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ABSTRACT

Herscheffar-infrared (FIR) continuum data obtained as part of the3AiL survey have been
used, together with the GLIMPSE8n and MIPSGAL 24um data, to attempt the first 3D-
decomposition of dust emission associated with atomicemdar and ionized gas at 15
arcmin angular resolution. Our initial test case is>x®Xquare degrees region centred on
(I,b)=(30°,0°), a direction that encompasses the origin point of the See@uux Arm at the

tip of the Galactic Bar. Coupling the IR maps with velocity pgaspecific for dierent gas
phases (HI 21cm?CO and*3*CO, and Radio Recombination Lines, RRLS), we estimate the
properties of dust blended with each of the gas componentsaditerent Galactocentric
distances along the Line of Sight (LOS).

A statistical Pearson’s cfiecients analysis is used to study the correlation between the
column densities estimated for each gas component andtthesity of the IR emission. This
analysis provides evidence that the2square degree field under consideration is character-
ized by the presence of a gas component not accounted foetstahdard tracers, possibly
associated with warm Hand cold HI.

We demonstrate that the IR radiation in the rangen8< 1 < 500 um is systemati-
cally dominated by emission originating within the Scut@rux Arm. By applying an inver-
sion method, we recover the dust emissivities associatddatdmic, molecular and ionized
gas. Using the DustEM model, we fit the Spectral Energy istidons (SEDs) for each gas
phase, and find average dust temperaturegqfi¥18.82:0.47 K, Ty 1,=18.84:1.06 K and
T, 11=22.56:0.64 K, respectively. We also obtain an indication for Pgbfic Aromatic Hy-
drocarbons (PAHSs) depletion in tldgfuseionized gas.

We demonstrate the importance of including the ionized comept in 3D-
decompositions of the total IR emission.

However, the main goal of this work is to discuss the impa¢hefmissing column den-
sity associated with theéark gascomponent on the accurate evaluation of the dust properties
and to shed light on the limitations of the inversion methpgraach when this is applied
to a small section of the Galactic Plane and when the worl@sglution allows sflicient
de-blending of the gas components along the LOS.
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1 INTRODUCTION

A variety of space-borne experiments in the course of thehhas
decades (IRAS, Spitzerersche) have shown that the Galaxy is
filled with relatively cold dust (18 T4 < 30 K, e.gl Ferriere (2001)
distributed along each Line of Sight (LOS), and associatét w
the atomic, molecular and ionized gas phases. This findisg ha
also been recently confirmed by tRanckwhole-sky observations
(Planck Collaboration 2011.d.e/f,q).

guencies (5 GHz or less), one has to estimate and subtrassa po
ble contamination due to synchrotron emission (e.g. Paiadial.
2005), while at relatively high frequencies (0 GHz), spinning
dust emission may become significant (¢.g. Planck Colldioora
2011b,c). The second, even more important, issue is theHatt
radio continuum data are unable to provide the 3D-inforamatin
the location of the emitting gas which is required by invengiech-
nigues.

The work we describe in this paper is therefore motivated by

Dust grains can absorb and re-emit a large fraction of the ra- the following considerations:

diation provided by stellar sources. Depending on the #iiy, are
stochastically heated (i.e. the smaller grains, which ematnly
in the NeafMid-IR), or reach thermal equilibrium (i.e. the bigger
grains, which emit predominantly in the Far-IR regime).

Dust emission properties have been intensely studied &t hig

(i) the resolution and sensitivity of the newly availableit3gr
andHerscheldata dramatically improve our view of the Galactic
Plane at IR wavelengths: the combined GLIMPSE (Benjamir.et a
2003), MIPSGAL ((Carey et al. 2009) and Hi-GAL (Molinari ef al

Galactic latitudes, where each gas phase can be assumed rela2010) surveys have mapped the inner Galactic Plane in the-wav

tively isolated from the others, and mixing along the LOS can
be avoided (e.g. Boulanger & Perault 1988; Boulanger ettt 1
Lagache et al. 2000). On the contrary, in the Galactic Plasend
tangling dust emission arising fromft#irent gas components and
intrinsically different environments is a complicated problem which
requires additional kinematic information on the emittgas (e.qg.
Bloemen et al. 1990).

The separation can be achieved with the so-caledrsion
method originally introduced by Bloemen etlal. (1986) to anal-
yse the individual contribution of atomic and molecular gas
the integratedy-ray emission. The model was later extended by
Bloemen et all(1990) to include the FIR emission across #iads
tic Plane observed with IRAS at 6dm and 100um. So far, the
application of the inversion method has been limited by the a
gular resolution of the available IR and ancillary data @qor
close to 2) which does not allow to, e.g., spatially separate individ-
ual clouds|(Bloemen et al. 1990; Giard etial. 1994; Sodraskile
1997; | Paladini et al. 2007; Planck Collaboration 2011c)esen

length range &m < A < 500um with a resolution of 35 arcsec, or
higher. These new data allow us to set more stringent cantstian
dust properties and on their variations with Galactocem#dius;

(ii) the last couple of years have witnessed a tremendous im-
provement in the quality of available data on the ionized agar-
ticular, hydrogen recombination lines (RRLs) have beereokesl
for large portions of the Galactic Plane (Staveley-Smithl £1996;
Alves et all 2012). These data are sampled with a resolufienl®
arcmin, which allows us to work with a4 times better resolution
than the previous inversions. Even more important, theyigeo
unprecedented information about the properties and bligton of
the ionized gas component along the LOS;

(iii) in previous inversion works, the decomposition intal@c-
tocentric bins has been dobéndly, that is without taking into ac-
count local features present at a given location of the Gadaon
specific angular scales. The higher resolution of the IR dkage
of the ancillary data allow now a more targeted approach;

(iv) last but not least, if on one side the higher angular lg&m

works have demonstrated that, on average, most of the Galac-of the available data makes it possible to devote more &itend

tic IR luminosity is associated with dust in the atomic gameo
ponent, which is primarily irradiated by the local radiatifield.
Dust associated with the molecular and ionized componenmts,

the specific content of the Galactic regionitwert, on the other
hand it sheds light on the limitations of the inversion teéghe
itself. Hence, one of the goals of this work is to investigatel

the other hand, is mostly heated by O and B stars embeddeddescribe these limitations.

in molecular clouds| (Sodroski etlal. 1997; Paladini €t al07J0
Planck Collaboration| (2011c) decomposed the emission ft@m
um to millimeter wavelengths using IRAS, COBE-DIRBE, WMAP
and the recerPlanckdata in the latitude rangb| < 10° and found
evidence of the existence of a significant amount of cold aom
and warm molecular gas not accounted for by the standardrirac
This gas is typically referred to agrk gas(Grenier et al. 2005). In
particular, the authors of this work claim that ttherk gascolumn
density is comparable - or greater - to the column densityaén:
ular gas outside the Molecular Ring, i.e. a region of the @ala
comprised between Galactocentric radius 4 kR < 8 kpc, where
70 percent of the molecular gas resides (Coimbes 1991).

As well as using low-spatial resolution, early inversionrkgo
often did not include the ionized gas component, as hisitlyic
its contribution to the overall IR emission was thought to be
negligible (Bloemen et al. 1990; Giard ef al. 1994). A fewdstu
ies (Sodroski et al. 1997; Paladini etlal. 2007 ; Planck ®oltation
2011c) did take this phase of the gas into account, but used th
only available data at the time for tracing ionized gas, thaadio
continuum data. There are two problems with this approatle. T
first is that radio continuum emission is not uniquely assed
with the interaction - and deceleration - of free electroiith vons
in a plasma, the free-free or bremsstrahlung emissionvafrie-

In this first paper we concentrate on a2 2° field centred
on (I,b)=(30°.0,0°.0) observed by the GLIMPSE, MIPSGAL and
Hi-GAL surveys. This field was one of two observed during the
Hi-GAL Science Demonstration Phase (SDP). Therefore dfiene
we will refer to it as SDPF13cience Demonstration Phase Field
1).

The paper is organized as follows. A review of the content
of SDPF1 is presented in Sectibh 2. The IR and ancillary radio
data used for the analysis are described in Seftion 3. Tleesion
model is discussed in Sectibh 4, as well as the Galactocemwtri
gion subdivision and the gas column density evaluationdoheyas
phase. We find evidence of untraced cold atomic and possgnimnw
molecular gas features extending up to several arcminseTtea-
tures do not allow a correct evaluation of the gas column idens
ties, thereby preventing the inversion model from workimgpp
erly. The regions where these features are dominant, hoyee
be predicted by analyzing the correlation between the gasnto
densities and the IR maps, as explained in Seflon 5. In®ecti
we present our results, and discuss the limitations ofriberi
sion model in its current stage of development. We also tigate
the importance of accounting for dust associated with thezéx
gas, by demonstrating with a simple test the erroneous gsiacis
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that one may reach by neglecting this component. In Selclioa 7
describe our conclusions.

2 THE CONTENT OF SDPF1

According to the Russeil (2003) model of the Galactic spstalc-
ture, SDPF1 intercepts the Sagittarius arm twice, and bHoth t

Norma-Cygnus arm and the Perseum arm once. Furthermore, the i [

LOS also cuts through the Scutum-Crux arm at the tangent poin
which, adopting a Sun-Galactic centre distance of 8.5 lgagund

at a Galactocentric distance=R.25 kpc. Both the source content
and local Interstellar Medium (ISM) of SDPF1 have been exten
sively investigated (see Figuré 2).

The mini-starbust complex W43, located neas30°.8
(Bally et al.| 2010), is the brightest source in the field and oh
the brightest FIR sources in the entire Galaxy. It is locaitedk5.5
kpc, corresponding to a Galactocentric distaneedR65 kpc. This
giant HIl region contains a cluster of OB and Wolf-Rayet stand
its FIR continuum luminosity is- 3.5x 10° L (Smith et all. 1978).

An additional 29 HIl regions are located in SDPF1
(Anderson & Bania | 2009), most of which are evolved
(Paladini et al. 2012). Toward the centre of the field is ledahe
well-studied ultra-compact HIl region G29.944-0.04 (@uk et al.
2006). The N49 HIl bubble, centred dhb)=(28.83,-0.23), is
a known case of triggering scenario (Zavagno et al. 2010p Tw
separate HIl regions forming the RCW175 group and located
towards the edge of the field at lf) = (29.07,-0.68) exhibit
spinning dust emission (Tibbs et al. 2012).

About 50 molecular clouds sit in the proximity of W43, and
a giant cloud with a diameter of 20 pc surrounds W43 itself
(Bally et al.| 2010, and references therein). In total5 molecu-
lar clouds can be found in SDPF1 (Rathborne et al. 12009, gpe Fi
ure[2), together with- 340 Infrared Dark Clouds (IRDC) from the
Peretto & Fuller|(2009) catalogue.

A cold layer of atomic hydrogen (Gibson etlal. 2004) has also
been observed in SDPF1. As discussed in SeEfidn 6.2, this isy
seen in absorption in the HI 21cm line. It is composed of a com-
bination of HI Self-Absorption features (HISA, e.g. Gibs2e10),
which require a warmer background provided by Hl itself, &iid
Continuum Absorption features (HICA, Strasser & Taylor 2))0
which instead require a continuum background. The mostaate
features are seen in correspondence of W43.

A detailed investigation of the properties of the ISM in SOPF
is presented in_Bernard etial. (2010). By comparing the H:GA
maps with a 3D-extinction map, these authors find that dumst te
perature is higher when the LOS intercepts the spiral arrhe. T
relation between dust emissivity spectral ingeaind dust temper-
ature Ty is instead analysed by Paradis etlal. (2010), by combining
Hi-GAL and IRAS data. Evidence for a;F3 anti-correlation is re-
ported in their work, although the authors caution againssible
spurious fects due to temperature mixing along the LOS.

3 IR AND ANCILLARY RADIO DATA

In this Section we describe the input IR data and the angitidlio
data used to trace thefflirent gas phases.
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Figure 1. Superposition of the 30 LOS with the Russeil (2003) Gatacti
model. The circles represent the star forming complexed bg¢he author
to estimate the Galactic spiral arm pattern. The best-fitehlogs four arms.
1: Sagittarius-Carina arm; 2: Scutum-Crux arm; 1 arcmintm&Cygnus
arm; 2 arcmin: Perseus arm. A star denotes the position oStire The
30 LOS is tangent to the Scutum-Crux arm. The short dasimeql Which
passes through the 130 LOS, is the expected departure fragaaithmic
spiral arm observed for the Sagittarius-Carina arm. Mdi@imation about
the model can be found in Russeil (2003).

