P . 7
university of :7’%//4
groningen ?',,g’z,, University Medical Center Groningen

i

University of Groningen

Distribution and kinematics of atomic and molecular gas inside the solar circle
Marasco, A.; Fraternali, F.; van der Hulst, J. M.; Oosterloo, T.

Published in:
Astronomy & astrophysics

DOI:
10.1051/0004-6361/201731054

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Marasco, A., Fraternali, F., van der Hulst, J. M., & Oosterloo, T. (2017). Distribution and kinematics of
atomic and molecular gas inside the solar circle. Astronomy & astrophysics, 607, [A106].
https://doi.org/10.1051/0004-6361/201731054

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 21-06-2022


https://doi.org/10.1051/0004-6361/201731054
https://research.rug.nl/en/publications/61b6b2b3-b62c-42f0-9d00-7fee3dcd5841
https://doi.org/10.1051/0004-6361/201731054

A&A 607, A106 (2017)
DOI: 10.1051/0004-6361/201731054
© ESO 2017

tronomy
Astrophysics

Distribution and kinematics of atomic and molecular gas inside

the solar circle

A. Marasco', F. Fraternali®3, J. M. van der Hulst® and T. Oosterloo!-3

I ASTRON, Netherlands Institute for Radio Astronomy, Postbus 2, 7900 AA Dwingeloo, The Netherlands
e-mail: marasco@astron.nl

2 Department of Physics and Astronomy, University of Bologna, via P. Gobetti 93/2, 40129 Bologna, Italy

3 Kapteyn Astronomical Institute, University of Groningen, Postbus 800, 9700 AV Groningen, The Netherlands

Received 26 April 2017 / Accepted 3 July 2017

ABSTRACT

The detailed distribution and kinematics of the atomic and the CO-bright molecular hydrogen in the disc of the Milky Way inside the
solar circle are derived under the assumptions of axisymmetry and pure circular motions. We divide the Galactic disc into a series of
rings, and assume that the gas in each ring is described by four parameters: its rotation velocity, velocity dispersion, midplane density
and its scale height. We fit these parameters to the Galactic H1 and '?CO (J = 1-0) data by producing artificial H1 and CO line-
profiles and comparing them with the observations. Our approach allows us to fit all parameters to the data simultaneously without
assuming a-priori a radial profile for one of the parameters. We present the distribution and kinematics of the H1 and H; in both the
approaching (QIV) and the receding (QI) regions of the Galaxy. Our best-fit models reproduces remarkably well the observed H1
and CO longitude-velocity diagrams up to a few degrees of distance from the midplane. With the exception of the innermost 2.5 kpc,
QI and QIV show very similar kinematics. The rotation curves traced by the H1 and H, follow each other closely, flattening beyond
R = 6.5kpc. Both the H1 and the H, surface densities show a) a deep depression at 0.5 < R < 2.5 kpc, analogous to that shown by
some nearby barred galaxies, b) local overdensities that can be interpreted in terms of spiral arms or ring-like features in the disc. The
H1 (H,) properties are fairly constant in the region outside the depression, with typical velocity dispersion of 8.9+1.1 (4.4+1.2)kms™,
density of 0.43 + 0.11 (0.42 + 0.22) cm™> and HWHM scale height of 202 + 28 (64 + 12) pc. We also show that the HT opacity in the
LAB data can be accounted for by using an “effective” spin temperature of ~150 K: assuming an optically thin regime leads to an

underestimate of the H1 mass by about 30%.

Key words. Galaxy: kinematics and dynamics — Galaxy: structure — Galaxy: disk — solar neighborhood —

ISM: kinematics and dynamics

1. Introduction

For over 60 years, the properties of the neutral gas in the Galaxy
have been studied extensively by several authors. The pioneer-
ing work by Westerhout (1957) allowed imaging of the spa-
tial distribution of the HI in the Milky Way for the first time.
In Westerhout’s work, the transformation from the observed
space to the physical space was achieved by assuming an a-
priori model for the Galactic velocity field, that is, for the ro-
tation curve. Later on, a similar analysis was repeated sev-
eral times, with relatively minor modifications to the original
procedure, by using the most up-to-date observations for both
the atomic (Kulkarnietal. 1982; Burton & te Lintel Hekkert
1986; Nakanishi & Sofue 2003; Kalberla & Dedes 2008) and the
molecular hydrogen (Bronfman et al. 1988; Nakanishi & Sofue
2006). These works revealed that the gas distribution in the
Milky Way is relatively complex: the HI disc is flared and
warped (Levine et al. 2006b) and a multi-arm spiral structure
is visible in both the atomic and the molecular hydrogen (e.g.
Dame et al. 1986; Levine et al. 2006a). Insights into the dark
matter distribution in the disc can be obtained when the map-
ping is coupled to a self-consistent mass model (Kalberla et al.
2007).

Despite its many successes, this approach has a number of
shortcomings. Perhaps the most severe of them was pointed out

Article published by EDP Sciences

by Burton (1974), who noticed that the derived gas density distri-
bution is dramatically sensitive to small changes in the assumed
velocity field, as velocity perturbations by only a few kms™!
can mimic variations in density up to a factor of 100. An addi-
tional complication is introduced by the so-called “near-far prob-
lem”, which occurs in the Galactic region inside the solar circle
(hereafter, the “inner” Galaxy) where the mapping is not unique:
for each sight-line, two distinct distances — one in front and one
beyond the tangent point — can be associated to the same line-
of-sight velocity. This produces ambiguity in the reconstruction
of the density field, and even though clever solutions have been
proposed (e.g. Nakanishi & Sofue 2003), the detailed gas dis-
tribution in the inner Galaxy remains uncertain. Finally, not all
these studies show a direct comparison between the synthetic
line-profiles — produced by the derived gas density distribution
moving in the modelled velocity field — and the data, which is
key to assessing the goodness of the model.

Since any prejudice on the rotation curve can significantly
affect the derived gas distribution, it is mandatory to deter-
mine the former independently from the latter. The rotation
curve in the inner Galaxy is classically derived by using the
so-called tangent point method (Kwee et al. 1954). This method
assumes that the gas has pure circular motions, and it is
based on extracting the terminal-velocity from the line pro-
files and assigning it to gas located at the tangent-point radius
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Ryp = Rosin(l), where the near-far ambiguity vanishes. How-
ever, the identification of the terminal-velocity in the profiles is
not straightforward, because gradients in gas density and ve-
locity dispersion along the line-of-sight have a large impact
on the tail of the profiles. Hence, the terminal velocity is of-
ten derived by assuming that the velocity dispersion and the
density of the gas are constant for a wide range of line-of-
sight velocities (Shane & Bieger-Smith 1966; Celnik et al. 1979;
Rohlfs & Kreitschmann 1987; Malhotra 1995). This leads to a
certain degree of circularity in the method, as an assumption on
the gas density profile must be made in order to derive the termi-
nal velocities, and so the rotation curve, which thereafter can be
used to image the spatial distribution of the gas itself.

In this paper, we present a novel approach to deriving the
kinematics and the distribution of the atomic and molecular hy-
drogen in the inner Galaxy via the modelling of the observed
emission-line profiles. Our modelling is based on the follow-
ing assumptions: the Galactic disc is axisymmetric and the gas
moves on co-planar and concentric circular orbits, without co-
herent radial or vertical motions. While these assumptions may
appear crude, they allow us to simultaneously fit both the gas
kinematics (rotation velocity and velocity dispersion) and the gas
distribution (midplane density and scale height) of our model to
the data. This approach circumvents most of the aforementioned
issues, and provides a simple model of the inner Galactic disc
that is in remarkable agreement with the observations. We note
that the modelling of the gas kinematics in nearby galaxies is
classically done with the so-called “tilted ring” technique (e.g.
Rogstad et al. 1974; Begeman 1987), which is based on the same
assumption adopted here'.

This paper is structured as follows. In Sect. 2 we describe, in
detail, our models and present the method adopted to fit them to
the data. In Sects. 3 and 4 we show our results on the kinematics
and distribution of the HI and H, as derived by our modelling.
We discuss our results in Sect. 5 and present our conclusions in
Sect. 6.

In this work, we use two coordinate systems. The first is the
Galactic coordinate system (I, b, v), where / and b are the Galac-
tic longitude and latitude and v is the line-of-sight velocity in
the local standard of rest. The second is a cylindrical coordi-
nate system (R, ¢, z), where R and z are the distances perpendic-
ular to and along the rotation axis of the Galaxy and ¢ is the
azimuthal coordinate, assumed positive in the direction of the
Galaxy rotation. We use the Galactic constants Ry = 8.3kpc
and v, = 240kms™' (McMillan 2011). In Appendix C we show
how our results change if we assume a different value for vg.

2. Method

To model the atomic and the molecular hydrogen components
of the Milky Way, we make use of the Leiden-Argentine-Bonn
(LAB) all-sky 21-cm survey (Kalberla et al. 2005) and of the
12CO (J = 1-0 rotational transition line) survey of Dame et al.
(2001). We use a hanning-smoothed version of the LAB data,
with an angular (velocity) resolution of ~0.6° (~2km s7!) and
voxel size of 0.5° X 0.5° x 2kms~!. The CO data of Dame et al.
(2001) have instead angular (velocity) resolution of ~0.15°
(~1.3kms™") and voxel size of 0.125°x0.125°x 1.3kms™". The
different angular and spectral resolutions may complicate the in-
terpretation of our results, thus we prefer to bring both datasets
to a common resolution. In order to increase the signal-to-noise

! Except for the departures from co-planarity due to the presence of
warps, which are not important in this context.
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ratio and reduce the number of points to fit, we smooth both data-
cubes to an angular resolution? of 1° x 1°. The CO datacube was
also smoothed to a velocity resolution of 2 km s~ and re-binned
to match the voxel size of the LAB data. For the remainder of the
paper we use these “degraded” versions of the datacubes.

We focus on the regions where the emission lines are pro-
duced by the inner (R < Ry) Galaxy: 0° </ < 90° and v>0, or
first quadrant (QI), and at 270° < [ < 360° and v < 0, or fourth
quadrant (QIV). Because of the Galaxy rotation, QI appears to
be receding from an observer placed at the location of the Sun,
whereas QIV appears to be approaching. We model QI and QIV
separately.

We assume that the Galactic disc can be decomposed into
a series of concentric and co-planar rings, centred at the Galac-
tic centre. Following Olling (1995), the vertical distribution of
the gas is approximated as a Gaussian. The gas in each ring is
described by four parameters: the rotation velocity vy, the veloc-
ity dispersion o, the midplane volume density ny and the scale
height &g, which is the half width at half maximum (HWHM) of
the Gaussian distribution (so that nge /(1445 gives the gas den-
sity n as a function of z for a given ring). We assume that the gas
kinematics does not change with z (but see Sect. 5.7). These four
parameters are then fit to the data: our fitting strategy consists
of building a synthetic observation of our model (Sect. 2.3) and
comparing it with the data (Sect. 2.4).

