ Col. 12-23: 2.7 GHz - Altenhoff et al. [3], Beard [9], Beard & Kerr [10] , Beard et al.
[11], Day et al. [78], Day et al. [79], First et al. [114], Goss & Day [132], Reich et al.
[249], Thomas & Day [318], Thomas & Day [318], Wendker [340]

- Col. 24: 3.9 GHz - Berlin et al. [18]

- Col. 25-26: 4.8 GHz - Kuchar & Clark [188]

_ Col. 27-34: 5 GHz - Altenhoff et al. [3], Altenhoff et al. [4], Caswell & Haynes [53],
Downes et al. [94], Mezger & Henderson [220], Reifenstein et al. [252], Wilson et al.
[343], Wink et al. [346]

- Col. 35: 14.7 GHz - Wink et al. [347]

_ Col. 36: 15 GHz - Wink et al. [346]

_ Col. 37: 86 GHz - Wink et al. [346]

Note on sub-catalog 2 and sub-catalog 4: these sub-catalogs, including data on flux and
angular diameters, always list values corrected for the instrument beam. Their comple-
mentary sub-catalogs are sub-catalog 3 and 5 quoting relative (%) errors.

Note on sub-catalog 6 to 11: these sub-catalogs list line velocity data. Observations may
refer to frequencies other than those for the continuum data. In particular:

_ Col. 25-26: Kuchar & Clark quote continuum data at 4.85 GHz and line data from
Reifenstein et al. [252] and from Wilson et al. [343] at 5 GHz (H109«) and from Lockman
[200] at 10 GHz (H85a, H87cx and H88c)

_ Col. 28: Altenhoff et al. [4] quotes continuum data at 5 GHz while line data are taken
from Lockman [200] at 10 GHz (H85c, H87a and H88a)

_ Col. 29-33: Caswell & Haynes [53], Downes et al. [94], Mezger & Henderson [220],
Reifenstein et al. [252], Wilson et al. [343] quote both continuum and line data at 5
GHz (H109«, H110c)

_ Col. 34-36-37: Wink et al. [346] quotes continuum data at 5/15/86 GHz and line data
at 8.9/14.7 GHz (H90« and H76c).
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