3.1 IR data

We consider IR imaging data at 7fiirent wavelengths covering
the range &m < 2 < 500 um. From the GLIMPSE and MIPS-
GAL surveys we use the Bm and 24um data respectively. The
map resolution is 2 arcsec for GLIMPSEu8 and 6 arcsec for
MIPSGAL 24 um . Details of the data reduction can be found in
Benjamin et al.{[(2003) andiin Carey et al. (2009) for GLIMP$H a
MIPSGAL respectively. At longer wavelengths, we use dabanfr
the Hi-GAL survey, which has mapped the whole Galactic Plane
in five bands in the range 70m < 1 < 500 um. The first Hi-
GAL survey covers almost 280 square degrees of the innexgala
with a 2 wide strip centred on the Galactic Plane in the longi-
tude rangdl| < 70°. The scanning strategy of the survey is or-
ganized in tiles of 22 square degrees. During thierschelSDP
two Hi-GAL tiles were observed, the SDPF1 field studied irs thi
work and another, which also covergs2square degrees, centred
on(l,b) = (59, 0°). The data have been taken with both the PACS
(Poglitsch et al. 2010) and SPIRE (@i et al. 2010) instruments
in parallel mode and are reduced with the ROMAGAL pipeline
(Traficante et al. 2011). PACS has observed the sky atii@nd
160 um, while SPIRE at 25Qim, 350um and 500um. The Hi-
GAL spatial resolution is« 10 arcsec and 135 arcsec for PACS
and 18, 24 and 34.5 arcsec for SPIRE (Traficantelet al. 20hE). T
zero-level dfsets in the Hi-GAL maps are evaluated as described
in|Bernard et al. (2010).

The seven maps are point-source subtracted in order to avoid
contamination at high spatial frequencies. Point sourae vden-
tified and removed by using two software tools, one tailored f
Spitzer and the other fdderschel For the Spitzer data, ie. IRAC
8 um and MIPS 24um, we used the Spitzer Science Center APEX
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Figure 2. Hi-GAL 500 um data for SDPF1. The black circles represent W43, G29.984-8nd N49. The blue circles denote a sub-samples oftte
molecular clouds found in SDPF1, as well as one of the moshjprent IRDCs catalogued II@OOQ) and anmgte of a mid-IR bright
and mid-IR dark cloud studied Wy Battersby €t Al (2011) iesth&2 square degrees. Finally, the black-dotted circles inelitH absorption features, a

combination of HICA and HISA (see Sectibh 2 for details).

package (Makovoz & Marlefu 2005) under the MOPEX {hd¥er

theHerscheldata, for which we had to build our own Point Spread
Functions from the data itself, we used "StarfinE
M). In both cases the removal is carried out in such a way th
the residuals from the point source subtraction match esechs
possible the noise properties of the original images.

The seven IR maps are shown in Figurd D1.

3.2 Ancillary data
3.2.1 Atomic hydrogen

The atomic gas phase (HI) is traced with the 21 cm line, whaoh ¢
be easily detected across the Galmm%). ¥ tie
VLA Galactic Plane Survey (VGPS) data, covering the lordgtu
region 18 < | < 67 for |b| < 1.3° up tob| < 2.3°
M). These data are part of the International GalacticeP&ur-
vey (IGPS) which includes the VGPS, the Canadian Galactind|

r.m.s.noise per channel is.8 K on average, depending on the lo-
cation and velocity (Stil et l. 2006).

Since the VGPS 21 cm line data are continuum subtracted, a
few pixels in correspondence of bright HIl regions have Viery
(even negative) values due to strong HI continuum emissioiciw
arises from the Hll regions. In order to identify and flag thes-
els, we have used the VGPS continuum d@]@ 2008). W
masked the pixels in all velocity channels of the 21 cm datzecu
with continuum temperature.T> 50 K. This threshold allows us
to mask pixels in correspondence of bright HIl regions buhwuit
including the cold dfuse regions, which also appear as absorption
features in the HI 21 cm data (see Secfiod 6.2). In total, tiems
1 percent of the pixels have been masked, the majority of them
correspondence of W43. The same pixels flagged in the 21 an dat
cube were also flagged in the data cubes for the other gasdrace

Survey (CGPS) and the Southern Galactic Plane Survey (SGPS)3.2.2 Molecular hydrogen

and covers-90 percent of the 21 cm line Galactic disk emission.
The VGPS brightness temperatufig { maps have an angular res-
olution of 1 arcmin with a velocity resolution of36 km s?. The
survey covers the velocity rangel13 < V sg < 167 km s?. The

1 hitpy/irsa.ipac.caltech.eduatd SPITZERdocgdataanalysistool®olgmopex
2 hitpy/www.bo.astro.jiStarFindefpaper6.htm

The molecular gas (}) has no observable transitions under the con-
ditions typical of molecular clouds, but it can be indirgdilaced
with carbon monoxide (CO) emission.; hs primarily traced by
measuring the]l = 1 — 0 rotational transition line of the most
abundant CO isotope in the GalaX§CO. However, SDPF1 s char-
acterized by the presence of many molecular clouds, IRD@#{an
absorption features (see Sectidn 2). These potentially, cainse
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regions are better traced with tde= 1 — 0 line emitted from
13CO isotope (see Sectibn 4.8.2).

TheJ = 1 — 0 lines of*?CO and"*CO used in this work were
observed with the Massachusetts-Stony Brook Galacticepz@
survey (UMSB| Sanders etlal. 1986) and the Galactic Ringejurv
(GRS Jackson et al. 2006) respectively. Both surveys waréed
out with the Boston-FCRAO 14m telescope. The UMSB survey
covers the range°8< | < 9C°, |b| < 1.05°. The spatial resolution is
44 arcsec, even though the sky was sampled with a 3 arcmin step
The pixel size of the map is 3 arcmin, which subsamples thee tel
scope beam and does not preserve the spatial informatiom bel
this value. In order to alleviate théfect of the under sampling, we
first regridded the data to 44 arcsec, and then assigned eah p
value in the initial map to a pixel in the new map. We then ipter
lated consecutive pixel values using a cubic interpolat@rtine,
and finally smoothed and re-binned the map to the original 3 ar
cmin spatial resolution. This approach assures a bettamciby
in surface brightness across the map. However, we notitdltba
arc minute structures present in the data are smeared autfiatal
working resolution of 14.8 arcmin (see Section 4.1), and¢selts
of the analysis do not vary significantly if we do not apply thsbic
interpolation step described above.

The spectral resolution is 1 km’swith ar.m.s.sensitivity of
0.4 K per velocity channel.

The GRS has mapped the first quadrant of the Milky Way for
18 < | £ 55.7°, |b| < 1°. The sensitivity is<0.4 K per velocity
channel, the spectral resolution is 0.212 kmh and the angular
resolution is 46 arcsec sampled with a 22 arcsec grid.

Since we use both the CO isotopes to evaluate molecular hy-
drogen column density (see Sectlon 4.3.2) we rebinnedbe®

We complement the information provided by the RRL data,
especially in terms of electron density of the observedzietigas,
with free-free radio continuum data. The free-free dateofarre-
gion are available from the observations made at 5 GHz (cen)6
with the Parkes 64 m telescope (Haynes €t al. 11978), diditise
the Max Planck Institute in Bofin The survey covers the range
-170 <1 £ 40, |b| < 1.5° at an angular resolution of 4.1 arcmin
and a sensitivity of around 10 mJy. We apply baségitifiset re-
moval (of 0.1 K and 1 K respectively) and estinmatetract the
synchrotron contribution according to Figure 7lin_Palaéiral.
(2005).

4 THE ANALYSIS METHOD

In the following we describe the inversion method used termlis
tangle the dust properties in each gas phase and aldfeyedtit
Galactocentric positions. The model requires a subdinisibthe
Galaxy into Galactocentric bins (hereafter referred tdrags) and
evaluation of the gas column density for each phase (Sd€f@)n

4.1 The 3D-inversion model

We follow the prescription of the inversion model of Bloenweiral.
(1990) by assuming that dust emissivities vary with Galesttric
distance, thus remaining constant within fixed Galactogerngs.
This working hypothesis, although not entirely true, has ij®
foundations in the real-case scenario. For instance, Durgial.
(2011) find, by comparing the emission at 1.1mm with that fér d
ferent transitions ((1,1), (2,2) and (3,3)) of AHhat the properties

and!3CO data on the same grid and, using a gaussian kernel, weof cold clumps seem to vary as a function almost exclusivély o

convolved both datasets to 9 arcmin. The convolved maps dave
pixel size of 3 arcmin, which is the same spatial resolutibthe
12CO map and allows us to properly sample the kernel.

3.2.3 lonized hydrogen

The Warm lonized Medium (WIM) is generally traced using ei-
ther free-free continuum emission or optical (e.@r)Fand radio
(RRL) transition lines. In the Introduction, we have alrgatis-
cussed the limitations of using free-free emission in thetext of
inversion works. Both the &l line and RRLs are part of the cas-
cade of recombination transitions. However, thelihe is emitted
when a transition occurs between relatively low quantuwelge
i.e. fromn = 3 to 2, while RRLs correspond to transitions between
high quantuum levels, with typically > 40. With respect to H,
RRLs have the advantage of not beirfieated by dust absorption
(e.g.Dickinson et al. 2003), thus providingleanview of the ion-
ized gas across the Galaxy.

In this work, to trace HIl and evaluate the corresponding col
umn density we make use primarily of RRL data. In particuls,
use RRLs corresponding to thredfdrent transitions, i.e. H166
H167¢ and H16&. These have been observed by the HI Parkes
All-Sky Survey (HIPASS, Staveley-Smith etlal. 1996) andakso-
ciated Zone of Avoidance (ZOA), aimed at detecting galaixi¢se
local Universe. The integration time of the ZOA survey, 25Q8er
beam, is five times higher than that of the HIPASS. The data fro
the two surveys have been combined and the three RRLs hane bee
stacked to achieve a finam.s.sensitivity of 3 mKbeanjchannel.
The beam is 14.8 arcmin, the pixel dimension is set to 4 aramih
the spectral resolution is 20.0 km'gAlves et al| 2012). Details of
the data reduction are givenlin Alves el al. (2010).

Galactic radius. In our inversion model, we further assunsina
gle dust temperature and gas-to-dust mass ratio, hencestanbn
emissivity value per H atom, for each gas phase and Galattize
ring. We emphasise that this hyphothesis implies that dugsdor
absorbs) coherently within each gas phase and Galactaceny,
thus ignoring local fects which may alter the emissivities along
specific LOS, and this is an intrinsic limitation of the madghder
these assumptions, however, we can express the IR emigsion a
wavelengthl in a pixel j, 11(1), as a linear combination of gas col-
umn densities and dust emissivities associated with eaxplugse
in each ring

n

) = D el RING (R) + e (1 RN (R) +

i=1

+ei (4 R)NJ, (R) 1)

In the expression above, are the dust emissivities (in units of
MJy srt/ 10%° atoms) for the three gas phases={ (H,, Ho, HII))
in each ringR;, andN_ are the corresponding column densities in
pixel j. The summation is taken over timerings adopted for the
decomposition. Once the gas column densities have beemgel
for each ring, the model allows us to disentangle the fractib
the integrated IR emission which is generated within eaufy aind
gas phase, and to estimate the corresponding dust eméssioit
solving Equatiofil with a least-squares fit analysis.