We model the inner disc by using 180 rings for each Galac-
tic quadrant, each ring is at distance R|sin(/)| from the Galac-
tic centre: this gives us two points per resolution element per
quadrant. We do not model the warp in the Galactic disc as its
amplitude is negligible in the regions considered (Levine et al.
2006Db).

In the following, we describe how we build synthetic data-
cubes for the HI emission of our model, and how we compare
them to the observations. An equivalent procedure is used for the
molecular gas, with a few differences discussed in Sect. 4.

2.1. Modelling the gas on the midplane

We first focus on the HI located on the midplane (b = 0°) and fit
the parameters vy, o and ng of each ring to the LAB data.

Our iterative method, similar to that adopted by
Kregel & van der Kruit (2004) to study the HI kinematics
in nearby edge-on galaxies, is sketched in Fig. 1. We consider
an observer located on the midplane at R = Ry and we are
interested in modelling the HI brightness temperature profile
Ts(v) at a given Galactic longitude / and at latitude b = 0°.
This profile is built from the contribution of all rings with
0 < i < imax along the line-of-sight, where Ry = Ry and
Ri,.. = Rosin(l) = Ry. We note that rings at radii smaller than
Ry, do not contribute to this profile. For each new [ we fix vy,
o; and ng; of all rings with i < ip,, to the values determined
by the previous iterations, we evaluate a synthetic brightness
temperature profile Tg(v) (see Sect. 2.3) and fit it to the observed
profile by varying only the parameters of the ring at i = ipax.
Details of the fitting procedure are given in Sect. 2.4. We apply
this method to determine the values of the parameters for all
rings recursively, starting from Ry (I = 90° for QL or [ = 270°
for QIV) down to the Galactic centre (I = 0° or 360°).

The parameters of the first ring in the iteration cannot be
determined and must be assumed: we fix them to vy = vo,

oo = 8kms~! and noo = 0.5 cm™>. We tested that a factor of two
variation in ng o or o7 has virtually no impact on our results. This

2 Intended as the FWHM of a Gaussian kernel.
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Fig. 1. Scheme of the iterative fitting method used in this work. The first panel sketches the inner Milky Way divided into rings. The gas emission-
line profile at longitude / is given by the sum of the contributions of all rings with 0 < i < iy, (second panel), the parameters of the last ring can
be found by fitting the last Gaussian of the model profile (thick red curve) to the data (dashed curve). We iterate this procedure by decreasing / at

each step (third panel).

happens because the ring number density is the largest around
R, thus in the solar neighbourhood the model parameters sta-
bilise quickly regardless of the values chosen for the outermost
ring.

Our approach differs substantially from the classical tangent
point method, where a) each line profile is treated independently,
and b) the emission at the terminal-velocity is always associated
to gas at the tangent point. In fact, under the assumptions of ax-
isymmetry and circular rotation, (a) and (b) are redundant. Our
iterative fitting procedure intrinsically accounts for the fact that
line profiles at different longitudes are not independent, but in-
stead originate from a common underlying disc. Also, for any
sight-line we do not force the gas at the tangent point radius (i.e.
at ring i = im,x) to contribute to the highest-velocity region of
the line profile, because the fit to the innermost ring is uncon-
strained. We argue that, within the framework of axisymmetry,
ours is the best possible approach for modelling the data with-
out making any a-priori assumption on the trends of the various
parameters.

2.2. Modelling the gas above the midplane

Once the parameters for the midplane are determined, we pro-
ceed to compute the scale height of the gas in each ring. We focus
on gas at b # 0 and adopt the same iterative method of Sect. 2.1.
The difference here is that, instead of modelling a single line-
profile for each longitude /, we model the latitude-velocity (b-v)
slice Tg(b, v) and we fit it to the LAB data by adjusting the scale
height of the tangent-point ring.

The main caveat of this procedure lies in the assumption
that the gas is in cylindrical rotation, that is, the rotation ve-
locity of the gas in each ring does not change with z. How-
ever, Marasco & Fraternali (2011) showed that a layer of slow-
rotating extra-planar HI is present in the Milky Way. Therefore,
we decide to confine our fit to latitudes |b| < 5°, which allows
us to minimise contaminations from this slow-rotating compo-
nent while maintaining enough data points to study the vertical
distribution of the gas at most radii (see Sect. 5.7 for further de-
tails). Profiles at || > 5° are relevant only for modelling regions
close to Ry: for instance, for a disc half-thickness of 100 pc, a
sight-line of b = 6° would already “pierce” through the disc at
R = 7.3 kpc and the line profile would contain little information
on the gas located at smaller radii. As contamination from extra-
planar HI should be significant close to Ry, we prefer not to

model the high-latitude profiles in the data. We refer the reader
to Marasco & Fraternali (2011) for a model of the Galactic HI
emission at high latitudes.

2.3. Simulating a line profile

In our model, the brightness temperature profile Tg(v) in a given
direction of the sky (/,b) is determined in two steps. The first
consists in deriving the HI column density profile Nyi(v). Gas at
a generic distance d with respect to an observer placed at the Sun
location (see Fig. 1) has the following cylindrical coordinates:

\/ R2 + d? cos(b)® — 2d Re cos(l) cos(b)

R(d) =
dsin(b),

2(d) =
and its line-of-sight velocity is given by

Ro

R@) ey

v(d) = (v¢(R(d)) - u@) sin(/) cos(b) .

We note that Eq. (1) is valid for circular motions only. This gas
will contribute to the total column density in (/, b) by an amount
ANy; = n(R,z) Ad, being Ad a generic step along the line-of-
sight. We assume that this column density is spread in the veloc-
ity domain by following a Gaussian distribution with mean equal
to v(d) and standard deviation equal to o (d), which is the veloc-
ity dispersion of the gas at radius R(d). In practice, we consider
a series of steps along the line of sight 0 < d; < dpax, Where
dmax 1s the distance at which the line of sight intercepts the solar
circle (see Fig. 1), and evaluate the HI column density profile as

2

d;<dmax

Av
\2r

where v, o , and n are derived by linear interpolation of the
various rings and Av is the channel separation in the datacube
(2km s_l). We assume that Ad; is either 10 pc or the distance
along the line-of-sight between two consecutive rings, whichever
is the smallest.

As a second step, we must convert Ny(v) to a brightness
temperature Tg(v). This is a delicate step, which we begin to
tackle by first reiterating some basic equations for the HI radia-
tive transfer. In the absence of background sources, the solution
to the equation of radiative transfer for an extended (i.e. filling

Nui(v) =

nd) (_(v - v(d))’ 2

o(d) 202y )Ad"’
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entirely the telescope beam), homogeneous and isothermal layer
of HT at a given line-of-sight velocity v is

Tp() = Ts (1 - ™), 3)

where 7(v) is the HI optical depth and Ty is the HI excitation
(or spin) temperature. Following Binney & Merrifield (1998,
page 473), the HI column density between two generic line-of-
sight velocities v; and v, can be expressed in terms of the gas
spin temperature and the optical depth as

Nur = cfvz Tst(v)dv, @

v

where ¢ = 1.823 x 10'® cm™ K~! km™!'s. If we differentiate
Eq. (4) we can easily re-arrange for the optical depth:

_ NHI(U, v+ AU)
T(v) = cTsho ()

where the quantity Ny (v, v+Av)/Av has units of cm™ km~!sand
is in practice given by Eq. (2). In the optical thin limit 7 <« 1 (i.e.
low column density and/or high spin temperature), Eq. (3) gives
Tg =~ Tst = Nyi/c, so the measured brightness temperature is
proportional to the intrinsic column density per unit velocity. In
the optical thick limit 7 > 1, instead, Ty =~ Ts. Thus Eq. (3)
implies that the brightness temperature cannot exceed the gas
spin temperature.

The interstellar medium (ISM), however, is not isothermal
and homogenous, but instead consists of an ensemble of clouds,
shells, and filaments with different sizes, temperatures, and den-
sities, roughly in pressure equilibrium (e.g. Wolfire et al. 2003).
Radiative transfer in such a complex medium cannot read-
ily be described by Eqgs.(3) and (5). In general, there is no
unique relation between column density and brightness tem-
perature: given any Npp(v), the observed brightness tempera-
ture profile will depend on the physical properties of the clouds
that make up the ISM, on their distribution along the line
of sight, and on the observing setup (e.g. Dickey & Lockman
1990, see also Appendix A.l of this work). However, thanks
to the many theoretical (McKee & Ostriker 1977; Wolfire et al.
2003) and observational (Gibson et al. 2000; Heiles & Troland
2003; Dickey et al. 2003; Strasser & Taylor 2004) studies on the
Galactic ISM carried out in the last decades, we have formed
a good understanding of the physical properties of the neutral
gas. Using results from these studies, in Appendix A we build
a model for the multiphase Galactic ISM and compute the ex-
act Nyp(v) — T relation for an observing setup analogous to that
of the LAB survey. We show that such a relation can still be
approximately described by Eqs. (3) and (5), using an “effec-
tive” spin temperature of ~152 K, the peak brightness temper-
ature measured in the LAB survey. This value is two to three
times larger than the typical Ts determined in studies of HI ab-
sorptions against background continuum sources. For instance,
Dickey et al. (2003) and Heiles & Troland (2003) found median
Ts of 65K and 50K, respectively. These studies, however, at-
tempt to characterise only the coldest and densest phase of the
HTI, which is the only phase responsible for the absorptions but
contributes only in part to the overall 21-cm emission. Our aim is
to have the simplest possible prescription for the conversion be-
tween Nyp(v) and Tg(v) that best describes the 21-cm LAB data,
thus our effective spin temperature of 152 K is a better motivated
choice and we adopt it as our fiducial Ts for the purpose of com-
puting Eqs. (3) and (5). We caution the reader that this value
must be interpreted neither as the typical Ts of the Galactic HI
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nor as representative for one particular phase of the neutral gas.
It is, in fact, only a practical choice. In Sect. 5.6, we discuss how
our results change for different 7.

In summary, the HI line profile is derived by first evaluating
Eq. (2), then Eq. (5), and finally Eq. (3).

2.4. Fitting technique

In order to fit the ring parameters x = (vy4, 0, 1o, hs) to the data,
we must define a way to compare the model HI line profile,
Tg“’d(x, v), with the observed profile Tgbs(v). This comparison
is performed via a Monte Carlo Markov Chain (MCMC) algo-
rithm. MCMC samples the parameter space in a way propor-
tional to the probability of the model given the observations
P(TR%(x)|T3™), which is proportional to the product of the like-
lihood and the prior P(T§b5|T]g"°d(x)) X P(T]g“"d(x)) (Bayes theo-
rem). We define the likelihood as:

n-pixels

[1 ex

k=1

n-pixels | -rmod obs
T, x,0,) — T9%(v
exp{_ 5 T x, ) — Ty <k)|]

€
k=1

exp (—R(x)/€), (6)

P(TG" T (x))

IS8

€

(_ TR, ) = Tng(vm)

where R(x) is the residual between the model and the data, €
is the error bar in the data (assumed to be constant through-
out the whole dataset) and the sum is extended to all pixels in
the data velocity domain, which extends from —400 km s to
+400kms~'. We note that the choice of x that minimises R is
also the one that maximises the likelihood. The value of € is
important as it affects the width of the posterior probability dis-
tribution, which gives the uncertainty on the fit parameters. In
principle € should be the rms-noise of the LAB survey but, given
that our model is a simple axisymmetric approximation of the
Galactic disc, the requirement that it fit the data to the noise level
is not realistic and would lead to a severe underestimation of the
uncertainty associated to our results. Therefore we define an ad-
hoc error €* as the ratio between the minimum value of R(x) and
the number of pixels used to calculate it, and for each sight-line
we use either €* or the LAB rms-noise, whichever is the largest.

As fitting boundary conditions, we require that 0 < vy <
300kms™, ng > 0, hy > 0. In addition, we require that o >
VksTs/my, that is, the gas total velocity dispersion be at least
equal to the thermal velocity dispersion, this latter value being
1.5kms™" for our fiducial model (Ts = 152 K). We set our prior
to be 1 in the allowed parameter ranges, and O otherwise.

In practice, when fitting the midplane emission (Sect. 2.1),
we use 2000 iterations of the chain to evaluate €* and further
8000 iterations to sample the full posterior probability distribu-
tion for the parameters vy, o~ and ny. We use the mean and the
standard deviation of these distributions as representative for the
central value and the error bar of our parameters. The emission
above the midplane (Sect. 2.2) is fit with a similar procedure, but
we use 100 iterations for €* and a further 400 to sample the pos-
terior probability, given that the midplane parameters are already
set and we only fit for A;.

In Appendix B we test our fitting technique on mock HI ob-
servations of an idealised disc, and we demonstrate that it can
recover the system input parameters with very good accuracy.
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Fig. 2. [ — v diagrams at b = 0° for the HI emission in the regions QI (fop row) and QIV (bottom row) of the Milky Way. The leftmost panels
show our one-component model, the central panels show our two-component model, and the rightmost panels show the LAB data. Brightness
temperature contours range from 0.1 K (or 4 times the rms noise) to 102.4 K in multiples of 2.

3. Results: atomic hydrogen
3.1. Midplane: one-component model

Figure 2 shows the longitude-velocity (/-v) diagrams at latitude
b = 0° predicted by our model (leftmost panels) for the reced-
ing and the approaching sides of the disc, and compares them
with the observations (rightmost panels). The agreement with
the LAB HI data is surprisingly good in most locations. In par-
ticular we are able to reproduce the brighter HI features visi-
ble in the data, which often occur at velocities different from
the terminal velocities (like the bright HI spot visible around
[ =350°0v=-10km sfl). However, the tail of the HI emission
is more extended in the data than in our model, which suggests
that the model underestimates the velocity dispersion of the gas
close to the tangent points. This is not caused by our choice of
the spin temperature (152 K), as the optically thin model (not
shown here) appears identical to that shown in the left panels
of Fig. 2. One possibility is that, as the HI brightness tempera-
tures in the data span over three orders of magnitudes, our fitting
technique (Sect. 2.4) is biased towards the brightest part of the
profiles and is less sensitive to the faint HI emission. To test
this, we re-performed our fit by substituting 7 with log(7g) in
Eq. (6). This significantly compresses the brightness tempera-
ture dynamical range. We found that, in this way, the H I tails are
reproduced significantly better, but at the expense of the fitting
of the brightest regions.

We conclude that our base model cannot reproduce the
brightest and faintest regions of the HI Galactic disc simulta-
neously, and consider the inclusion of a second gas component
in our disc model.

3.2. Midplane: two-component model

We now assume that the HI in the Galactic disc can be described
by two components that share the same rotational velocity but
have different densities and velocity dispersions. This increases
the number of free parameters for each ring by two. Both com-
ponents are fit simultaneously to the data by using the proce-
dure described in Sect. 2.4, but we substitute 7y with log(Ts) in
Eq. (6) to account for the large brightness temperature dynamical
range.

The | — v diagrams for the best-fit model with two-
components are shown in the middle panels of Fig.2. We have
assumed that both components have Ts of 152 K, but this choice
does not affect the appearance of the /—vdiagrams. The differ-
ences with respect to the single component model are minimal,
except that now the tail of the H I emission is more extended and
the data are reproduced remarkably well at all locations and in
both quadrants. This can be better appreciated in Fig. 3, which
shows three representative HI line profiles at [ = 20°,40°, and
60° for the data and for both our models. Clearly, both mod-
els are in good agreement with the data, but the two-component
model reproduces the tails of the profiles significantly better.
Hereafter, we refer to this two-component, best-fit disc model
with Ts = 152K as our fiducial model.

Figure 4 shows the rotation curve, the velocity dispersion
and midplane density profiles for our fiducial model. Profiles for
the approaching and the receding sides of the Galaxy are shown
separately, along with an average value representing a full ax-
isymmetric model. The panel on top in Fig. 4 shows the best-fit
values for rotation velocity (points + error-bars) as derived via
our MCMC routine. A smooth rotation curve (solid thin lines)
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Fig. 3. H1 brightness temperature profiles taken at three representative longitudes (as indicated in the bottom left corner of each panel) for our
one-component model (long-dashed line), our two-component model (short dashed line) and for the LAB data (solid line). All profiles are at
b = 0°. Both models adopt Ts = 152 K. The two component model fits the tails of the observed profiles significantly better.

is derived by smoothing these points with a Gaussian kernel
with 0.2 kpc of FWHM. In the smoothing procedure, each point
has been given a weight inversely proportional to its error bar
to ensure that the most uncertain values do not affect our final
profiles. From this panel, it is clear that the HI rotation curves
in QI and QIV are very similar to one another. Such similarity
in v, points towards a high degree of axisymmetry in the inner

Galactic disc. Differences in velocity larger than ~10kms™" oc-
cur only at R<2.5kpc: at such small radii, we expect the Galac-
tic bar to have a non-negligible impact on the kinematics of both
gas (e.g. Fux 1999) and stars (e.g. Portail et al. 2017). Further
discussion on the effect of the bar can be found in Sect. 5.4.

The central and bottom panels of Fig.4 show the o and ng
profiles separately for the two components, and for both QI and
QIV. Here, we show only the smoothed profiles. There is a clear
distinction between the two components: the first one (compo-
nent A) has low velocity dispersion (~8 kms™") and high den-
sity (~0.3-0.5 cm™3), while the other (component B) has high
o (15-20km s_l) and low ng (~0.04 cm™). As mentioned, the
high-o- component is the one needed to reproduce the faint tail
of the line profiles. The contribution of this component to the HI
mass within the solar circle is 15% in QI and 20% in QIV. The
average velocity dispersion and density profiles ({(o-) and (ng))
are determined as

1 1
) = 1 (I/l(),AO'i+I’l0’BO']23)2 +(HQ,AO'§‘+I10’BO'2B)2 7
2 noA+noB o oA +10B oy
1
(no)y = 3 [(HO,A +noB)gr + (Moa + nO,B)QIV] . ®

The average o is very large in the Galactic centre, where it
reaches values of 25-30km ™!, but it decreases quickly with R,
dropping down to ~10km ™! around R = 1.5 kpc. For larger R,
(o) slowly decreases down to values of ~8kms™' at R = Rs.
Similar trends for o"(R) have also been derived in external galax-
ies (Tamburro et al. 2009). The averaged midplane density peaks
in the Galactic centre but then shows a large depression at
0.5 < R < 2.5kpc. At larger R, {(ny) oscillates around a typical
value of 0.4 cm™3. The density profiles of QI and QIV show a
series of peaks and depressions, and are discussed in more depth
in Sect. 5.5.

We discuss in more depth the nature of the second compo-
nent in Sect. 5.3. Here, we stress that the averaged radial profiles
of this new model are remarkably similar to those determined for
our single component model (not shown here). The rotation ve-
locities, in particular, are practically the same at all radii. The av-
eraged velocity dispersions alone show some minor differences,
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Fig. 4. Rotation velocity (top panel), velocity dispersion (central panel)
and midplane volume density (bottom panel) profiles for our fiducial H1
disc model of the Milky Way. Profiles for QI and QIV are shown in red
and blue, respectively. In the central and bottom panels, solid lines rep-
resent the first low-velocity dispersion component, while dashed lines
represent the second component at high-velocity dispersion. The rop
panel shows both the single best-fit values (points with error-bars) and
the profile derived by smoothing the latter at 0.2 kpc of resolution (see
text). For the sake of clarity, only the smoothed profiles are shown in
the other panels. The thick solid black lines represent the averaged
smoothed profiles (computed via Eq. (7) for o and Eq. (8) for ny).

which are however never larger than ~2km s~! and typically be-
low 1kms~!. This not only suggests that the models presented
are indeed the best possible fit to the data, but also indicates the
overall robustness of our fitting procedure.

3.3. Scale height and column density

Our fiducial model is the one that best reproduces the Galactic
H1 distribution and kinematics at b = 0°. We can now study
how the gas distributes above the midplane using the method
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Fig. 5. H1/—v diagrams above the midplane. Left-hand panels: [-v diagrams taken in the receding quadrant QI at different latitudes (as indicated
on the top-left corner of each panel) for our fiducial model (first column) and for the LAB data (second and third column). Brightness temperature
contours range from 0.1 K to 102.4 K in multiples of 2. Right-hand panels: the same, but for the approaching quadrant QIV.

described in Sect. 2.2. Since we believe that the two HI compo-
nents do not represent physically distinct phases of the Galaxy’s
ISM — as discussed in Sect. 3.2 — we do not treat them separately
and fit them both with a single scale height.

Figure 5 shows the /—v diagrams taken above and below the
midplane at b = +1°,+2°, +4° for our fiducial case and for the
LAB data. In general, the model follows nicely the trend shown
by the data, where the high-velocity, low-level H1 emission visi-
ble close to the galactic centre (/ <20° in QI and />340° in QIV)
vanishes at |b| >2° because HI above the midplane is lacking in
the innermost regions of the disc. In the model, / — v diagrams
at opposite latitudes are identical by construction and are shown
in the left-most panels of Fig. 5. This is not the case for the data,
where / — v diagrams at opposite latitudes show some differences
(in particular at b = +£2°) that are likely caused by the presence
of the Galactic bar and by the vertical displacement of the Sun
with respect to the Galaxy midplane (e.g. Humphreys & Larsen
1995). Our model does not take these features into account and
predicts /— v distributions that are in between those shown by the
data. We also note that the model does not reproduce the data at
b # 0° as accurately as on the midplane. This is because we are
assuming that the HI rotation velocity and velocity dispersion
do not change with z, and attempt to fit a simple Gaussian for the
vertical gas distribution of each ring. We discuss this further in
Sect. 5.7.