The column density for each gas component and ring is con-
volved with a gaussian kernel at the lowest available régoiu

3 httpy/www3.mpifr-bonn.mpg.dsurvey.html
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14.8 arcmin (the RRL data resolution), and the maps rebimiid
a pixel scale of 4 arcmin. We note that this spatial resatugdour
times higher than in previous inversion works 1°). Due to the
reduced size of the region under investigation (4 squarecds}
the number of available pixels that we can use to estimatdube
emissivities is only~ 700 (i.e. a factor~ 10°-1C° lower with
respect to, e.gl, Paladini et al. 2007; Planck Collabara2@11c).
Since the error bars associated with the emissivities imuaael
are estimated with a bootstrap procedure, a small numbearof s
ples induces an increase of the random sampling erroragfigim
the bootstrap method itself (Efion_1979). In Secfion 6.5 vikk w
show that, if we do not include in the inversion matrix the RRL
data, we canfiord working with a smaller pixel size, although at
the expense of not being able to correctly account for théritnn
tion of dust emission associated with the ionized medium.
Noteworthy, the IDA code which evaluates the gas col-

through the 130 LOS) and the Perseus arm. Itis commonly aedep
that interarm regions, despite being characterized by erage gas
density~ 3.6 lower than the spiral arms_(Ferriere 2001), are not
devoid of molecular gas. We truncate both th@O and**CO data

at R~8.5 kpc since the FHcolumn density is known to dropflo
rapidly beyond RRy (e.g/Combes 1991; Ferriere 2001).

RRL data also peaks aroundR.5 — 5 kpc, in the Scutum-
Crux arm region. This arm contains 80 percent (i.e. 23 outtof a
tal of 29) of the known HlIl regions in SDPFL (Anderson & Bania
2009), including the W43 complex and the bright source G28.9
0.04. This trend mimics the overall radial distribution ofiized
medium across the Galaxy (Ferriere 2001). The RRL signal de
creases exponentially in the outer Galaxy, being congistéth
pure noise at R8.5 kpc.

To perform the 3D-inversion, we must subdivide the Galaxy
into Galactocentric rings by minimizing their cross-cdatins. In

umn densities and solves Equatioh 1 is based on the code ofprevious analyses, this step has been performed followmgtae-

Paladini et al..(2007). The code has been fully re-designddaw

only takes=~ 4 minutes to complete the inversion of ax2° Hi-

GAL tile, rather than~ 100 minutes required by the old version.
The test has been performed on an Intel Core 2 Duo at 2.2 GHz.
This code optimization turned out to be critical for this woas it
allowed to test a large number of model configurations.

4.2 Selection of Galactocentric rings

Figure[3 presents the median brightness temperatuxalues for
each gas tracer as a function of the Galactocentric radadiaRve-

locities are converted into Galactocentric distances Ipyyéapg the

Fich et al. [(1989) rotation curve and by assuming that theutar

motion is the dominant component of velocity. With this aspu

tion, the emission at a particular radial velocity increfrtesnslates
identically to emission at a single Galactocentric bin. Weeralso
that since the Galactocentric distance is a function of tuat

velocities and of the longitude (see the Fich etlal. (1989)ieho
some velocity channels can have part of the emission beigrtgi
one ring and part of it that belongs to the subsequent ring.ldi

gitude value that determines the separation is in correpure of
the Galactocentric distance equal to the ring edges.

In order to allow comparison amongfidirent data sets, all
data cubes have been rebinned with the RRL velocity resoluti
i.e. 200 km s1. In addition, the mean profiles for each gas phase
have been normalized to the peak in the first Galactoceiiigoaf
the HI profile.

From Figurd B, we see that HI has two prominent peaks, one
at R~ 5 kpc and the other at+7 kpc. There is no clear correlation
between HI emission and spiral arms pattern in our Galaxy. (e.
Gibson et al. 2005), however the first peak is likely due tossion
from the Scutum-Crux arm, being located at the tangent fjeed

Figure[1). HI data can be used to trace the Galactic edge up to

distances of- 20— 25 kpc from the Galactic centre, depending on
the LOS (e.g., Weaver & Willians 1974). In our case, we trt@ca
the HI data to R16 kpc since, beyond this value, thgNSdrops
significantly.

The molecular gas peaks at approximateidrs kpc and R8
kpc. The first peak falls in correspondence of the the Scu@umx
arm. The second peak in CO data is either produced bipthted
in the local Sagittarius-Carina arm or, alternatively,hie tnterarm
region between the Sagittarius-Carina arm (at the secosshga

4 Interactive Data Language

matical approach, i.e. using the eigenvalues of the crogglation
matrix. In our case, we use the physical properties of thergas
ers to guide our decomposition. In Figdide 3, four distingfioas

of emission can be clearly identified. The first region (Ring.25
kpc <R< 5.6 kpc) is characterized by a peak of emission in all
tracers (HI,*>’CO and**CO, RRLs) and defines the edges of the
Scutum-Crux arm. The second region (Ring 2, 5.6 ki< 7.4
kpc) presents a prominent feature in HI. The third regiom@=3,
7.4 kpc<R< 8.5 kpc) contains significant CO emission and cold HI
features (HICA and HISA, see Sectionl6.2), while HIl emigsi®
entirely accounted for by afiuse component. Finally, region four
(Ring 4, 8.5 kpe<R< 16 kpc) corresponds to the outer Galaxy and
is visible in HI emission only.

4.3 Column density evaluation

In the following we describe how we evaluate the column desssi
of each gas phase using the tracers described in Sécfion 3.2.

4.3.1 Atomic hydrogen column density

Due to the blending in SDPF1 of cold and warm HI, the 21 cm
line brightness temperatur&y, , in each ring cannot be converted
into HI column density, N(HI), with a fixed spin temperatuTe,,
following the standard approach of previous inversion wdigee
e.g!Paladini et al. 2007; Planck Collaboration 2011c)abt,fsince

in the cold neutral medium (CNM) 10 K Ts < 100 K, and in
the warm neutral medium (WNMTJ ranges from~ 500 K to

Ts ~ 5000 K (e.g. Strasser & Taylor 2004; Heiles & Troland 2003),
the assumption of a constahi is too simplistic. However, the HI
column density can be evaluated by assuming a single emissio
component in theptically thinlimit (Dickey & Lockman 1990):

@)

whereCy = 1.823x 108 cn?/(K km s71). T, (v) is the observed 21
cm line brightness temperature at the velocity positionhe hte-

gral is taken over the ensemble of the velocity channelgspond-

ing to each ring. The integratél, map in Ring 3 shows anfiset
aroundl=29.5 andl=30.8 in correspondence of the longitudes in
which some velocity channels have their emission split ayriRing

3 and Ring 2. Theseffsets are present also in Ring 2. However, the
steps amount to only a few K and induce a step in column density
of ~ 1 x 107° H atomgcn? from the two regions, lower than the
mean and them.s.value of the map= 20 x 10?° H atomgcn?

N(HI),..; =~ Co f Tp(v)dv  10?° H atomgcn?
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Figure 3. Mean brightness temperature, as a function of Galactdcenattlius, for HI (solid line),'?CO (dashed line)t3CO (dotted line) and RRLs (dash-
dotted line), respectively. Each datacube has been rabinthe same velocity resolution, namely 20.0 krh. §or each gas phase and velocity channel, a
median brightness temperature has been computed. Alladstase normalized to the amplitude of the first HI peak. Thendaries of the Galactocentric

rings are R:[4.25, 5.6, 7.4, 8.5,16.0] kpc.

and= 2.5 x 10%° H atomgcn? respectively) and in Ring 2 they are
not visible (see Figule D2).

The HI column density evaluated under these hypothesisicoul
underestimate the “true” column density by a factor of 1.35; 1
depending on the location (Strasser & Taylor 2004). As a Bmp
test, we tried to rescale the HI column density in each Ring by
fixed fraction (the HI column density in each Ring has been-mul
tiplied by a factor 1.3). The estimated emissivities do restsibly
change from the results showed in Secfibn 6, most likely beza
the regions in which the assumption of having one comporrent i
the optically thin limit fails have their own spatial struct¢ along
the LOS.

Since in previous inversion studies the HI column densitg wa
evaluated by assuming a fixed spin temperature, we complaged t
HI column density and dust emissivities for the three phastis
mated with the two methods: the optically thin limit and the a
sumption of a spin temperature. Setting a unique value ®sin
temperature is not straightforward. However, considethag T
has to be higher then the observig, we can fixT ¢ at the highest
Ty, value measured along the LOS (e.g. Johannessor et al. 2010).
SDPF1,T;, peaks afl, =160 K. We then adopt this value to com-
pute N(HI) for all pixels. In doing so, we need to remembet this
operation can lead to overestimdtgin regions far from the peak.
The total HI column density estimated with this approack i30
percent higher than the value obtained in the optically timiit,
with peaks of~ 80 percent for pixels in correspondence of very
bright HI emission. Interestingly, such a column densityr@ase
is accompanied by a change in morphology of HI emission in the
rings. We also run a series of tests adopting a spin temperatu
in the range 160< Ts < 250 K, following|Planck Collaboration
(2011c). All these tests show that dust emissivities do hahge
significantly over this temperature range. Median emigsidif-
ferences (for all rings) between the isothermal and opgidhin

models in HI, H2, and HII are, respectively, 55, 2, and 8 petrce
for Ts = 160 K and 29, 3, and 6 percent fog = 250 K. In addi-
tion, the dust temperature derived from the emissivitiésgiboth
methods are the same, as is the convergence of the codéeiredt
rings (see Sectidd 6), which are the main results of this work

Both models are not defining accurately the temperature dis-
tribution along the LOS, but they are useful to describe atdim
ing case (the optically thin assumption) or a weighted aye(the
spin temperature assumption) for obtaining column desssitit
the same time, assuming the optically thin condition dodsr&o
quire the evaluation of the optical depth or the spin tenmpeea
along the LOS. It represents a well-defined lower limit to tibtal
HI column density, despite the fact that it cannot correogiyro-
duce the amount of gas along the LOS in cold, dense regions. We
therefore decided to apply Equatidn 2 without any furtheuasp-
tions.

4.3.2 Molecular hydrogen column density

The H, column density is evaluated in the Local Thermal Equilib-
rium (LTE) approximation by assuming a constant [E{3] ratio
and by using both th#CO and'*CO isotopes.

In the denser and colder part of the molecular clotrf3Q be-
comes optically thick whilé*CO can still be considered optically
thin. On the other hand, in the external regions of the cld4@®
is optically thin but®*CO emission is too weak to detect. Thus, we
use?CO where only this isotope is observed, and bG®O and
12CO otherwise. We emphasise that this approach, althougdh it a
lows us to better recover the molecular hydrogen columnitiens
is neverthelessfBected by some limitations. Noteworthy, CO lines
can be self-absorbed, and ldannot be traced in optically thick
regions|(Pineda et al. 2008).



8 A. Traficante, R. Paladini, et al.

For each velocity channel, we searched for pixels where both
12CO and'3CO are detected following these steps:

1. we compute the median value over all the pixels;

2. we compute the sigmar} with respect to the median;

3. we isolate the pixels with a value greater than the median
value plus 2.5 in both*2CO and**CO maps;

4. we flag the pixels isolated in both maps as common regions.

show in the following, therefore the HIl column density afsmks
in Ring 1.

The HIl column density can be defined as the mean electron
density(n,) integrated along the LOS:

N(HII) =f<ne)ds (4)

The quantity above can be estimated from the Emission Mea-

The sigma evaluated with respect to the median, rather than sure (EM). If we assume along each LOS a standfetéve elec-

the mean, assures more stability to fluctuations inducedhby t
signal, especially in channels where bright star formingiaes
strongly contribute to the overall emission. The®2threshold can,
in some cases, lead to an inclusion of noisy outliers. A valghker
than 2.5, however, results in missing pixels wheéf€0 emission
is clearly seen, while a lower value induces the identifazatf too
many outliers. With a threshold of 2r5ve identify an average of
5 percent common pixels in each velocity channel, conctttria
the densest regions. Assuming only residual white noisepth-
liers are randomly distributed across the map, so the pilityab
that the same outliers are falsely detected in both'#@0 and
13CO maps is< 0.1 percent.

In pixels where only*2CO is observedT, is converted into
molecular hydrogen column density N{Hising the optically thin
hypothesis. Then, for a given ring and in each pixel, N(id pro-
portional tofTb(v)dv, where the integration is taken over the ve-
locity range corresponding to that ring. We set the coneerfictor
Xco, that is the ratio of the molecular hydrogen column density (
units 1¢° H atoms cm?) to the velocity-integrated CO intensity (K
km s1), equal to 1.8x 10?° cm? (K km s™1)%, in agreement with
the recommended value suggested by Bolattolet al. (2018griRe
studies suggest th&Xio may vary with metallicity, in particular in-
creasing with Galactocentric distance by a factor 5 — 10h it
estimated value at R 1.5 kpc of Xco = 0.3 (e.g.,.Strong et al.
2004; Abdo et all. 20210). If this is true, our working hypotisesf
Xco = 1.8 has the féect of producing an overestimate of thiéee-
tive molecular gas column densities.