Figure 6 shows the resulting scale height and H I surface den-
sity profiles for our fiducial model. The HI scale height increases
inside-out, moving from ~100pc for R < 3kpc to ~200 pc at
larger radii. Also in this case the regions QI and QIV show very
similar trends, pointing towards a high degree of symmetry in
the inner disc. Unfortunately, a precise value for the scale height
at R > 7kpc is difficult to derive, as the HI profiles at [ > 60°
(QD) and ! < 300° (QIV) change very little with b. Therefore,
for the purpose of determining the surface density at radii larger
than 7kpc, we fixed the scale height to a value of 217 pc, de-
rived by averaging the approaching and receding A at R = 7 kpc.
The bottom panel of Fig. 6 compares the HI surface density Xy
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Fig. 6. H1 scale height (fop panel) and surface density (bottom panel)
profiles for our fiducial H I model of the Milky Way. Profiles for QI and
QIV are shown in red and blue respectively. The top panel shows the
best-fit values to the data (points with error-bars) and the profiles de-
rived by smoothing the latter to 0.2 kpc of resolution (thin solid lines),
while only the smoothed profiles are shown in the bottom panel. The
thick solid black lines show the mean profiles. For comparison, we
show the density profiles determined by Binney & Merrifield (1998;
dashed line), Nakanishi & Sofue (2003; dotted line) and Kalberla &
Dedes (2008; dot-dashed line), all re-scaled to R = 8.3 kpc.

predicted by our model (thick solid line) with a selection of those
presented in the literature (dashed lines). In general, the Zy; of
our model is in very good agreement with that determined by
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Binney & Merrifield (1998), while it lies above that determined
by Nakanishi & Sofue (2003) and well below that predicted by
(Kalberla & Dedes 2008). In addition, we predict the HI depres-
sion at 0.5 < R <2.5kpc to be deeper than all previous determi-
nations, and a steep rise in the inner few hundred parsecs.

4. Results: molecular hydrogen

As is often done in the literature, we assume that most molecular
hydrogen is traced by the CO (J = 1-0) emission line, whose
source of excitation is primarily collisions with H, molecules,
and use the CO data of Dame et al. (2001) to model the Galactic
H, inside the solar circle. We caution that there exists a fraction
of molecular hydrogen that is not coupled with CO, and there-
fore remains “invisible” in our data (the so-called “CO-dark” H,,
Langer et al. 2014; Tang et al. 2016). What we model here is in-
stead the “CO-bright” phase of the molecular hydrogen.

The modelling of the Galactic CO follows a prescription sim-
ilar to that adopted for the HI, with the following differences.
First, we use only a single gas component. Second, we do not
consider the effect of the optical thickness. Even though molecu-
lar clouds are optically thick in the CO (J = 1-0) rotational line,
it is commonly assumed that their ensemble is not; clouds do not
shade each other because they are well separated in both space
and velocity (e.g. Gordon & Burton 1976; Binney & Merrifield
1998). Thus a typical CO line-profile is produced by the sum of
the profiles of each individual cloud. Assuming that the popula-
tion of molecular clouds does not vary within the inner Galaxy,
the integral of the CO line profile between two line-of-sight ve-
locities v; and v, can be considered proportional to the H, col-
umn density:

N, = Xeo f T do, ©

U1

where Tp is the brightness temperature of the CO line and Xco
is the CO-to-H, mass conversion factor (or simply Xco fac-
tor). Following Bolatto et al. (2013), we adopt Xco = 2.0 X
10 cm™ K~! km™'s, with an uncertainty of +30%. Equa-
tion (9) can be inverted to derive Tg(v), and the quantity Ny, (v)
can be evaluated with a formula analogous to Eq. (2). We as-
sume vy = Vo, 0 = 4km s~ and np = 0.5 cm™ for the first ring
of our model (see Gordon & Burton 1976). Finally, in our fit we
do not impose a lower limit on the velocity dispersion because
of the low kinetic temperature and large molecular weight of
the CO.

Figure 7 shows the [ — v diagrams of the midplane CO emis-
sion for our model (on the left) and for the data (on the right).
Comparing the HI and the CO data reveals some important dif-
ferences. As molecular gas is organised mostly in clumps which
are distributed along spiral arms, the CO emission appears to be
more patchy (in the / — v space) than the HI emission, despite
the fact that both datacubes have been smoothed to the same res-
olution. Clearly, this patchiness cannot be properly reproduced
by our model, which assumes a smooth and axisymmetric dis-
tribution of molecular gas. Apart from this difference, the model
reproduces quite well the pattern shown by the data. This is espe-
cially evident in QI, where several features that are not located in
the proximity of the tangent velocity — and therefore are not di-
rectly fit — are well predicted by the model. The most evident of
these features originates around / = 0°, v = Okm s~ and crosses
the diagram diagonally up to [ ~ 30°, v = 120kms~!, repre-
senting part of the Galactic “molecular ring” (e.g. Clemens et al.
1988). As we can reproduce reasonably well both the peaks and
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Fig. 7. [ — v diagrams at b = 0° for the J = 1-0 CO emission line in
the regions QI (fop row) and QIV (bottom row) of the Milky Way. The
panels on the left show our model, the panels on the right show the CO
data of Dame et al. (2001). Both datasets are smoothed to the angular
resolution of 1° x 1° and the velocity resolution of 2kms™'. Brightness
temperature contours range from 0.03 K (or 3 times the rms noise) to
15.36 K in multiples of 2.
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Fig. 8. As in Fig. 4, but for our model of Galactic H, as derived from
our fit to the CO data of Dame et al. (2001).

the tails of the observed CO profiles, there is no need to include
a second component in the line-fitting.

The rotation curve, the velocity dispersion and midplane
density profiles for the Galactic H, are shown in Fig.8. As
already noticed for the HI, the molecular gas of the Milky
Way also shows a remarkable degree of symmetry between the
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Fig. 9. As in Fig. 5, but for our model of the CO emission. Black contours are at 75 of 0.05, 0.2 and 0.5 K. The red contour is at 75 = —0.05 K.

approaching and the receding sides of the disc. For both vy and o,
the main differences between the two sides arise at R < 1.5 kpc,
where non-circular motions induced by the bar play an impor-
tant role. The H, velocity dispersion peaks at the Galaxy centre
with a value of 15-20kms~'. Similarly to the atomic hydro-
gen, o drops quickly within the inner 1 kpc down to a value of
~4kms™!, and it slowly decreases at larger radii. Despite the
molecular gas being concentrated in spiral arms, the midplane
H, densities in QI and QIV follow a similar global trend. The ex-
ception is that, in a few locations (R = 2.7, 3.5, 5.2 kpc), peaks in
QI correspond to depressions in QIV (or viceversa). The atomic
gas shows similar features (Sect. 3.2), though their locations do
not perfectly overlap with those of the Hj.

We now model the CO distribution in the direction perpen-
dicular to the midplane. Our procedure is analogous to that used
in Sect. 3.3 for the HI, with two differences. First, we limit the fit
to the latitudes |b| <3°, because a) the signal-to-noise of the data
decreases significantly at higher latitudes; and b) in the regions
of our interest, the /—v diagrams at |b|>3° are similar to those at
|b| = 3° and do not seem to contain additional information on the
vertical distribution of the CO. Second, we impose hs <200 pc as
a prior. Our fitting technique does not converge well if we leave
the CO scale height completely free to vary, and it is reasonable
to assume that the disc of molecular gas is thinner than the HI
disc in our Galaxy.

Figure 9 compares some representative / —v diagrams ex-
tracted from our best-fit model at different latitudes with those of
the data. We note that the noise in the data increases significantly
with |b|. As expected, the main difference between the model
and the data is that the latter is more clumpy and shows more
structures, suggesting that the molecular gas is not diffusely dis-
tributed in the disc as the model assumes. However, the model
reproduces quite well the observed drop in CO emission as a
function of latitude, indicating that the scale heights that we are
determining are reliable.

The molecular hydrogen scale height and surface density
profiles are shown in Fig. 10. The scale heights in the two quad-
rants show a very similar trend with R. The average hy declines
slowly with R, varying from ~100 pc in the Galactic centre to
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Fig. 10. As in Fig.4, but for our model of Galactic H, as de-
rived from our fit to the CO data of Dame et al. (2001). In the bot-
tom panel, the dashed and the dotted lines show the H, profiles de-
rived by Bronfman et al. (1988) and Nakanishi & Sofue (2006) re-
spectively, both re-calibrated to R, = 8.3kpc and Xco = 2.0 X
10 em™2 K~ km™''s.

~50 pc in the solar neighbourhood. As for the atomic hydrogen,
in this case we also prefer to fix the scale height at R > 7 kpc
to the value of 52 pc, determined by averaging the approaching
and the receding A obtained at R = 7kpc. In a recent review,
Heyer & Dame (2015) presented a compilation of H, scale-
height profiles derived in the last 30 years via different methods
applied to different datasets. In all cases, the Hy HWHM scale-
height remains approximately flat in the region 3 < R < 8kpc,
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Distribution and kinematics of the neutral hydrogen in the Milky Way
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Fig. 11. Distribution and kinematics of the atomic (blue filled squares) and CO-bright molecular (brown empty circles) hydrogen in the inner disc
of the Milky Way, as derived from our modelling. The panels show the profiles for the rotation velocity (a), surface density (b), velocity dispersion
(c), midplane density (d) and HWHM scale height (e). Each profile is smoothed to the resolution of 0.2 kpc. One point per resolution element
is plotted. Error-bars show the 10 uncertainty on the measurements, and account for both the approaching-receding asymmetry and the MCMC
error-bars derived via our fitting technique (see the text for details). An additional 30% error on the H, midplane and surface densities is included
to account for the uncertainties in the Xco-factor (Bolatto et al. 2013). An ad-hoc 40 pc error is assumed for the scale height at R > 7 kpc.

Table 1. Properties of the Galactic atomic and molecular hydrogen av-
eraged in the region 3 <R <8.3 kpc.

Par. Units Hr H,

o kms™'  89+1.1=+1.5 4441215
o cm™  043+0.11+0.10 0.42 +0.22 +0.21
I pc 202 £28 +21 64 +12+32
) Mopc? 45+1.1+16 30+1.9+2.0
Myu(<Ry) 108 M, 9.0+0.5 6.7+0.7

Notes. o: velocity dispersion; ny: midplane density; 4;: HWHM scale
height; X: face-on surface density. Each entry shows the mean value
computed in the region considered, followed by its standard deviation
and by the mean uncertainty associated to the measurements. Scale
heights are derived assuming Gaussian profiles for the vertical distri-
bution of the gas. The last row shows the total H1 and H, masses within
the solar circle, determined as discussed in the text. Masses and densi-
ties do not include the contribution from helium.

with mean and standard deviation of 50 + 11 pc, compatible
with the values determined here (see also Table 1). The H, sur-
face density profile indicates that most gas is concentrated either
close to the Galactic centre or in the region 2.5 < R < 5.0kpc,
while a large depression occurs at 1 < R < 2.3 kpc which was al-
ready noticed by Sanders et al. (1984). The average Xy, is char-
acterised by three distinct peaks: the first around R = 3.3 kpc,
the second at R = 4.5kpc and the third at R = 6.4kpc. The
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first peak is however a by-product of our averaging, as the CO
distribution in QI and QIV in the region 2 < R < 4 kpc is oppo-
site in nature. The other two peaks are instead “genuine”, being
present in both the approaching and the receding regions — al-
though the third is especially prominent in QIV. Our H, surface
density profile is compatible with that determined by Bronfman
et al. (1988; dashed line in Fig. 10), but shows more structures:
peaks are higher and depressions are deeper. The agreement with
the profile derived by Nakanishi & Sofue (2006) is however less
good, especially at R < 2.5 kpc. We note that the Bronfman et
al. and the Sofue et al.’s profiles do not agree with each other at
R < 3kpc.

5. Discussion
5.1. Comparison between atomic and molecular gas

The results obtained in this work are summarised in Fig. 11,
which shows the radial profiles for the rotation velocity (panel a),
surface density (panel b), velocity dispersion (panel c), midplane
density (panel d), and half width at half maximum scale height
(panel e) for both the atomic and the CO-bright molecular hydro-
gen of the Milky Way. As in the previous sections, each profile
is derived by averaging the approaching and the receding parts,
which are smoothed to the spatial resolution of 0.2 kpc, while
Egs. (7) and (8) are used to compute the average HI velocity
dispersion and midplane density. We show one point per resolu-
tion element.
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The uncertainty o, on each quantity, which is represented
by the error bars in Fig. 11, is derived by summing two terms
in quadrature. The first term iS 0 agym, Which accounts for the
asymmetries between the two regions QI and QIV. Following
Swaters (1999), we estimate o,y as the difference between the
(smoothed) approaching and receding profiles divided by 4. For
the HT velocity dispersion and midplane density, 0 asym is com-
puted by subtracting — instead of adding up — the two terms in the
square brackets of Egs. (7) and (8), and dividing the result by 4.
The second term is og, which takes into account the MCMC
error-bars given by the standard deviations of the posterior prob-
ability distributions as described in Sect. 2.4. For a given param-
eter at a given R, o7 is computed as the median MCMC error-
bar within 0.2 kpc from that radius. Error-bars from QI and QIV
are both included in the computation of og,. An additional 30%
uncertainty on the H, midplane and column density is summed
in quadrature to account for the uncertainty in the Xco factor
(Bolatto et al. 2013). Finally, a generous ad-hoc 40 pc error is
assumed for both the HI and H, scale heights at R > 7kpc,
where our modelling is poor and #; is fixed to a constant value.

The similarities between the atomic and molecular gas in
terms of kinematics and distribution are striking. The HI and
H, rotation curves remarkably overlap with each other. They
both rise quickly, peak to ~260 kms™! at 0.6 kpc from the cen-
tre, decline down to 210kms™! at R = 2.5, and then gently
rise again. The rotation velocity flattens around R = 6.5 kpc
to a value that depends on the choice of vg, which here is
240kms™' (see Appendix C for the rotation curves re-scaled to
Vo = 220kms™!). The main difference between the two com-
ponents is that that the rotation traced by the H, shows several
“bumps” that pulls the velocity downwards with respect to the
values determined for the HI. Our interpretation is that, given
that the molecular gas a) is less diffuse and has a more “patchy”
distribution with respect to the HI, and b) is likely to be more
concentrated around the Galaxy spiral arms, there is no guar-
antee that some CO emission will always occur at the tangent
point for all lines-of-sight. When this does not happen, our fit-
ting algorithm interprets the lack of emission in terms of a drop
in vg. These bumps would therefore be artificial and caused by
the fact that H; is not homogeneously distributed within the disc.
However, the magnitude of these velocity drops is very small,
typically less than 10kms™', suggesting that the molecular gas
in the Galactic disc can be treated as a diffuse and continuous
component, at least as a first approximation.

The HI and H; surface density profiles are characterised by
large error bars, due to the propagation of the uncertainties on the
scale heights and midplane densities. In spite of that, they show
several similarities: they both peak around the Galactic centre,
have a deep depression in the region 0.5 < R < 2.5 kpc and then
rise again at larger distances. We find all these correlations to be
very significant, especially because they have been derived by a
blind fit to two totally independent datasets. The surface density
in the Galactic centre is dominated by the molecular gas, but its
precise value is highly uncertain: we estimate 12 +2 M pc~? for
the HI and 115 + 40 M pc=? for the H,. The HI density pro-
file at R > 3 kpc is fairly flat, between 3 and 7 M, pc‘z, whereas
the H, density declines with radius and abruptly drops down to
~1 My pc=? at R>7kpc. Apart from the general trend, both sur-
face density profiles show two clear peaks at R = 4.5kpc and
R = 6.4kpc. In Sect. 5.5 we discuss two possible origins for
these features: one is that they are due to actual ring-like over-
densities in the gas distribution, and the other is that they arise
because, at those particular locations, the line-of-sight intersects
the regions of spiral arms, where the gas density is above the

Table 2. Properties of the Galactic atomic and molecular hydrogen ex-
trapolated to R = R, = 8.3 kpc.

Par. Units H1 H,

o kms™! 7.8+0.8 37+12
1o cm™  041+006 023+0.11
h pc (217 £40) (52 +40)
> Mopc™?  45+0.7 1.3+£0.7

Notes. Values for the scale heights (in parenthesis) are fixed to those
determined at R = 7kpc, for which an ad-hoc uncertainty of 40 pc is
assumed.

mean. Interestingly, there is little trace of these features in the ve-
locity dispersion profiles or in the H, scale height profile, while
the HI scale height peaks at slightly lower radii with respect
to the density enhancements. An additional peak can be seen
around R =~ 3 kpc but, as mentioned in Sect. 4, at 2 < R < 4 kpc,
the H, distributions in QI and QIV are anti-correlated thus the
correspondence of the average H, profile with the HI profile in
this regions could be, to some extent, coincidental.

Table 1 shows the typical properties of the Galactic atomic
and molecular hydrogen averaged in the region 3 < R < 8.3 kpc,
where fluctuations in the various quantities are limited, along
with their total masses within the solar circle. For each model
parameter we show the mean value computed in the region con-
sidered, the standard deviation around the mean, and the mean
uncertainty — that is, the mean error bar shown in Fig. 11 — in
that region. Values for the rotation velocity depend on the choice
of v, (see Appendix C), and therefore are not shown. We note
that, given that the molecular gas density is a decreasing function
of R, its mean value is not truly representative for the density in
the region considered. The total masses within the solar circle
are computed as the mean and the standard deviation of 10* dif-
ferent realisations, each derived by randomly extracting the HI
and H; surface densities profiles from the values (points with er-
ror bar) shown in panel (b) of Fig. 113. Our fiducial value for the
H; mass within the solar circle is in broad agreement with that of
Heyer & Dame (2015). We stress that these masses, even when
corrected for the helium content, do not represent a complete
census of the gas content in the inner disc of the Milky Way.
Diffuse ionised gas contributes around one third of the mass of
the neutral atomic component (Reynolds 1993). Also, studies of
[C11] emission-lines have revealed the presence of a CO-dark H,
component that may encompass a significant fraction (20—-50%)
of the molecular gas in the Galaxy (Langer et al. 2014). Clearly,
these components are missed by our analysis.

In order to derive the gas properties in the solar neighbour-
hood, it is best to extrapolate from measurements at lower radii,
as the uncertainties associated to the measurements at R = Rg
are large. The extrapolation is computed as follows. First, for
each parameter radial profile, we produce 10* realisations by
randomly extracting the parameter values in the region R >
7.0kpc from the points with error bars shown in Fig. 11. Each
realisation is then fit with a straight line, and the value of the
fit extrapolated at R = 8.3 kpc is recorded. In Table 2 we show,
for the various parameters, the mean and the standard deviations
of these extrapolated values. Clearly, the properties of the HI in
the solar neighbourhood are similar to those determined at lower
radii, while the molecular gas is less abundant at R = R with
respect to the rest of the inner disc.

3 For this purpose, each point with an error bar is interpreted as the
mean and the standard deviation of a Gaussian distribution.
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5.2. An independent estimate for the local H column density

Recently, McKee et al. (2015) re-analysed archival data in order
to provide a census of surface densities for different baryonic
components in the solar neighbourhood. Using previous results
by Heiles (1976) and Dickey & Lockman (1990), and adopting
a correction for the optical depth based on Strasser & Taylor
(2004), they derive an HI surface density in the solar neigh-
bourhood Zye of 7.8 + 1.2 Mg pc™? (from their Table 2, after
removing the 40% correction for the He and heavier elements),
which is in tension with our determination of 4.5 + 0.7 M pc™2.
They also quote a fiducial value for the local H; surface density
of 0.7 £ 0.2 M, which is compatible with our estimate given our
large error-bar.

One might indeed doubt the values presented in our Table 2,
given that our modelling technique is less robust in the proxim-
ity of the solar circle. For this reason, we now provide a model-
independent estimate of Xy using an approach similar to that
adopted by Heiles (1976), which is based on a simple geomet-
rical relation between the column density perpendicular to the
disc and that measured towards a generic line of sight.

First, we mask in the LAB datacube the HI emission pro-
duced by high and intermediate-velocity clouds, which can po-
tentially contaminate our computation. This masking follows
the procedure described by Marasco & Fraternali (2011) in their
Sect. 2.1, and is based on a 35kms™' cut in “deviation” ve-
locity (see Wakker 1991). As discussed in Marasco & Fraternali
(2011), the masking is very conservative and indeed we find that
it has only a marginal impact on our results, as by neglecting
it, the surface density increases by only ~0.2 Mg pc~2. Next, we
produce an all-sky HI column density map by integrating in ve-
locity all line profiles in the (masked) LAB data. From this map,
at any given latitude b we compute a median column density
2m(b) by considering many sight-lines: consistently with our
previous analysis, we focus separately on 0° < [ < 90° (re-
gion QI) and on 270° < I < 360° (region QIV), for which we

compute two distinct Xgp(b). Under the assumption of a constant
gas scale-height within ~1 kpc from the Sun, Xy can be com-
puted as

Zhio = 2 sin((bl) X (D Tpu(b) + Tniin (). (10)
where D is the correction for the HI optical depth (D > 1) and
Zurs(b) is a sight-line-dependent correction due to the Local
Bubble, a severely gas-depleted region that surrounds the so-
lar neighbourhood (e.g. Cox & Reynolds 1987). Here we adopt
D = 1.3, in agreement with our findings (see Sect. 5.6) and with
those of Strasser & Taylor (2004). Given the complex shape of
the Local Bubble, the rightmost term in Eq. (10) is difficult to
determine and we ignore it for a moment.