When 3CO is also observed, in order to evaluate the col-
umn density, N¥(CO), we need to know the excitation temperature
Tex and the3CO optical depthry; at each velocity (Duval et al.
2010;| Pineda et al. 2010). The details of this analysis arengi
in Appendix[A. N¢3CO) is then converted into N@ applying
(Stahler & Palla 2005)

N(H,) = 7.5 x 10° N(*3*CO) 3)

A total of ~27 percent pixels of the column density maps are
observed in both th&?CO and*3CO maps. For~ 20 percent of
these common pixels, the estimated column densiB2i3 percent
higher than the one calculated with €O data only, confirming
the necessity of combining the information, when this islatse,
from the two isotopes.

(1G%atoms cm?)

4.3.3 lonized hydrogen column density

At low Galactic latitudes, the Warm lonized Medium (WIM) is
characterized by a thin layer which consists of both indigidHI1
regions and dfuse emissior| (Paladini etlal. 2005). RRLs allow us
to trace simultaneously these two components.

The RRL brightness temperature peaks in the Scutum-Crux
ring where the majority of the HIl regions in SDPF1, in pautic
lar W43, are located (Figuid 3) and it is significantly low het
other rings. The ionized hydrogen column density, N(HB)pio-
portional to the RRLs brightness temperature, as we areggoin

tron densitynes:

EM = fngds: Neft X f(ne>ds: Nes X N(HII) (5)

EM is evaluated in turn from the integral of the RRL line tem-
peratureT, (Alves et all 2010):
f Tudv = 1.92x 16T ;5 EM (6)

where T, is the mean electron temperature athd is the
frequency interval in kHz . The continuum emission briglsge
temperaturel, is also proportional to EM_(Mezger & Henderson
1967):

Tp = 8.235x 1072a(Te) T %%vgZL(1 + 0.08) EM 7

where the factor (& 0.08) takes into account the additional
contribution taT, from helium, and/gy; is the frequency expressed
in GHz. Combining this Equation with Equatibh 6 we obtain:

T.dV
JTav 6.985x 10° = 1
To

a(To) nHey L+ ()] 1© Ve

®)

In the expression above(T, ) is a slowly varying function of
Te anddV is expressed in km$. The factorn(He)/[1 + n(H)] is
equivalent to the factor (40.08) in Equatiofl7.

In order to derive N(HII) from Equatiofl5 {d 7, we need to
know bothT, andne for each of the physical regimes we are con-
sidering, that is HIl regions and thefflise medium. At the RRL
data angular resolution (14.8 arcmin), each of the 29 Hlioreg
in SDPF1 falls within a single pixel, except for the W43 compl
Therefore, apart from W43 which we treat as a special casaswe
sume that the HIl emission in the field originates exclusivelthe
diffuse emission, thus neglecting the contribution from irciiei
HIl regions.

e Mean electron temperaturgzor HIl regions, T, is known
to increase with Galactocentric radius (elg., Shaver et 283;
Paladini et al.|_2004), varying in the range 4000 to 8000 K.
Alves et al. [(2012) have recently shown that th&udie ionized
gas along the Galactic Plane has a similar electron temperat
that of HIl regions. Therefore, for simplicity, we assumepastant
Te for both W43 and the diuse HIl component and, following
Alves et al.[(2010), we tak&. = 5500 K.

e Effective electron densityin generalnes; strongly depends
on the physical conditions of a given environment. Previousr-
sion works have often used values close or equal to 16 ¢eng.
Paladini et al. 2007; Planck Collaboration 2011c). Thisigdk in
agreement with measurements in compact Hll regions. Inifhe d
fuse ionized medium,s; is tipically lower, i.e. 003 < ness < 0.08
cm 3 (e.g./Hdfner et all 2009), especially at intermediate and high
Galactic latitudes.

To estimatan.¢ ¢ for both the difuse medium in SDPF1 and W43,



The pros and cons of the inversion method approach to debh@u3t emission properties inthe ISM. 9

we use the Parkes 5 GHz data. To this end, we note that the ob-low degree of correlation can be the natural result of eithgas

served free-free emission is proportional to EM and foll@&gsia-
tion[d. If we assume thahe) = nes+, it follows that

Nefr = T, 10 035,21 1 =
© 8.235a(Te) © ©H%(1+0.08)d

whered is the linear size of the parcel of emitting gas. We em-
phasize that Equatidd 9 holds true only if the electron dgmies
not vary significantly along the LOS. To ensure that this ¢toorl

is satisfied, we solve Equati¢n 9 independently for W43 ard th
diffuse medium:

1/2
l/

9)

1. W43 complexin this case, the assumption that the emission
is dominated by the star forming complex with minor contribu
tions from the foregrountackground emission is motivated by
the fact thafT, in correspondence of the HIl region is several
orders of magnitudes higher with respect to its surroursliing
the RRL data cube, W43 is at ¥x=107 km s?, which corre-
sponds to a Galactocentric radius Rf~ 4.65 kpc. The com-
plex is known to be on the near side of the Galaxy (Wilson et al.
1970), so its solar distance is~D5.5 kpc, in agreement with
Bally et al. (2010). We measure an angular sizex029.1 ar-
cmin which, at a distance of 5.5 kpc, is equivalent to fiacive
size d=47.8 pc. Assuming a spherical geometry, we adopt this
value to evaluat@e from Equatiori 9. Foll, = Tywazpeak We
obtainnesfwazpeak = 438 cnT3,

2. diffuse emissianFor the difuse component, the definition
of the edges of the emitting region is less straightforwand.

phase being less abundant (hence with a lower column dgesity
intrinsically less emissive with respect to other phases.
Two caveats of this approach have to be kept in mind:

1. in the short IR bands (e.g8n), the emission is proportional
to the product N x Go, where N; is the total hydrogen column
density and G represents a scaling of the Mathis et al. (1983) ra-
diation field in the solar neighbourhood (see 2.g. Comm@ésiral.
2010). This is also true at 24m and, partly, at 7@um, given that
these bands are contributed to by emission from very smaihgr
(VSGs) which, as PAHSs, are stochastically heated by thd taca
diation field. Conversely, the emission at wavelength lortgan
70 um is produced by big grains (BGs) which are in thermal equi-
librium with the radiation field. The gintensity defines the BG
equilibrium temperature, while the total hydrogen colunemsity
determines the absolute level of the BG emission. Hencéeif t
radiation field (therefore the BG equilibrium temperatwajies
smoothly across the region, the intensity variations irRtieemis-
sion are dominated by the column density variations acheseld
(Compiegne et al. 20010). As a result, the nééet is an increasing
degree of correlation going from shorter to longer wavetlesig

2. A second limitation of the inversion approach lies in thetf
that, in order to solve Equatién 1, the column densities @ased
to each gas phase for each LOS have to be accurately recovered
However, this might not occur, either when part of the gasgiven
phase is not traceable by standard methods (i.e. wadgokwhen
a fraction of the gas along the LOS absorbs rather than enifitie.

Section 4.2, we have seen that the emission from HIl detected the cold HI). In the first case, the morphology of the columnsity

through RRLs drops dramatically beyoRd~ 8.5 kpc. At the
far side of the Galaxy th® =~ 8.5 kpc circle intersects {30 at
a distance of B 14.7 kpc from the Sun. We take this as the
outer boundary of the emitting region. To dering¢, we then

maps is artificially altered, leading to an “excess” of IR ssivn
and to a consequent lower degree of correlation betweenathe c
umn density maps and the input IR maps. In the second cake, if t
optically thick regions are in correspondence of strongrifission

first mask the pixels across the W43 complex, and then compute features, the column density maps, estimated in the oftitidh
the median of the values obtained by applying Equdfion 9. The limit, and the IR maps will show an anti-correlation.

resulting éfective electron density iS: tgiffuse = 0.39 cnrs.

At this stage, in order to obtain a continuous solution, wadesc
Nef fwazpeak tO Neffditfuse FOr this purpose, we use a 2d-Gaussian
profile with a full-width-half-maximum equal to the measdiran-
gular size of W43. Having estimatad;;, we derive N(HIl) by
combining Equations]§] 6 andl 8.

4.3.4 Column density distribution

We compare the contribution to the total gas column density p
vided by each ring and obtain that most of the gaé% percent) is
located in Ring 1. Ring 2 accounts for anotheR0 percent, while
the remaining~15 percent is distributed between Ring 3 and 4.

p(XY) =

Such a correlation can be investigated in terms of the Pear-
son’s codicients (e.gl, Edwards 1976). Given two vectérandy,
the Pearson’s cdigcient p is defined as the ratio between the co-
variancecouX, Y) = XL, (X — X)(Y; - Y) and the product of their
standard deviationsyx andoy

coUX,Y)
oxoy

(10)

p is defined in the rangp| < 1 andp ~ 1 indicates strong
correlation, whilep ~ -1 suggests a strong anti-correlation.

Table[d provides a summary of our computed Pearson’s coef-
ficients p). Figure[4 shows two examples of correlation plots, ob-
tained from comparison of the 5@@n emission with the molecular

The column density maps for each gas phase and Ring are ina@nd atomic column densities. These plots correspond toighest

Figure§ D2 DB and D4.

5 STATISTICAL CORRELATION ANALYSIS

The inversion model is based on the hypothesis that the ligtal
emission at a given wavelength can be decomposed into dist em
sion associated with flerent gas phases and Galactocentric rings.
This hypothesis implies that the integrated IR dust emisateach
given wavelength linearly correlates with the dust emississoci-
ated with each gas component and Galactocentric ring andethe
gree of correlation depends on the contribution of dust@ated
with each gas component in each ring to the total IR emisgion.

(N(H,), Ring 1) and lowest (N(HI), Ring 3) degree of correlation
among all the considered cases for the gfi0emission.

The correlations in Ring 1 are the highest, at all wavelength
and for each gas phase. The correlation is significant (up8o)0
for both the B and HIl column densities, while it is noticeably
lower for the atomic phase. Averaging across wavelengtesploy
tain:pHLRingl = 0-39,PH2.Ring1 =0.73 andoH”,Ringl =0.80.

In general, the aromatic infrared bands (AIBuB and 24

um) and the 7Qum band display a lower degree of correlation with

respect to longer wavelengths, hence corroborating thethgpis
that they trace the intensity of the radiation field as wethastotal
hydrogen column density.

For Ring 2, we have that the average correlations@giing
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Pearson’s cogicient

Band Ring 1 Ring 2 Ring 3 Ring 4
(um) (4.25-5.6 kpc) (5.6-7.4 kpc) (7.4-8.5 kpc) (8.5-16.0kpc
gas phase HI Ha HIl HI H» Hil HI H» HIl HI

8 0.51 0.74 0.82 0.38 052 041 -044 028 -0.01 -0.10

24 0.27 052 0.65 021 0.34 0.28 -044 014 -0.04 -0.06

70 0.11 051 0.67 0.19 0.31 040 -0.53 0.10 0.02 -0.02
160 042 079 0.86 0.39 055 0.53 -0.46 021 0.07 -0.08
250 047 0.85 0.87 045 061 0.56 -041 021 0.15 -0.04
350 048 0.86 0.87 047 062 057 -041 022 0.14 -0.06
500 0.50 0.86 0.86 048 0.62 0.56 -0.40 021 0.15 -0.05

Table 1. Pearson’s correlation cfiEients for the input IR maps and the column density maps fohn gas phase and ring. In Ring 1 (which includes the

Scutum-Crux arm), there is a high degree of correlation etwthe IR maps -

at all wavelengths - and the column densipsmo&HI, H, and HIl. A lower

degree of correlation, even a signature of anticorrelaibimstead revealed by the Pearson’sfiioents between the column densities in Ring 2, 3 and 4 and

the input IR maps.
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Figure 4. Correlation plots between Hi-GAL 506m map and N(H) Ring 1 map (left image) and Hi-GAL 500m map and N(HI) Ring 3 map (right). The
Pearson’s cd#icients are = 0.86 ando = —0.40 respectively, the lowest and the highest between thisdR amd the column density maps in this region.

= 0.37,pH, ring = 0.51 angoui ring = 0.48. These values are lower
than for Ring 1, especially for Hand Hll, indicating that Ring 2
either contributes less than the Scutum-Crux region todts IR
emission or that part of the gas is not entirely seen in eonissith
the standard tracers.