In Fig. 12 we show how Zypo varies as a function of |b,
for |p| > 10°, and for regions QI and QIV separately. Ide-
ally, Xgro should stay constant at all latitudes. Instead, there
is a clear discontinuity around |b| ~ 45°, above which the
mean column density (shown by green circles in Fig. 12) drops
by a factor of ~2: this can be readily explained as being due
to the “hourglass” shape of the Local Bubble (Lallement et al.
2003) that — extending preferentially in the direction perpen-
dicular to the midplane — drastically contaminates the column
density measurements at high latitudes. At lower latitudes, how-
ever, the contamination should be largely reduced as the Bubble
“wall” is much closer to the Sun. For instance, assuming a dis-
tance to Bubble wall of 60 pc (Lallement et al. 2003), we find
an overall correction to Xyye of about 0.2 Mg pc?ath = 10°
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Fig. 12. H1 column density in the solar neighbourhood determined via
Eq. (10) at different Galactic latitudes b, based on the LAB data. H1
emission from high- and intermediate-velocity clouds has been masked.
The regions QI (squares) and QIV (triangles) are shown separately. The
mean column density is shown by circles. Values at |b| > 45° (empty
symbols) are strongly contaminated by the Local Bubble. Using only
data at 10° < |b| <45° (filled symbols) we infer Zy; o = 5.3+0.5 Mg pc™>
(accounting for the H I opacity, but not correcting for He).

using the mean HI disc parameters of Table 1. In the region
10° < |b| < 45° the mean Xy seems approximately flat: here
we derive a HI surface density of 5.3 +0.5 + 0.2 M, pc~2, where
the first term is the mean in the region considered, followed by
the standard deviation and by the mean uncertainty computed
as the difference between QI and QIV divided by 4. We find a
slightly lower and more precise value (5.0 + 0.3 + 0.1 Mg pc™2)
if we also exclude data at 28° < |b| <° 40, where QI and QIV
show a significantly different trend.

These estimates are compatible with — but slightly larger
than — the surface density reported in Table 2. While this sug-
gests that the value of Xy shown in Table 2 may be slightly
underestimated, in Sect. 5.7 we argue that the whole H I surface
density profile may be overestimated because of contamination
from extra-planar gas. In light of these considerations, we still
take X0 = 4.5 £ 0.7 as our fiducial value.

5.3. On the nature of the second H| component

It is hard to tell whether or not the additional low-density, high-o
component used in Sect. 3.2 to fit the Galactic HI data is spuri-
ous in nature, that is, simply serves the purpose of absorbing the
insufficiencies of our model, or has true physical meaning. On
the one hand, the two components are not related to the classi-
cal “cold” and “warm” neutral ISM (e.g. Wolfire et al. 2003), as
their velocity dispersion is too high to be caused by pure thermal
broadening. On the other hand, double-component HI profiles
are observed also in external galaxies: lanjamasimanana et al.
(2012) studied stacked profiles in The HI Nearby Galaxy Sur-
vey (THINGS; Walter et al. 2008) and found that they can be
decomposed into a narrow and a broad component, with veloc-
ity dispersions analogous to those found here.

One possibility is that the second, high-o- component is re-
quired to account for the various non-axisymmetric features
along the line of sight, like streaming motions in the spiral arms
or stochastic substructures. These features locally modify the
gas density and velocity dispersion and might induce deviations
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from the pure differential rotation. All these effects contami-
nate the HI line profiles in a way that is difficult to predict, but
that can be globally taken into account by including a second,
“artificial” HI component with a different density and velocity
dispersion.

Another possibility is that diffuse star formation in the disc
injects turbulence in a fraction of the HI medium. In this case,
the high-oo component would represent a genuine, turbulent
phase of the Galactic ISM. The kinetic energy associated to
our second component is 6.3 x 10°3 erg, assuming a constant
velocity dispersion of ~15kms™" and accounting for the He
content. Assuming a turbulence dissipation timescale of 107 yr
(Tamburro et al. 2009), an energy injection rate of 2x10°° erg s~
would be required to maintain the gas in this state. This rate can
be easily achieved by supernova feedback: for a Galactic super-
nova rate of two events per century (Diehl et al. 2006), and as-
suming the canonical 1x10°! erg per event, a feedback efficiency
of only 0.3% would suffice to match this requirement. Thus this
second scenario is energetically plausible.

A third possibility is that this high-o- component is the mid-
plane counterpart of the high-latitude Galactic extra-planar H1.
Extra-planar gas is indeed more turbulent than the gas in the disc
and, overall, contributes to only a small fraction (5—10%) of
the total HI mass (Fraternali et al. 2001; Oosterloo et al. 2007,
Marasco & Fraternali 2011). If the extra-planar HI is produced
by the Galactic fountain mechanism (Marasco et al. 2012), the
neutral phase of the returning fountain flow could be observ-
able on the midplane as a low-density, high-o- component*. In
this scenario, as in that previously discussed, it is feedback from
star formation that ultimately produces the second component.
A possible argument against this scenario is that, if the fountain
clouds that return to the disc have substantially lower rotational
speed with respect to the midplane gas, their emission should be
systematically shifted to velocities lower than the terminal ve-
locity, and therefore their contribution to the HI profiles should
be limited to the brightest regions of the /—v diagram and not
appear in its high-velocity, low-T7p tail.

5.4. The effect of the bar

Perhaps the main weakness of our model is that it is based on
the assumption that the gas follows pure circular orbits, which
would only be correct if the gravitational potential was perfectly
axisymmetric. It is well established, however, that the Milky
Way is a barred galaxy (e.g. Dwek et al. 1995; Binney et al.
1997). The first attempt to characterise the gas distribution and
kinematics in the central regions of the Galaxy was made by
Liszt & Burton (1980), who proposed a scenario where the gas
in the innermost 2 kpc moves along elliptical paths in a ring-
like structure which is tilted with respect to disc midplane (see
also Ferriere et al. 2007). Later on, numerical simulations of gas
flows in a barred potential have revealed that, in the presence of
a bar, the gas kinematics and distribution become asymmetric
and non-stationary (Fux 1999; Rodriguez-Fernandez & Combes
2008; Sormani et al. 2015). As a consequence, the exact shape
of the HI and CO longitude-velocity diagrams in the innermost
regions of the Galaxy — say 340° < [ < 20° — will depend on the
details of the bar shape and pattern speed, on its orientation with
respect to our view-point, and on the observing epoch.

4 In the model of Marasco et al. (2012) the fountain clouds are ejected
from the disc fully ionised, thus H1 emission is visible preferentially
during the descending phase of their trajectories.

In general, the rotation curve at R $2.5 kpc shown in Fig. 11
should not be taken as representative for the circular velocity in
that region. The circular velocity should rise more gently than
what can be derived from a simple tangent-point analysis of the
| — v diagrams: this was first recognised by Binney et al. (1991),
and considered recently by dynamical models of the inner Galac-
tic disc based on the density and kinematics of stars (Portail et al.
2017; see also Fig. 17). Unfortunately, the only “correct” ap-
proach to study the gas dynamics in the innermost few kpc of
the Galaxy is to follow the gas flow via hydrodynamical simu-
lations and adjust the potential parameters in order to reproduce
the details of the / — v diagrams, like in Sormani & Magorrian
(2015). This is, however, beyond the scope of the current work.

5.5. The effect of the spiral arms

As already mentioned, the atomic and the molecular gas
distributions show two prominent peaks at R = 4.5, 6.4kpc.
Remarkably, these peaks can be seen in both the receding and
the approaching regions of the disc (Figs. 6 and 10), and they
correspond to distinctive “bumps” visible in the / — v diagrams
around [ = 30°,50° (QI) and / = 310°,330° (QIV). We noted
that a third gas overdensity can be seen around R = 3 kpc: this is
visible in both QI and QIV in HI, but it is separated in two dis-
tinct peaks in H,. The fact that at least two of these overdensities
are visible in both quadrants is significant. The simplest expla-
nation for these features would be the presence of two distinct
ring-like gas overdensities within the Galactic disc at radii of 4.5
and 6.4 kpc. Ring-like features are observed in the neutral gas of
nearby galaxies, such as NGC 3184 or NGC 2841 (Walter et al.
2008).

Another possibility is that these features arise when the line-
of-sight intersects the regions of spiral arms, where the gas den-
sity is above the mean. Unlike the previous scenario, in this case
the density enhancement would be local, thus the derived column
density would not be representative for the mean column density
at that radius. Burton (1971) already noticed the “bumps” in the
H1!/-vdiagram of QI, and interpreted them in the framework of
the density-wave theory (Lin et al. 1969) as streaming motions
induced by the Galactic spiral arms. According to Burton (1971),
streaming motions alone are sufficient to explain the irregulari-
ties in the / — v diagram of QI, even in the presence of a uniform
gas density distribution (see his model V). Clearly, our model
does not include self-consistently non-circular motions induced
by the spiral arms. However, we can check whether or not the
sight-lines that are responsible for the peaks in the density distri-
butions intersect the Galactic spiral arms at the locations where
the overdensities occur.

In Fig. 13 we show a face-on view of the inner disc
of the Milky Way with the four-arm spiral pattern of
Steiman-Cameron et al. (2010) overlaid on top. The spiral arm
model is based on all-sky intensity maps of [C II] and [N I1] lines,
which trace the cool phase of the Galactic ISM. The dashed red
and blue lines in Fig. 13 represent the sight-lines (in QI and QIV,
respectively) for which the tangent point radius (R sin(/)) is
3,4.5 or 6.4kpc. Clearly, the gas overdensity at 6.4 kpc can be
explained as the [ = 50° sight-line in QI intercepts the Sagittarius
arm, while the / = 310° sight-line in QIV intercepts the Scutum-
Crux arm. The overdensity at 4.5 kpc appears to be produced as
the sight-lines in QI and QIV intercept the Scutum-Crux and the
Norma arm, respectively, although in this case, the correspon-
dence between spiral arms and tangent points is less precise. Fi-
nally, the feature around 3 kpc is likely related to the long-known
3-kpc arm (van Woerden et al. 1957; Dame & Thaddeus 2008)
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Fig. 13. Face-on view of the Galactic inner disc with the four-arm spiral
pattern of Steiman-Cameron et al. (2010) overlaid on top. The Sun is
at coordinates (x, y) = (0, —8, 3) kpc. The disc rotates clockwise and the
approaching (QIV) and the receding (QI) sides are shaded in blue and in
red, respectively. An indicative 3-kpc bar is shown, oriented at 30° with
respect to the / = 0° sight-line (Wegg et al. 2015). The three circles
(grey dotted lines) show the radii of the gas overdensities discussed in
the text, while the red and blue dashed lines show the sight-lines that
are tangent to these circles. The gas overdensities at R = 4.5, 6.4 kpc
are consistent with the sight-lines intercepting the spiral arms.