In Ring 3 the IR maps are poorly correlated with the molecular
and ionized gas column densities and partially anticoredlavith
the atomic gas column density. This is possibly due to theequree
of gas not entirely traced by the standard tracers, as stggpby
observations of a cold layer of HI and strong individual apgon
features located at 7.4 kgB<8.5 kpc (see Sectidn 6.2).

A weak anticorrelation is also present in Ring 4. In this ¢ase
the negative Pearson’s dieients can be explained through a com-
bination of both absorption features and intrinsic weakssion.

The Pearson’s céicients also measure the correlation among
the various gas phases in each ring. Theséictents are shown in

Table[2. The correlation between atomic and molecular gRsrig

1 is not very stronggui n,ring = 0.34), likely a consequence of
the ubiquitous distribution of HI with respect to,HConversely,
molecular and ionized hydrogen appear to be strongly aieel
(oH,,1n Ring = 0.77), as expected in star forming regions. The cor-
relation between HI and Hlpg 1 ring. = 0.24) likely reflects the
fact that both phases have dfdse component.

In Ring 2, the Pearson’s cfirients follow the same trend as
in Ring 1, with a high correlation between molecular and Zenli
componentsgdu, 1 ring = 0.64), confirming the tight spatial cor-
relation among these two phases, and a partial correlatimng
HI and HIl.

In Ring 3, there is evidence of anticorrelation between Hl an
H, components, indicating the presence of pixels with detekte
in correspondence of HI absorption features. In Se€fighvéedn-
vestigate the possible reasons behind tffisot. The ionized gas
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Pearson’s cogicient

Gas Ring 1 Ring 2 Ring 3
phases (4.25-5.6 kpc) (5.6-7.4 kpc)  (7.4-8.5 kpc)
HI - H; 0.34 0.61 -0.21
HI - HIl 0.24 0.38 0.14
Ha - HIl 0.77 0.64 -0.09

Table 2. Pearson’s cd#cients for the correlation betweenfidrent gas phases in each ring. In Ring 1 and 2, the molecutap@aeent is well correlated with
the ionized component, while the atomic component, whiehadse ubiquitous, is less correlated with both &hd HIl. The lownegative cofficients in Ring

3 are likely the consequence of an underestimate of thedolamn density.

in this region is dominated by thefflise component, as there are
no cataloged HIl regions at 7.4 kpBR<8.5 kpc towards this LOS,
and it appears not to be associated with either HI ngras il-
lustrated by the poor correlations (and, even, anticdicelpwith
these phases.

6 DISCUSSION AND RESULTS

In the following, we solve Equatidnl 1 to recover the emigigei
for dust associated with theftérent gas phases in each ring. The
code converges and retrieves positive and reliable entissivef-
ficients only in Ring 1 (Section 8.1) which, as we show in Setti
and AppendikB, dominates the IR emission at all waveteng

with the spectral emissivity inde& = 1.9, in agreement with the
result of Paradis et al. (2010) for this field. We fifg; y = 18.82+
0.47 K, Tq, 1, = 1884+ 1.06 K andTy my = 2256 + 0.64 K. As
expected, dust in the ionized gas phase is warmer compadecsto
in the atomic and molecular phases since, in the proximitstarf
forming complexes, the radiation causing ionization oéistellar
hydrogen also induces heating of dust particles.

In DustEM, under the assumption of a constant gas-to-dust
mass ratio in each gas phase, dust abundances are expmssed r
tive to H atoms|(Compiégne etlal. 2010), {Mi/My], [Mvsc/Mu]
and [Mgg/My]. In addition, the code retrieves abundances normal-
ized to the values in the DHGL (Compiegne €t al. 2010). Werref

For Ring 2, 3 and 4, where more than 50 percent of the Pearson’sto these normalized abundances agnY Yvsc and Ygg. From the

codficients across all the wavelengths are lower than 0.5, the cod
either does not converge or returns negative emissivifest{on
[6.2). Whereas these results ariidillt to interpret at first, they take

a more clear meaning when we investigate the presence oématt
not entirely accounted for by the gas tracers (Se¢fioh 6d26a4).
Finally, we analyze the consequences of excluding the éohias
component from the decomposition, a procedure often adapte
past inversion works (Sectign 6.5).

6.1 Ring 1: fitting the emissivities with DustEM

The emissivities for dust associated with th&etient gas phases
in Ring 1 are shown in Tablgl 3. We fit these with the DustEM
model (Compiégne et gl. 2011) which incorporates threailpep
tions of dust grains: PAHs, hydrogenated small amorphorxoca
(VSGs), and a combination of large amorphous carbons and-amo
phous silicates (BGs). The DustEM fits are shown in Fiflire & W
note that the dust properties in SDPF1 are evaluated wigreoes
to a reference SED obtained for théfdse ISM at high|p| > 15°)
Galactic latitudes (hereafter referred to as DHGL).

From DustEM we estimate the intensity of the radiation
field associated with each phase of the gas. We obtain, for
the ratio between the local radiation field and the Mathid.et a
(1983) value for the solar neighborhoody: Go(HI)=1.54:0.23,
Go(H2)=1.55:0.51 and G(HIl)=4.47£0.75. In the ionized phase,
the radiation field is remarkably higher than in the othersglsaand
consistent with a star formation scenario.

Dust temperatures are evaluated by DustEM separately for
each of the three gas phases by applying (Bernardlet al. 2008)

Tq = 17.5x G/ “* (11)

fits of the emissivities in Ring 1, we obtainpX(HI)=2251+3.35,
YPAH(H2)20.86t0.35, YPAH(H“):].O?iOZZ and
Ya(HI)=9.70+0.85, Yac(H2)=1.27+0.21, Ygs(HII)=1.64+0.17.
Surprisingly, both in the atomic and molecular phase, DMst&E
able to reproduce the emissivity values without invoking &G/
contribution. Only in the ionized phase we haves¥ different
from zero and equal to wg(HIl)=1.14:0.58. Noteworthy, the
apparent lack of VSGs in the atomic and molecular gas phases
could be ascribed to the limitation of the 3D-inversion mode
in accounting for the dependence of the AIB emission on the
intensity of the radiation field, as discussed in the previgection.
Furthermore, for very low values ofgé, DustEM is not able to
distinguish between a PAH and a VSG contribution, and tylyica
tends to increasepXy at the expense of Y.

Most importantly, the result of the fit reveals a significant
decrease of the relative abundance of PAHs in the molecular
and ionized phase with respect to the neutral phase. In fact,
while [Ypan(HI)/Yga(HI)] = 2.3, [Ypan(H2)/Yee(H2)] = 0.67 and
[Y pan(HIN) /Y ss(HIN] = 0.65, suggesting that PAHs are somehow
depleted in these two environments. The destruction of RAltse
ionized gas has been investigated from a theoretical stamdlipy
Draine (2011) and observational evidence of these predistare
reported by, e.g Povich etlal. (2007) and Paradislet al. (2
PAH depletion in the molecular gas component, although ee th
oretical prescription is readily available to interpreisthesult, we
speculate, along the lines lof Paradis etlal. (2011), thatdfect
could be attributed to both the interstellar and local riawlefield,

i.e. by penetrating the cloud and causing partial destronatf the
aromatic molecules.
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Figure 5. DustEM fit of the emissivities evaluated with the inversiondal for dust associated with the HI (top panel), trhedium panel) and Hil (lower
panel) gas components. The PAHs, VSGs and BGs contributesch SED are plotted with dotted, dashed and dash-dattedréspectively. @and
Y paHsvsGsBGs are defined in the text. The results are for Ring 1 only.
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Band &
(um) [ MJy srt (107° H atoms cm?) ™1 ]
HI H> Hil

8 0.839+ 0.073 0.033: 0.012 0.116+ 0.018

24 0.380+ 0.141 0.014+ 0.010 0.101+ 0.016

70 3.443+ 0.629 0.400: 0.217 2.546+ 0.401
160 13.387% 1.687 1.736£ 0.463 5.743: 0.670
250 11.611+ 1.308 1.470: 0.204 3.343: 0.235
350 4.922+ 0.312 0.606t 0.092 1.168: 0.132
500 1.820+ 0.162 0.249: 0.026 0.388: 0.058

Table 3. Emissivities, and corresponding uncertainties, of dusbeiated with the three gas phases in Ring 1.

6.2 Ring 2-3-4: missing column density andlark gas

In Ring 2, 3 and 4 the code either retrieves only partial pesgo-
lutions or does not converge. The emissivities and the &tsaler-
rors for these rings are in Talilé 4. Although the results énfthble
do not have a direct physical interpretation (i.e. hegativessivi-
ties), they are an indication of the limitations of the bassump-
tions of our model. From Equatién 1 and under the hypothdsis o
single emissivity value for each gas component, the intedrtR
emission is expected, by construction, to positively dateswith
the gas column densities (see Secfidbn 5). In this framewtbik,
negative emissivities obtained in Ring 2-3-4 suggestsithtitese
regions the model fails to adequately reproduce the detbémis-
sion associated to each gas phase. In the following, wetigets
whether the failure of the model can be attributed to a mitcma
between the column densities retrieved by the tracers itbescin
Sectiori4.B and the actual total amount of gas located i tfiegs.

Grenier et al.|(2005) have shown, by comparingG® data
with gammaray emission, the existence in the solar neighbourhood
of the so-calleddark gas a mixture of cold HI, which is optically
thick in the 21cm line, and warmAwhich cannot be observed with
the standard tracers. They claim that, although it is natraléhich
component (cold HI or warm }J dominates, the contribution from
dark H, must be considerable, up to 50 percent of the total column
density in regions where there is no CO detection. An importa
dark gas contribution to the overall IR emission is also rtgabin
Planck Collaboration (2011a). In this inversion analyafplied to
the entire Galactic Plane at flesolution, the authors find thdark
gasis mostly distributed around major molecular cloud compex

Theoretical predictions from_Wolfire etlal. (2010) indicate
that a significant amount of warm,Hs located in the exterior
of photodissociation regions, where the transition of atoimto
molecular gas occurs. RecdfierschelHIFI CIT observations by
Pineda et al. (2013) have allowed to slightly revise theyeasti-
mate by Grenier et al. (2005) relative to the total amountarkd
H, in the Galaxy. These authors estimate that warnisHikely to
account forx 30 percent of the total molecular gas, and find that the
fraction of dark H increases with Galactocentric distance. There-
fore, with the standard CO tracers, we have an intrinsictétinn
in estimating all the Klalong the LOS.

In light of the considerations above, we have re-analyzed th
content of Ring 2-3-4 and checked if the negative emisswitle-
rived for these rings can be due to the presence of untracgd ga
specifically warm H and cold HI. In Ring 2, we note (Figuré 3) that
both CO isotopes are characterized by a pronounced peakisf em
sion, indicating the presence of molecular clouds whichofiong
the results from Planck Collaboration (2011c), might beeisted
with warm H. The same peak of emission 1#CO and**CO is
also observed in correspondence of Ring 3. However, in His,c
as mentioned in Sectidn 2 and Secfion 4.3.1, a cold HI layass
found, as reported by Gibson et al. (2004). The existencelaf ¢
(i.e. optically thick) HI could explain the anti-correlati and the
lack of convergence of the code (Secfidn 5). From the ingpeof
the VGPS data cube for SDPF1, we have identified two additiona
prominent features (either HISA or HICA) in the same range of
Galactocentric radii:

1 H30.74-0.05 at 1X V sgr < 15 km s?
2 H30.39-0.24 at & Vi sg < 145km s?

For these cold regions, we have made an attempt to derive
an indicative upper limit of their spin temperatures by nueiag
the maximum of the mediai, values evaluated in the pixels in
proximity of the regions of absorption. We recall that, ascdssed
in Sectiof 4.3 11, the spin temperature of cold HI is notiteklwer
than in the WNM, and thaTs is meaningful only in the case of
warm HI in optically thin conditions. For this reason, it can be
used to derive HI column densities in regions populated figdint
HI components (e.d., Strasser & Tayllor 2004). Fiddre 6 shiwes
brightness temperature profiles for the cold features HB0.85
and H30.39-0.24, for which we obtain a mean value in eaclifeat
of T,=48.6 K and T=38.7 K, respectively.

Interestingly, HISA features have been found mixed with
molecular clouds. For instance, in the Perseus star formgng
gion, a significant fraction of cold HI is undergoing the s#ion
to the molecular phase, and the HISA features appear to be non
gravitationally bound regions of molecular material naiedéed in
CO (Klaassen et &l. 2005).

In summary, we speculate that in Ring 2 the derivation of dust
emissivities possibly fails due to a significant amount ofrwad,
not properly accounted for by thHéCO and*3CO data, while in
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Band €
(um) [ MJy srt (10%° H atoms cm?)™1 ]
HI Ho HIl
Ring 2 Ring 3 Ring 4 Ring 2 Ring 3 Ring 2 Ring 3
8 0.038+ 0.166 -1.766+ 0.507 0.035+ 0.198 0.086+ 0.059 0.076- 0.043  -0.059: 0.090 -0.366+ 0.134
24 0.194+ 0.112 -0.945 0.416 0.147% 0.157 -0.003: 0.048  0.055t 0.057 0.013: 0.076  -0.484+ 0.156
70 2.219+ 2.240 -7.109 2.517 -3.600: 0.892 -0.577 0.326  1.686+ 0.676 1.849:0.343 0.439: 1.841
160 4611+ 7.196 -14.980- 10.86 -16.33Q: 2.316  2.189: 0.909 0.332: 2.241 3.318: 1.644 4,331+ 5.278
250 2.374+ 3.456  -23.792: 6.040 -6.929 2.683 2.298: 0.624  -3.470:1.806  0.038: 1.276 3.154:1.276
350 0.970+ 1.409 -6.615+ 3.321 -2.587% 0.604 0.698: 0.450  -1.346: 0.746  0.202- 0.447 1.681 0.739
500 0.198+ 0.391 -3.122+ 1.627 -0.555¢ 0.203 0.268: 0.174  -0.570: 0.401  -0.09Q: 0.153  0.701k 0.377

Table 4.Emissivities, and corresponding uncertainties, of dusbeiated with the three gas phases in Ring 2-3-4.

Ring 3 the lack of convergence could be ascribed to bothduatt)

warm H, and (badly traced) cold HI. Regarding Ring 4, our current X 1001
hypothesis is that, after subtracting the contributiongithe other o Lo T=4B.6 K
rings and given the small amount of HI (only a few percent, see = 80; ]
Sectiof 4.3 1), the code has little to no leverage to returamimg- 3 A
ful values. § i
© 60 o -
2 |
6.2.1 Solving for the distance ambiguity of cold HI features 5 i w
As a by-product of our study, we can solve for the distanceiamb 5 40 B )
guity of some of these cold features by comparing the HI détta w é F 1
the maps for the other tracers as well as with the input IR maps g ool ‘ * HBO“M*O‘% 1

Figure[T we show the absorption features in silhouette agtie 0 5 10 15 20 25
warm background provided by the Hll regions in SDPF1 congbare
to the VGPS 21-cm map integrated along Ring 3. H30.74-0.05 is
dominated by absorption of the continuum background peavid

Visr (Km/s)

by W43, and it is therefore primarily an HICA feature. Sincd3V < 100 1387 K

is at the tangent point of the Scutum-Crux arm, we can solge th g o

distance ambiguity for this cold structure and locate it &t Kpc S g0l -

< d < 1.1kpg, i.e. on the Sagittarius-Carina arm (see Figlrenl). | ;t I

addition, the 29 HIl regions in SDPF1 are distributed betwiang i F

1 and 2|(Anderson & Bania 2009), thus all the absorption featu 9 6or 7

including H30.39-0.24, observed in Ring 3 in correspondeoic = I |

these HIl regions are also likely associated with the Sagits- § r H\‘\H\ 1

Carina arm. . aor ’/‘M\\//‘ j
'}% I X H30.39-0.24 |

6.3 The dominant contribution of Ring 1 to the integrated € 200 é w‘o {5 2‘0 55

intensity maps Visk kmye)

In Section 4.3.4 we have seen that roughly 65 percent of tia to
gas column density of SDPF1 is located in Ring 1. In this Sec-
tion, we want to show that dust emission associated withrthis
accounts indeed for the bulk of dust emission in the inputsnap
To this end, we compare the longitude profiles of the outpudeho
with those of the input maps, and in doing so we consider thaéaino
contribution from Ring 1 only. The longitude intensity pte§ are
generated by averaging, for a given Galactic longituddattude
pixel values. These profiles, as well as the residuals aidaby
subtracting the model from the input maps are shown in F{§ure

Figure 6. Maximum of the median brightness temperature (red linehén t
surrounding of H30.74-0.05 and H30.39-0.24. Shown is thamud these
values across each feature. For comparison, the blackdinetels the max-
imum of the median brightness temperatures measured irathe segion
at the nearby Galactocentric positions.
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Figure 7. HI brightness temperature map integrated over Ring 3 (kfief) and Hi-GAL 50Q:m data (right panel). The white contours in the HI map denote
HICA and HISA features. The same regions at @@ (the black contours) overlap with either the W43 complewith other HIl regions in the field. In the
HI map, some of the dark pixels within the cold features axelpiwhereTy, is negative due to strong absorption. The majority are fasmbciated with the
brightest HIl regions, especially W43 and G29.944-0.04.

The model intensities obtained from Ring 1 appear to satis- convergence of the method in the other rings, the resultsrgf R
factorily reproduce the input intensities at 24, 70, and A®Qwith are robust. In AppendixIB we will return on this point, by fust
a discrepancy of less than 10 percent. At longer wavelentities investigating possible biases introduced by Ring 2, 3 and 4.
model tends to overestimates the input profiles and theapiaccy
is more pronounced, of the order of 30 percent. THisa is likely

related to the fact that dust associated with the cold uetrams, ~ ©-4 Total column density and extinction maps

which would emit at long wavelengths (e:g.160 um), is mostly An alternative method to recover the missing hydrogen col-
located outside Ring 1 (see Section 6.1). Therefore itsriturtion umn density is through extinction. We have attempted to gene

is visibly missing when only Ring 1 is considered, and thie-pr  ate an extinction map for SDPF1 using colour excess tensplate
duces the observed model overshooting. Conversely, inahger  derived from observations of giant stars. For this purpase,
24 pm< A < 160um both dust and gas are properly accounted for yse UKIDSS|(Lawrence et/al. 2007) and 2MASS (Skrutskielet al.
and the model is able to reproduce the input emission. Wethate  [2006) JHK, and GLIMPSE [(Churchwell et HI. 2009) 3.6n and
at 8um the residuals are higher comparatively to other wavetengt 4.5 ;m data. The first step is to minimize contamination from

and of the order of 40 percent. This is expected: at this veagth sources other than giants, in particular from dwarf stacsthls

the coarse assumption of the model of a one-to-one cowelas- end, we first build colour-magnitude- Ks/Ks andJ — [3.6]/[3.6])

tween input intensity and column densities reveals itstétion, diagrams using the photometric measurements provided én th

due to the degenerate PAH emission dependence on bothioadiat yKIDSS/2MASSGLIMPSE catalogues. Then we compare these

field amplitude and column density (Sectidn 5). with the predictions from the Besancon Stellar PopulaBym-
The residuals obtained from our analysis are comparable thesis Model|(Robin et &l. 2003). From this model, we derhe t

to earlier results. For instance, from the longitude prefit colour criteria to separate the dwarf from the giant stass; i

Paladini et al.|(2007), in the region of overlap with this woie. Ks > (J—Kg)«38-78and [36] > (J-[36]) «32+74
29 <1 < 3T, and between 6(m and 240um, the residuals  (see Figurd19). Applying these criteria, we select 45 peroén
appear to be in the range 10 to 30 percent. Planck Collabarati  the sources in the original catalogues, in practicexa0i out of

) provide residuals only at 1.4 GHz, 30 GHz and 857 GHz ~ 1(f sources. The colour excess ki and K bands measured
(350um). No longitude profiles are given. At the common 350 for the selected sources is converted into extinction utiegex-
wavelength and for 29< | < 31°, the residuals are of the order tinction law derived by Rieke & Lebofsky (1985). At longer vea
of 15 - 20 percent. Considering that both Paladini &1 al. 72Gtd lengths, the correct extinction law is still a matter of deba/ari-
IPlanck Collaboration (20111c) work on the full sky at @ar&solu- ations have been reported to occur from one molecular cloud t
tion, the residuals obtained for oux2 square degree decomposi- another, and even within the same clotid (Cambrésy et all,201

tion at 14.8 arcmin are in excellent agreement with theseique and references therein). Also, the extinction law appeachange
analyses. with Galactocentric radius_(Zasowski et al. 2009). For thiwk,

In summary, the test shows that Ring 1 accounts for approxi- we adopt the extinction law derived by Cambrésy étal. (3011
mately 70 to 90 percent of the total emission in the input netps  the Trifid Nebula. The extinction law values areg My =0.112,
all wavelengths, while the combined Ring 2, 3 and 4 contébut ~ Ay/Ak,=1.56, Asz6/Ak,=0.611 and Ay s5/Ak,=0.500. The result-
only for the remaining 30 to 10 percent, therefore stronglyrab- ing Ay map is a combination of two maps: for visual extinctions
orating our earlier statement that, despite the lack of rimgdul < 10 mag, itis generated usitfjandKs bands, while for A> 15
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Dwarfs |

Figure 9. Ks vs J-Ks diagrams. The black line in the left panel corresponds tacthieapplied to remove from the sample contaminating dwédifmtified
dwarfs and giants are shown in the middle and right pangbecively.

Arc Minutes

Arc Minutes
Center: Longitude 30.00 Latitude —0.00

Figure 10. Extinction map obtained from giant stars in the UKIDSS, 2MA&hd GLIMPSE catalogues. The resolution is 1 arcmin. Uméswaagnitude of
Ay . The contours correspond ta,Af 10, 20 and 30 mag. Regions with the highest extinctionk(ded) are associated with cold HI features.

mag it is obtained using the 3m and 4.5um bands. In the 100x 10?° atoms cm?, is lower with respect to its gas tracers coun-

range 10 magAy < 15 mag, itis a linear combination of the two.  terpart by~ 70 percent. We formulate the hypothesis that this dis-

The zero point (A=6 mag) is evaluated from the 2MASS data for crepancy is mainly due to the fact that the gas tracers allwou

Il < 10°. probe much larger distances with respect to the catalogiaedsy
The final extinction map, with a resolution of 1 arcmin, is To verify this scenario, we first note that Figlide 3 shows that

shown in Figur@T0. This map is converted into total hydrog@n bulk of material in SDPF1 is withiRR < 8.5 kpc, corresponding for

umn density using the relation (Gilver@zel 2009) this LOS to 14.7 kpc, at the far distance. Therefore, thenetitin
o map has to reach at least this distance in order to compaoéuima
N(HI) =221A,  [10°° atomgcn] (12) density with the gas tracers. Although we do not have an idda

distance estimate for all our giants, we can use the Besanoadel
to have a rough idea of their distance distribution. Figuiiellis-
trates the number of sources as a function of solar distardbéd
selected giants and dwarfs. Most of the sources appear ¢txhi=tl
around 10 kpc, setting the approximate limit of our extioctmap

We then compare the total column density map derived from
extinction with the one derived from the gas tracers, oletiby
summing up the individual contributions from the three ghages
and from each ring (see Figurel12). From this comparison, e fi
that the extinction column density map, minus diiset of roughly
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Figure 11. Number of sources as a function of solar distance for both the 1.0
selected giant stars and the dwarfs from the Besancon model
0.5
and showing that, at least with the available data, extindt not T
yet a viable route for estimating accurate column densitiesirds § s
the inner Galaxy. z 0.0 E
We have also explored an alternative approach, based on the - 400 g
model ofl Marshall et al.l (2006) which allows building extiioo -
maps in 3D. This model makes use of the combined 2MASS Point -0.5
Source Catalog and Besancon model to calculate the artinat
increasing solar distances. The maximum distance reacheatds 10
any given LOS depends on the completeness in J andakds 29.0 295 30.0
in the 2MASS catalogue as well as on th&eetive column den- Longitude
sity. After generating an extinction map for SDPF1 follogithis
prescription, we have compared the corresponding columsitye
map with the one derived from the gas tracers. The compaisson 2500 =

not straightforward. In fact, although the Marshall €t/20@6) ex- Y=0.29%X+136 e

tinction map has a resolution of 15 arcmin, which is complarab 2000 - -
to our working resolution (14.8 arcmin), the data are not st /,./‘/
sampled, as the pixel size is also set to 15 arcmin. Therefore 1500 P 7 b
consistency the spatial resolution of the gas tracers aoldemsity -
map is also downgraded to 15 arcmin using a 15 arcmin pixel siz e

1000 o B

With this procedure, we obtain a total of 50 pixels in each map
The analysis is limited to the Galactocentric ring containi

exinction map (10%° atoms cm™?)