(not shown in Fig. 13), or, more generally, to the region where
the Perseus and the Scutum-Crux arms connect to the edge of
the Galactic Bar.

5.6. The effect of the spin temperature

We now discuss the effect of different HI spin temperatures on
our results. In Fig. 14 we compare the properties of the HI disc
derived by our fiducial model (Ts = 152 K, shaded region) with
those predicted by our best-fit optically thin (7s = 8000 K, dot-
dashed line) and our best-fit optically thick (Ts = 80K, dashed
line) cases. Clearly, differences concern mainly the gas density.
In the optically thin regime, ng is smaller because the HI emis-
sion is not partially self-absorbed like in the fiducial case, so less
gas is required to produce the same flux. The opposite happens in
the optically thick regime. We note that the density profiles pre-
dicted by these three regimes are not consistent with one another.
The HT velocity dispersions predicted by the three regimes are
virtually identical, despite the fact that, at higher temperature,
HT has a larger thermal broadening, corresponding to a higher
velocity dispersion floor (see Sect. 2.4).

Since the scale heights of the three models are almost the
same at all radii, the difference in the midplane density implies
a difference in surface density and total mass. The model with
Ts = 80K reaches column densities up to ~10 Mg pc™2, simi-
lar to those found by Kalberla & Dedes (2008, see also Fig. 6),
but we exclude that such a low Ts is representative for the
typical spin temperature of the Galactic HI, as we discuss in
Appendix A. The HI masses within the solar circle predicted by
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Fig. 14. Comparison between our fiducial model (shaded regions)
and two other models with different optical depths: an optically thin
case (Ts = 8000K, dot-dashed lines) and a more optically thick one
(Ts = 80K, dashed lines). From rop to bottom: rotation velocity, ve-
locity dispersion, midplane density, scale height and surface density as
a function of R. Only the averaged profiles are shown, smoothed at the
spatial resolution of 0.2 kpc. Different regimes predict significantly dif-
ferent column densities.

these models are 6.4 x 108 M, for the optically thin regime and
1.4 x 10° My, for the optically thick one, which corresponds, re-
spectively, to 30% less and 52% more than the mass predicted by
our fiducial model (9.1 x 108 My). Interestingly, a 30% discrep-
ancy in H I mass between an opaque and an optically thin regime
has also been found by Strasser & Taylor (2004) in our Galaxy
and by Braun et al. (2009) in M31. We note that different spin
temperatures have little impact on the HI surface density in the
solar neighbourhood, which sits robustly around 5 M, pc=2; nev-
ertheless we reiterate that this value is quite uncertain given that
the scale height at R > 7 kpc cannot be accurately determined.

5.7. The effect of the extra-planar H1

The HI scale height and column density have been derived by
assuming that the gas kinematics above and below the midplane
are the same as those at z = 0. However, Marasco & Fraternali
(2011) found that the Milky Way is surrounded by a faint
(~5—10% of the total HI mass) layer of slow-rotating, inflowing
extra-planar H I, analogous to that found in external galaxies like
NGC 2403 (Fraternali et al. 2002), NGC 891 (Oosterloo et al.
2007) and NGC 3198 (Gentile et al. 2013). This medium extends
up to a few kpc above the disc and is thought to be produced
by the Galactic fountain mechanism (Marasco et al. 2012). As
we test in Appendix B, neglecting this additional component
leads to overestimation of the HI scale height and, as a con-
sequence, the HI column density. A way to tackle this problem
is to fit for the scale height by including in the model an addi-
tional component that represents the Galactic extra-planar HI.
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Fig. 15. Galactic H1 scale heights and surface density profiles predicted
by our fiducial model (points with error-bars) and by a model that ac-
counts for the extra-planar H1 (from Marasco et al. 2013, solid lines).
Only the averaged profiles are shown, smoothed at the spatial resolution
of 0.2 kpc. The model that includes the extra-planar H I predicts slightly
lower surface densities, but is roughly consistent with the fiducial case.

Table 3. As in Table 1, but correcting for the presence of the Galactic
extra-planar H1 as discussed in the text.

Par. Units Hi1

hs pc 172 £24 £ 21
T Mopc™? 39+1.1+12
Mu(<Rs) 108 M, 79+0.5

Notes. Values for ny and o are the same as those reported in Table 1.

The parameters of this component are taken from Marasco et al.
(2013). This approach has been tested on mock H I observations
of a system consisting of a disc plus an extra-planar component,
and leads to the correct recovery of the input disc scale height
(see Appendix B for the details).

In Fig. 15 we compare the scale height and surface density
profile of our fiducial model, which does not include the extra-
planar HI, with those derived by including this additional com-
ponent. Differences are small, and arise only at R > 3—4kpc.
The surface density predicted by this new model is slightly
lower than, but still consistent with, that predicted by our fidu-
cial case. The disc HI mass within the inner Galaxy decreases by
about 12% (from 9.0 to 7.9 x 108 M) when including the extra-
planar gas, which is less than the difference that we would de-
rive by neglecting the H1 opacity in our calculations (Sect. 5.6).
We conclude that the presence of the extra-planar HI has only a
modest impact on our results. By analogy with Tables 1 and 2, in
Tables 3 and 4 we report, respectively, the typical gas properties
averaged in the region 3 < R < 8.3 kpc and those extrapolated to
R = R, for this new model that includes the extra-planar gas.

5.8. Comparison with external galaxies

How do the gas properties of our Galaxy compare with those de-
termined in nearby spirals? It is not trivial to find in the literature
a proper comparison sample, which should contain spirals with

Table 4. As in Table 2, but correcting for the presence of the Galactic
extra-planar H1 as discussed in the text.

Par. Units H1

hy pc (176 = 40)
)y Mopc?  4.0+0.7

Notes. Values for ny and o are the same as those reported in Table 2.

a Milky-Way-like morphology and with spatially resolved HI
and H, data. Here, we have focused on the sample of Leroy et al.
(2008), who have derived the atomic and molecular hydrogen
surface density profiles in 23 nearby galaxies using HI data
from THINGS (Walter et al. 2008), CO (J = 1-0) data from the
BIMA Survey of Nearby Galaxies (BIMA SONG:; Helfer et al.
2003), and CO (J = 2-1) data from the HERA CO-Line Ex-
tragalactic Survey (HERACLES; Leroy et al. 2009). Within the
sample of Leroy et al., we have selected those systems that are
classified as SAB or SB according to RC3 (de Vaucouleurs et al.
1991): NGC 3184, NGC 3198, NGC 3351, NGC 3521, NGC
3627 and NGC 6946. In addition, we have included in our sam-
ple the HI surface density profiles of NGC 925 and NGC 2903,
both SAB systems, from de Blok et al. (2008). Finally, we have
complemented our sample with the HI and H, density profiles
of the SAB galaxy NGC 5236 (M83)° from Crosthwaite et al.
(2002). All systems have numerical Hubble T values ranging
from 3 to 7, equivalent to b-to-d stages in the classical de Vau-
couleurs classification.

In Fig. 16 we compare the HI and H, surface density pro-
files of the systems in our sample with those of the Milky Way.
Overall, the HI radial distribution of our Galaxy does not differ
from that of the other spirals, especially at R > 3 kpc. With the
exception of NGC 925, all galaxies show a depression in their
inner (R < 3kpc) HI content, analogous to — but less promi-
nent than — that of the Milky Way. Differences are more evi-
dent when it comes to the molecular gas content, as the Milky
Way appears to be one of the most H,-poor galaxies in the
sample, along with NGC 3198 and NGC 3351 (shown by solid
lines in Fig. 16). Interestingly, these two galaxies are the only
SB systems in our sample, and they both have a H, distribu-
tion analogous to that of the Milky Way, including a depres-
sion around R ~ 2 kpc similar to that of our Galaxy. Both NGC
3198 and NGC 3351 are however less massive than the Milky
Way, having vg, (i.e. the rotational speed in the region where
the rotation curve is flat) of 150kms™" (de Blok et al. 2008) and
196 kms™! (Leroy et al. 2008) respectively®. We note that virtu-
ally all galaxies show some features in their H, surface density
profile around R = 2—-3 kpc.

Even though our galaxy sample is small, our analysis sug-
gests that the way the cold gas is distributed in our Galaxy is not
untypical for a barred spiral, and in particular for an SB system.
There is general consensus that gas flow in a barred potential can
produce a depression in the gas surface density in the regions of
the bar (e.g. Athanassoula 1992). However, the details of the gas
distribution within and around the bar depend on the physical
condition of the bar, in particular on its pattern speed and ex-
act shape (e.g. Sormani et al. 2015). We argue that variations in
the bar shape and speed can justify the variety in surface density
profiles shown by the systems in our sample.

3> For which we assumed a distance of 4.6 Mpc (Saha et al. 2006).
6 Although the value quoted for NGC 3351 is quite uncertain given the
low inclination of this galaxy.
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in this work, and of a sample of nearby barred spirals (symbols and lines) from Leroy et al. (2008, L08) and de Blok et al. (2008, dB08). Data for
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Fig. 17. Comparison between the rotation curve of the Milky Way
(shaded region) and those of a sample of nearby barred spirals (sym-
bols and lines) from the SPARC sample (NGC 2903, NGC 3198, NGC
3521, NGC 6946), from de Blok et al. (2008, dB08) (NGC 925, NGC
3627) and from Crosthwaite et al. (2002, C02) (NGC 5236). Symbols
and colours are the same as in Fig. 16.

In Fig. 17 we compare the HI rotation curve of the Milky
Way with those of the other galaxies in our sample. The rotation
curves of the external galaxies are taken from the Spitzer Pho-
tometry & Accurate Rotation Curves (SPARC) database (Lelli
et al. 2016; NGC 2903, NGC 3198, NGC 3521, NGC 6946),
from de Blok et al. (2008; NGC 925, NGC 3627) and from
Crosthwaite et al. (2002; NGC 5236). NGC 3184 and NGC 3351
are part of the THINGS sample but have not been studied by
de Blok et al., given their low inclination. Despite their variety
in dynamical range, all rotation curves in our sample of exter-
nal galaxies (except for NGC 6946) show a shallow rise in the
inner parts followed by a flattening in the outer regions. The
Galactic rotation curve follows instead a different trend: its steep
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rise followed by wiggles and a rapid decline in the innermost
~2.5 kpc strikes as a unique feature. As discussed in Sect. 5.4,
the Galactic rotation curve at R < 2.5kpc is strongly contam-
inated by non-circular motions triggered by the bar and it is
hardly representative for the circular velocity in that region. It
is hard to compare the impact of non-circular motions on the de-
rived rotation curve of the Milky Way with that on the rotation
curves of external galaxies, given the completely different tech-
nique adopted to extract the rotation velocities. It is quite pos-
sible that the ‘true’ rotation curve of our Galaxy, once cleaned
from non-circular motions, may appear similar to some of those
in our sample (for instance, like that of NGC 3521).