L B e B L B
\,

the Scutum-Crux arm intersection, which is the only regiooua 500

rately reconstructed by the Marshall et al. (2006) modejufe[13

shows the comparison of the column density estimated fram th 0 ‘ ‘ ‘ ‘

Marshall et al.|(2006) extinction map with the column densital- o) 500 1000 1500 2000 2500

uated from the tracers of the gas phases. We notice, as farefi@, gas tracers (10% atoms cm™?)

that the two column density maps are separated byffaetavhich,

in this case, is of the order ef500x 10?° atoms cm?. Moreover,

the column densities compu_ted from the the 3[_) exnnCt_'on_map umn density map derived from the extinction map generatéugugiant

even lower than those obtained from the previous extinatiap, stars. Both maps are convolved to 14.8 arcmin. Bottom panedi-to-pixel

accounting only for 9 percent of the gas column densities. correlation plot of the two column density maps. The blue kimows the
best-fit to the distribution. The black dot-dashed line desdhe yx rela-
tion.

Figure 12. Top panel: column density map obtained by summing up the
contributions of the three gas phases in each each ring.ljzixhel: col-

6.5 Testing the exclusion of the ionized phase from the
inversion model

The Pearson’s cdigcients study described in Sectibh 5 show the

existence, at every wavelength, of a high degree of coroeldte- For this purpose, we carry out a simple test, consisting nivde
tween the ionized gas column density and IR emission, inqodat ing the emissivity coficients for Ring 1 ignoring the RRL data.
in Ring 1. We note that, if we do not make use of these data, we @anda

In this section, we explore the consequences of performingi  to work at a higher resolution, hence with a larger numberixf p
version analysis without taking into account the ionized plaase. els. By including only the atomic and molecular gas comptsien
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Figure 13. Same as Figufle_12 but for the extinction map obtained from the
Marshall et al.|(2006) model (middle panel). Both the colukensity map
from the gas tracers (top panel) and the extinction map amagiaded to

15 arcmin, using a pixel size of 15 arcmin.

the pixel size is set by th#CO data, i.e. 3 arcmin, and we obtain
~ 1200 pixels in each map, almost twice the previous number.
We now solve Equatioh]1 (setting N(HHD in all rings and
pixels) and analyse the recovered emissivities, focusinipe long
wavelengths ¥ 70 um) which we can model with a simple grey-
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Figure 14.Grey-body fits to the dust emissivities associated with toma
(top panel) and molecular (bottom) gas phases. ResulistoefRing 1 when
the ionized gas component (i.e. the RRL data) is not includete inver-
sion equation.

obtain: Ty = 19.81+0.70 Kand Tyn, = 2211+0.21 K. We note
that the temperature of dust in the molecular phase is nothehig
compared to what we obtained in Sectjon] 6.1, and comparable t
our previous result for HIl. This result can be explainedeoagain

in light of the Pearson’s cdicients displayed in Tablg 1: the cor-
relation analysis shows that the second most correlategacoent,
after the ionized gas, with the IR templates at all waveles\gis
the molecular gas phase. This, mathematically, transiatesar-
tificially boosted emissivities for dust associated with, lds the
molecular phase compensates for the absence of the HIl compo
nent.

7 CONCLUSIONS

We have investigated dust properties inx2quare degrees Hi-
GAL field (SDPF1) centred onl,b)=(30°,0°), in the wavelength
range 8um < A < 500um. For this purpose, we have used an in-
version technique, firstintroduced by Bloemen et al. (19863e-
compose the observed integrated IR emission into individo@a-
tributions associated with dust in the atomic, moleculalianized

body. The fitted SEDs for both the atomic and molecular phases phase of the gas and located afelient Galactocentric distances.

are shown in FigurE_14. We fix the grey-body spectral emigsivi
index toB = 1.9 to be consistent with the results obtained includ-
ing also the RRLs in the analysis (see Sedfioh 6.1). From theefi

We have used, for the first time in an inversion analysis, &&ai-
combination Lines (RRLS) to trace the ionized gas. In addjtthe
decomposition into Galactocentric bins (otgs) is performed ex-
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ploiting the natural boundaries of the structures (i.ensmgs of
spiral arms) as they appear in the gas data cubes.

We have solved the inversion equation for all the decompo-
sition rings (i.e. Ring 1, 2, 3 and 4), and obtained positiokis
tions only for Ring 1. A Pearson’s cfiwient and longitude profiles
analyses reveal that Ring 1, which covers Galactocentstadces
between 4.2 and 5.6 kpc and hosts the mini-starburst W43j-dom
nates the total IR emission towards SDPFL1. For this ring, amty
have fitted with DustEM the emissivities retrieved by theeirsion
method. These fits allow estimating, for each phase of thedyes$
temperatures and abundances, as well as the intensity tdchle
radiation field normalized to the intensity of the radiatfgeid in
the solar neighbourhood. In particular we find, for the iedigas
phase with respect to the other gas phases, an indicatigki-bflE-
pletion and an intensity of the local radiation field two teegher,
which reflects into a higher dust temperature.

For the other rings (Ring 2, 3 and 4), the inversion equation
either cannot be solved or returns negative emissivities. Hear-
son’s codficients suggest a weak degree of correlation with the IR
templates and, in a few cases, even an anti-correlationRkay
2 and 3, this result might be ascribed to the presence of a larg
amount ofuntraced gaseither associated with warm,Handor
cold HI. This hypothesis could find support in the fact thatRing
3, cold HI structures are indeed found. In this scenariocttemn
densities derived from the standard tracers would not be &bl
fully account for the observed IR emission, hence the assomp
of the inversion model would break down and the resultingsemi
sivities (e.g. negative) be unreliable. In Ring 4, which esvthe
outer Galaxy, the slight degree of anti-correlation wité ithput IR
maps is probably indicative of the intrinsic low emissivitijthe re-
gion, due to a combined drastic decrease of both hydrogemcol
density and intensity of the interstellar radiation field.

We have investigated the role of extinction in evaluating to
tal column densities along the LOS as an alternative methgas
tracers. For this purpose, we have attempted to build anatidn
map for SDPF1 in two independent ways, i.e. using deep gatato
of giant stars and with a 3D-extinction model. Although batbth-
ods appear to be promising, they currently face the sevaitation
of not being able to trace extinction beyond.0 — 15 kpc from the
Sun.

Finally, we have explored the impact of neglecting the iediz
gas phase in inversion analysis, as often done in the pashavée
shown that, by not including this gas component, the tentpera
of dust associated with the molecular phase is artificialtyeased,
due to its high degree of correlation with the input IR tengsa

We conclude with a general remark. In this work we have im-
proved, with respect to previous inversion studies, thenasion
of the HI, H, and HIl column densities. However, we believe that
this analysis has shown, above all, that lo¢ge&ts, such as depar-
tures from circular motion and the presence of cold HI stresg
(and, likely, warm H), become important when a 3D-inversion is
performed in small sections of the Plane and with an angelsr r
olution higher or comparable to the angular scale on whielseh
effects dominate the total emission. Conversely, when theeenti
Galactic Plane isnvertedat low angular resolution, the peculiar-
ities of each LOS are averaged out. Further development®of 3
inversion models will have to take into account these litiotss,
both by including non-radial motions, i.e. the grand spitesign
of the Galaxy, and by estimating total column densities anting
for the blending of cold and warm material along the LOS.
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APPENDIX A: DERIVING THE CO COLUMN DENSITY
USING BOTH 2CO AND *CO DATA

Along each positionlfp) in the sky, the!*CO column density is
(Duval et all 2010):

13
N( frror)zﬂ,b) — 26x 101 f Tex(l,b,V)TiL:glab, v) g dV-1 (A1)
1 — eTeddw ms

integrated over th&/ sgr range corresponding to each ring. Both
Tex and 13 can be obtained starting from the detection equation
(Stahler & Palla 2005):

Tey = To[ f(Tex) = F(Tog)l[1 — €] (A2)

Here,Tg, is the brightness temperature of each pixel at a given
frequency which is related to the observed antenna temyperat
through the beamficiency and beam dilution corrections.is the
optical thickness in the same position. Assuming the ramidie-
hind the clouds is due only to the Cosmic Microwave Backgdhun
Thy = 2.7 K. Ty is the equivalent temperature of the transition:
To = hvo/Kg. The functionf(T) is:

f(T) = [exp(To/T) - 1] (A3)

Inverting Equatioi AR and fixindo = 5.29 K for the3CO
J = 1 — 0 transition [(Pineda et &l. 2010), one can obtain the ex-
pression for thé3CO optical depth at each positidn_(Duval et al.
2010):

Tg,(l,b,V)

13 _ _ _
(,b,v) = -In|1 529

([ 5 29/TE(bY) _ 11-01 6)71] (A%)

T3 is estimated starting from thECO J = 1 — 0 transi-
tion: since in the colder region of the molecular clouds this
is optically thick, its population can be considered in LTs in
general a good approximation to consider the lower leveld@D
transitions in LTE within the same regions. Since the cioltial
and radiative transition rates p&CO molecule are very close to
those of?CO, LTE implies that the relative population in the lowest
(J =1 - 0) level for the two isotopes is the same (Stahler & IPalla
2005). Then:
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T =Tt (A5)
Equatior A2 can now be solved in the optically thick conditio
7 >> 1 for *2CO, obtaining:

553

5.53 )
T12(|b,v)+0.837

T2(,b,v) = TX(I,b,v) =

In (1 + (A6)

OnceT22 andr!® are computed, from Equatiédn Al we esti-
mate N3(CO).

APPENDIX B: CROSS-CORRELATION AMONG
DIFFERENT RINGS

In this Section we show that, when the cross correlation &etw
rings is minimal and the standard tracers account for tre -
umn density in a given ring, the model converges to stablgtses
in that ring, regardless of what happens in the other rings.

In order to validate our results for Ring 1 we run twdfdient
series of tests, modifying both the ring configuration arel ghs
column densities. The first test demonstrates that the duiss®n
in Ring 1 is dominant with respect to the dust emission in theio
rings; the second test shows that the results obtained fay Rare
independent from column density variations in the othegsiiwe
use dust temperatures as an indicator of the quality of hdtreb-
tained from each individual test. From each set of emigsijitve
estimate the dust temperature associated with each gas phds
ring configuration with a simple grey-body model. This mouel
less sophisticated than DustEM, given that it assumes thttea
IR emission comes from dust in thermal equilibrium with thig R
however, it allows us to run a large number of tests using timdy
Hi-GAL wavelengths, for which dust emission is dominatedwy
BGs contribution. At 7Qum, we neglect the additional contribu-
tions from VSGs and PAHSs.

In performing the tests, we use as a reference the dust temper

atures obtained for Ring 1 for each of the gas phases by agopti
the ring configuration described in Sectlonl4.2, a spectrassiv-
ity index 8 = 1.9 and a grey-body modeTy y = 193 + 1.0 K|
Td’ Hp, = 195+ 09K ande’ Hi =233+ 0.3 K.

We run the following two sets of tests:

1. the first type of tests aims at checking the robustnesseof th
results as a function of the adopted ring configuration. Veéater
two different configurations, A and B. In configuration A we con-
sider the extreme case of having only one single ring, obthby
the integration of all the emission along the LOS. In configion

B, we have instead two rings: Ring 1, spanning the same rainge o

Galactocentric radii as in the standard configuratiof 4R < 5.6
kpc) and Ring 2, given by the sum of the default Ring 2, 3 and
4 (56 < R < 16.0 kpc). In configuration A the code converges,
giving positive emissivities for all the three componeifitsconfig-

uration B the code converges in Ring 1 but not in Ring 2. There-

fore, the majority of the emission arises from the regionndigéd
by 45 < R < 5.6 kpc, allowing the convergence of the code in-
dependently from the column density underestimation ingRin
3-4. However, the dust temperatures are strongly influebgete
blending of gas and dust along uncorrelated LOS in both config
rations. The temperature of dust associated with the thféereht
components for Ring 1 are in Talle]B1. The dust emissivities a
sociated with the HI gas phase in configuration A have very hig
uncertainties at all wavelengths, and the resulting teatpes is
very low compared to the 4-ring configuration result. At theng

time, the B dust temperature is higher than its counterpart in the 4-
ring configuration. These results are consequence of theross-
correlation. The cold regions are mostly located in a welinds
portion of the sky (the region.Z < R < 8.5 kpc, see Sectidn §.2),
but in these tests they are blended together with the warmifgas
the cold regions are not properly isolated (i.e. the ringsnat sep-
arated as in Sectidn 4.2), the blending makes the dust iririge r
which include these features colder. To compensate for shat-
larly to what happens if we ignore the ionized gas in the isiger
(the warmest component, see Secfior 6.5), the code makfes art
cially warmer the other rings. In addition, since the mayoof the

HIl gas is in Ring 1, with a minor contribution from the othérgs,
the emissivities and the temperature of dust associated thiis
phase are very similar to the 4-ring configuration.

The same fect is evident in configuration B, where both HI and
H, are warmer than their counterparts in the 4-ring configorati
The blending of dierent HI components for.6 < R < 16.0 kpc
(and of H, components for B < R < 8.5 kpc) prevents the con-
vergence of the code in Ring 2 and makes artificially warmer th
temperature of dust associated with HI andifRing 1.

On the contrary, if the rings are well-defined into physigaide-
pendent regions, the propagation of errors across ringsismal,
as demonstrated with the second series of tests.

2. In these tests we fixed the 4-ring configuration and we simu-
late the &ect of a poor column density estimation. We run Seti
ent configurations: in each configuration we add, for eaclyRin
to 3 and phase of the gas, a synthetic gas column density gathe
column densities evaluated in Section|4.3.

We generate unbiased synthetic column density maps for each
gas component and ring as a random Gaussian distributidn wit
a variance equal to the dispersion of each original map.peie
dently from the configuration, the model always convergeRing
1 and does not converge in Ring 2-3-4. The dust temperatares f
each gas phase in Ring 1, for the %feient configurations, are in
Table[B2. With the exception of the altered gas phase andlttieg
dust temperatures are the same, within the errors, of tkearsde
values. Since the correlation among gas phases and ringsimah
in this configuration, the error in the gas column densitinestion
for a given ring and phase of the gas translates into a poonast
tion of the emissivity associated with that ring and thatgghef the
gas, but it does not propagate to the other rings and gasghase

In conclusion, the results for Ring 1 are robust and are not
affected, within the inversion model errors, by even severeghs
umn density underestimations occurring in Ring 2, 3 and 4.

APPENDIX C: MASKING THE W43 REGION

In this Section we demonstrate that the emissivities obthin Sec-
tion[6.1 are representative of SDPF1 as a whole and are rgscia
by specific features present in the field, such as the brighteH|
gion W43. In Figuré_Cll we show the comparison between the de-
fault mask used in the inversion (left panel) and a new masktwh
entirely covers W43 (right panel). This new mask was geedrat
for the purpose of investigating the robustness of the resld-
scribed in the paper. The pixel size of these masks is 4 arérhim
masked pixels are highlighted in white in the figure. In théadk
mask these pixels correspond to HI 21 cm line emission aastsati
with strong continuum emission, in correspondence of brigh
regions, as discussed in Section 3.2.1. The W43 regionésdyr
partially masked. The extended mask (Fiduré C1, right parwet
ers a squared region with a side ©f0.7° centred on W43. This
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Gas phase configuration A configuration B

T(K) T(K)
HI 12.8+ 1.0 215+ 0.6
Ha 20.1x 0.4 20.4+ 0.7
HIl 23.6+0.7 235+ 05

Table B1. Temperature, and corresponding uncertainties, of dustited with the three gas phases in configuration A (1 ritegiated along the LOS) and
configuration B (2 rings), Ring 1.

Modified Modified HI H», Hil

Ring gas phase  T(K) T(K) T(K)
Ring 1 HI 19.6+1.4 18.2+09 23.2+0.3
Ring 2 HI 20.3+ 0.7 18.8+0.9 23.5+05
Ring 3 HI 19.6+0.8 18.9+09 23.5+0.3
Ring 1 H 19.6+ 0.9 13.8+3.6 23.4+04
Ring 2 H 19.7+11 19.0+0.8 23.7+0.3
Ring 3 H 20.1+ 0.6 19.4+13 23.6+04
Ring 1 Hil 20.7+1.1 19.7+0.7 23.2+0.6
Ring 2 Hil 19.3+0.6 19.1+1.1 23.8+0.3
Ring 3 Hil 199+ 0.6 18.1+1.1 23.8+04

Table B2. Temperature, and corresponding uncertainties, of dustided with the three gas phases in the 9 test cases dekitribppendiXB.

Galactic latitude

-0.6 -0.4 -0.2 00 02 04 06 0.8
Galactic latitude

-0.6 -0.4 -02 00 02 04 06 08

30.800 30.400 30.000 29.600 29.200
Galactic longitude

30,800 30.400 30.000 29.600 29.200
Galactic longitude

Figure C1. Left mask used in the main run at the final working resolution 08 ¢cmin and a pixel size of 4 arcmin. The white pixels arefltmgged pixels
and they are mainly in correspondence of the strong contindiemission observed along bright HII regions LOS, as dised in Sectiof 3.2. Right the
mask used in the test described in Sedfidn C. It is a squaheavgide of 0.7 and it fully encompass the W43 region.



24  A. Traficante, R. Paladini, et al.

T T T TTTTTTN T T TTTTTTN T T T T T 11T T T T TTTTTTN T T TTTTTTN T T T T T 11T
<‘<\ FHI Yeas = 17.88 £ 4.80 PAH «ooveeneee 1 <‘<\ H, Yeas = 0.35 £ 0.43 PAH «ooveeneee
g 100.000 ¢ Yyes = 0.00 + —NaN vse---- 3 g 100.000 ¢ Yyes = 0.00 + 0.00 vse--- 3
© F Yee = 9.34 £ 1.31 ] © F Yge = 1.06 + 0.18 ]
€ 10.000kL Gy = 1.61 % 0.43 d € 10.000kL Gy = 1.57 + 0.58 d
) Ty = 18.97 + 0.87 K S T, = 18.88 + 1.18 K
o [ ] o [ ]
T 1.000 ¢ E T 1.000 ¢ E
g : {3 : ]
< 0.100f / 3 < 0.100f 3
T : I : ]
) r ! b ) r b
> 0.010 3 / 3 > 0.010 3 3
& ; 1 2 ; - :
a 0.00,‘ 1 lllllll 11.1 lllllll 1 1 L1111 a 0.00,‘ 1 U -t ll V’lllll”ﬁ 1 1 1111l
w w
1 10 100 1000 1 10 100 1000

A (um) A (um)

‘T T T 1T Tw T T T TTT Tw T T T T TTTT

K‘G\ F H+ Yoay = 1.29 £ 0.24 PAH «oooone

g 100.000 ¢ Yy = 1.46 £ 0.85 Ve Tl T

© F Yge = 1.45 £ 0.14 ]

€ 10000k G, = 4.76 + 0.62 J

9 T, = 22.80 + 0.50 K

o r ]

T 1.000 ¢ E

8 F b

O L 4

— 0.100F . 3

0 F / ]

® F S . ]

> 0.010F S 3

g F /’ ./' \\ 7

\: 0.001 L I | I 1'/ | L 1“1"'1“411\‘

w

1 10 100 1000
A (um)

Figure C2. Dustem fit of the emissivities in Tadle 1 using the W43 exéehohask for the three gas phases in Ring 1. The dust tempesand dust grain
abundances are in agreement within the errors with the reairits described in Sectibn b.1 using the default mask sthaweigurd C1.

mask reduces the number of good pixels from 680 to 593, a num-
ber that still assures the convergence of the code.

The emissivities associated with Ring 2-3-4 are still niggat
or poorly constrained, as showed in Tdblé C1. Also the duspés-
ature and dust grain abundances for all the three gas phreRéawj
1 are not significantly ffected by the extended mask. The DustEM
fit obtained with this new set of emissivities are in Figuré Tizey
are in agreement within the errors with the main results ritest
in Sectiof G.11.

This test evidences the unbiased nature of our results and
stresses that the main limitation in recovering the dustssivii
ties in SDPF1 relies on our inability to accurately reprazitice
gas content along each LOS across the field .



Band €
(um) [ MJy sr! (10?0 H atoms cmi?)~1 ]
HI Ha HIl
Ring 1 Ring 2 Ring 3 Ring 4 Ring 1 Ring 2 Ring 3 Ring 1 Ring 2 Ring 3

8 0.757+ 0.152 0.022- 0.153 -1.598t 0.558 0.022+ 0.093 0.02G: 0.019 0.079: 0.029 0.106+ 0.156  0.1470.023  0.024+ 0.043 -0.011+0.226

24 0.309+ 0.081 0.158+ 0.094 -0.782+ 0.466 0.09G: 0.066 -0.00 0.014  -0.025: 0.038  0.048: 0.044  0.134+0.027 0.156:0.032  0.11% 0.147

70 3.346+ 1.209 2.435+ 1.153 -8.288t 6.892 -3.83% 1.216 0.286- 0.230  -0.853: 0.684  2.008:0.582  2.659: 0.254  2.72Q: 0.899 3.822:2.283
160 12.699+ 3.598 4.796t 2.359  -14.85Q: 13.388 -16.712%4.120  1.528 0.363 1.909: 2.041 0.926+ 2.046  6.1970.793 4.20A 2.264  8.744+5.098
250 11.626+ 1.826  2.726t 2.942 -23.089: 9.234 -7.821+ 1.859 1.331 0.218 21340913 -2.851+1.626 3.299: 0.568 0.289+ 0.626 3.975:3.674
350 4.916+ 0.514 1.174+ 1.050 -6.294+ 1.286 -3.067% 0.961 0.528t 0.069 0.633:0.472 -1.072:0.553 1.170:0.198 0.3480.553 2.119:0.714
500 1.771£ 0.203  0.299: 0.488 -2.807% 0.824 -0.825: 0.236  0.206: 0.022  0.239:0.177  -0.431+£0.187 0.411+:0.033 0.074:0.184  0.933: 0.522

Table C1. Emissivities, and corresponding uncertainties, of dusbeated with the three gas phases in Ring 1-2-3-4 evalwiplying to the data the extended W43 mask showed in Figureigtt panel. The

overall behaviour does notftlr sensibly from the main results and in particular the eimifies associated with Ring 2-3-4 are still negative orfypconstrained by the model.
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APPENDIX D: INPUT AND COLUMN DENSITY MAPS
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Figure D1. IR maps used as input in Equatigh 1. From the top to the botfirto right: IRAC 8um, MIPS 24um, PACS 70 and 160m, SPIRE 250, 350
and 500um. All maps have been calibrated in Mdgr and point-source subtracted as described in Sdcfibn 3.1.
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Figure D2. HI column density maps in Ring 1 (upper left), Ring 2 (uppght), Ring 3 (lower left) and Ring 4 (lower right) at native Y’S angular resolution
(1 arcmin). The black pixels are the masked pixels in cooedpnce of strong continuum emission (see Seffion]3.2hE) sTeps in Ring 3 aroure29.5
and|=30.8 are at the longitudes in which the emission is split amongyRirand Ring 3, and it is of 1 x 107° H atomgcm?. The same steps are indeed
present in Ring 2, but they are not visible in the map.
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Figure D3.Hz column density maps in Ring 1 (upper left), Ring 2 (uppertligind Ring 3 (lower left). The bright pixels are in corresgence of high column
density regions where bof8CO and'3CO emission have been observed. The resolution is 9 arcrifiravixel scale of 3 arcmin, obtained combinff¢O
and3CO datasets (see Sectlon 312.2).
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Figure D4. HII column density maps in Ring 1 (upper left), Ring 2 (uppight) and Ring 3 (lower left). The majority of the ionized gasn Ring 1, in
correspondence of W43 complex. The map resolution is 14r8iar
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