6. Conclusions

We have modelled the kinematics and the distribution of the
atomic and CO-bright molecular hydrogen in the inner (R < Rg)
disc of the Milky Way. We have assumed that the Galactic disc
can be decomposed into a series of concentric and co-planar
rings, and that the gas in each ring can be fully described by
four parameters: the rotation velocity, the velocity dispersion, the
midplane density and the scale height. The model is axisymmet-
ric, but we have modelled the receding (QI) and the approaching
(QIV) sides of the Galaxy separately. Non-circular motions are
not included in our model.

The parameters of each ring are fitted to the HI data of
the LAB survey (Kalberla et al. 2005) and to the CO data of
Dame et al. (2001). Our fitting strategy consisted in simulating
the various HI and CO line profiles in the regions of interest and
comparing them with the observed profiles. The fit proceeds iter-
atively from the outermost sight-lines (! = 90° for QI or / = 270°
for QIV) to the innermost one (/ = 0°), so that the parameters of
each ring depend on those determined for the other rings at larger
radii. With our method, for a given ring a) all parameters can be
fit simultaneously to the data without assuming a-priori a radial
profile for the gas density or velocity dispersion, b) the terminal
velocity in the line profile is not related a-priori to the gas at the
tangent point radius. To our knowledge, this is the first time that
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such a novel approach has been used to model both the HI and
the H, in the Galaxy.
Our results can be summarised as follows:

— Our disc model reproduces very well the /—v diagrams for
both the HI and the CO emissions in the inner Galaxy up
to a few degrees above the midplane. The agreement with
the HI is more evident as the atomic gas is distributed more
smoothly within the disc.

— The approaching and the receding sides of the inner Galaxy
show very similar rotation, velocity dispersion and scale
height profiles, suggesting a large degree of axisymmetry in
the inner disc. Discrepancies between the two sides occur
mainly at R < 2.5 kpc and are most likely induced by the
Galactic bar.

— The HI and H; rotation curves overlap remarkably well with
each other. They rise in the centre and reach a flat part at
R > 6.5 kpc (for vy = 240 kms™'). Some bumps visible in
the molecular gas rotation are likely caused by the patchy
distribution of molecular clouds in the disc.

— The HI (H;,) velocity dispersion peaks at the Galactic centre
with a value of ~30kms™ (~20kms™"), decreases rapidly
in the innermost 1.5kpc (1kpc) and remains constant at
larger radii, with a typical value of 8.9kms™' (4.4kms™").
In the solar neighbourhood, we derive a value of ~7.8 km s
(~3.7kms™).

— The HI (H,) scale height is fairly flat for R > 3 kpc, with a
Gaussian HWHM of 202 + 28 pc (64 + 12 pc).

— The HI and H, surface density profiles show several com-
mon kpc-scale features; they both peak at Galactocentric
radii of 4.5 and 6.4kpc, and show a deep depression at
0.5 < R < 2.5kpc. The peaks represent either genuine, ax-
isymmetric ring-like overdensities within the disc, or local
features due to the line-of-sights intercepting the Galactic
spiral arms. The depression is most likely caused by the
Galactic bar. The profiles are in good agreement with those
determined by Binney & Merrifield (1998), but are in tension
with other determinations, in particular with the HI surface
density derived by Kalberla & Dedes (2008).

— We estimate an HI (H;) surface density in the solar neigh-
bourhood of 4.5 + 0.7 Mg pc™2 (1.3 + 0.7 My pc™2).

— When compared with nearby barred spiral galaxies, the gas
distribution in the Milky Way is not exceptional. In partic-
ular, it seems analogous to that of other SB galaxies like
NGC 3198 and NGC 3351.

Additionally, we have built a simple model for the Galactic ISM
and demonstrated that a spin temperature of ~150 K is optimal to
describe the typical HI opacity in the LAB dataset. Neglecting
the H1I opacity leads to underestimation of the HI mass within
the inner Galaxy by ~30%.

We have found that the H1 emission is better described by as-
suming two components, the first with high density (~0.4 cm™>
on the midplane) and low-velocity dispersion (8 kms™!), and the
second with low density (~0.04 cm™ on the midplane) and high-
velocity dispersion (15-20kms™'). We argue that the second
component originates either from non-circular motions induced
by non-axisymmetric features in the disc (like spiral arms), or
from star formation feedback. In the former scenario, this com-
ponent would serve the sole purpose of absorbing insufficiencies
in our model, and therefore would be artificial.

We have stressed that the gas flow in a barred galaxy such
as the Milky Way results in an asymmetric, non-stationary gas
distribution and kinematics in the regions of the bar. For this

reason, we discourage the reader to trust our rotation velocity
measurements in the innermost ~2.5 kpc.

Acknowledgements. A.M. would like to thank Renzo Sancisi for critically read-
ing this manuscript and for providing constructive comments, and Erwin de Blok
for providing the rotation curves and the surface density profiles of THINGS
galaxies. J.M.v.d.H. acknowledges support from the European Research Coun-
cil under the European Union’s Seventh Framework Programme (FP/2007-
2013)/ERC Grant Agreement No. 291531. The authors thank an anonymous ref-
eree for insightful comments.

References

Athanassoula, E. 1992, MNRAS, 259, 345

Begeman, K. G. 1987, Ph.D. Thesis, Kapteyn Institute

Binney, J., & Merrifield, M. 1998, Galactic astronomy (Princeton: Princeton
University Press)

Binney, J., Gerhard, O. E., Stark, A. A., Bally, J., & Uchida, K. I. 1991, MNRAS,
252,210

Binney, J., Gerhard, O., & Spergel, D. 1997, MNRAS, 288, 365

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Braun, R., Thilker, D. A., Walterbos, R. A. M., & Corbelli, E. 2009, ApJ, 695,
937

Bronfman, L., Cohen, R. S., Alvarez, H., May, J., & Thaddeus, P. 1988, ApJ,
324,248

Burton, W. B. 1971, A&A, 10, 76

Burton, W. B. 1974, in Galactic Radio Astronomy, eds. F. J. Kerr, & S. C.
Simonson, IAU Symp., 60, 551

Burton, W. B., & te Lintel Hekkert, P. 1986, A&AS, 65, 427

Celnik, W., Rohlfs, K., & Braunsfurth, E. 1979, A&A, 76, 24

Clemens, D. P., Sanders, D. B., & Scoville, N. Z. 1988, ApJ, 327, 139

Cox, D. P, & Reynolds, R. J. 1987, ARA&A, 25, 303

Crosthwaite, L. P., Turner, J. L., Buchholz, L., Ho, P. T. P., & Martin, R. N. 2002,
AJ, 123, 1892

Dame, T. M., & Thaddeus, P. 2008, ApJ, 683, L143

Dame, T. M., Elmegreen, B. G., Cohen, R. S., & Thaddeus, P. 1986, ApJ, 305,
892

Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ, 547, 792

de Blok, W. J. G., Walter, F,, Brinks, E., et al. 2008, AJ, 136, 2648

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., et al. 1991, Third
Reference Catalogue of Bright Galaxies, Vol. I: Explanations and References,
Vol. II: Data for Galaxies between O and 12h, Vol. III: Data for Galaxies
between 12" and 24"

Dickey, J. M., & Lockman, F. J. 1990, ARA&A, 28, 215

Dickey, J. M., McClure-Griffiths, N. M., Gaensler, B. M., & Green, A. J. 2003,
AplJ, 585, 801

Diehl, R., Halloin, H., Kretschmer, K., et al. 2006, Nature, 439, 45

Dwek, E., Arendt, R. G., Hauser, M. G., et al. 1995, AplJ, 445, 716

Ferriere, K., Gillard, W., & Jean, P. 2007, A&A, 467, 611

Fraternali, F., Oosterloo, T., Sancisi, R., & van Moorsel, G. 2001, ApJ, 562, L47

Fraternali, F., van Moorsel, G., Sancisi, R., & Oosterloo, T. 2002, AJ, 123, 3124

Fux, R. 1999, A&A, 345, 787

Gentile, G., J6zsa, G. 1. G., Serra, P, et al. 2013, A&A, 554, A125

Gibson, S. J., Taylor, A. R., Higgs, L. A., & Dewdney, P. E. 2000, ApJ, 540, 851

Gordon, M. A., & Burton, W. B. 1976, ApJ, 208, 346

Heiles, C. 1976, ApJ, 204, 379

Heiles, C., & Troland, T. H. 2003, ApJ, 586, 1067

Helfer, T. T., Thornley, M. D., Regan, M. W., et al. 2003, ApJS, 145, 259

Heyer, M., & Dame, T. M. 2015, ARA&A, 53, 583

Humphreys, R. M., & Larsen, J. A. 1995, AJ, 110, 2183

Ianjamasimanana, R., de Blok, W. J. G., Walter, F., & Heald, G. H. 2012, AJ,
144, 96

Kalberla, P. M. W., & Dedes, L. 2008, A&A, 487, 951

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775

Kalberla, P. M. W., Dedes, L., Kerp, J., & Haud, U. 2007, A&A, 469, 511

Kregel, M., & van der Kruit, P. C. 2004, MNRAS, 352, 787

Kulkarni, S. R., Heiles, C., & Blitz, L. 1982, ApJ, 259, L63

Kwee, K. K., Muller, C. A., & Westerhout, G. 1954, Bull. Astron. Inst.
Netherlands, 12, 211

Lallement, R., Welsh, B. Y., Vergely, J. L., Crifo, F.,, & Sfeir, D. 2003, A&A,
411, 447

Langer, W. D., Velusamy, T., Pineda, J. L., Willacy, K., & Goldsmith, P. F. 2014,
A&A, 561, A122

Lelli, F., McGaugh, S. S., & Schombert, J. M. 2016, AJ, 152, 157

Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136, 2782

Leroy, A. K., Walter, F., Bigiel, E, et al. 2009, AJ, 137, 4670

A106, page 17 of 24


http://linker.aanda.org/10.1051/0004-6361/201731054/1
http://linker.aanda.org/10.1051/0004-6361/201731054/4
http://linker.aanda.org/10.1051/0004-6361/201731054/4
http://linker.aanda.org/10.1051/0004-6361/201731054/5
http://linker.aanda.org/10.1051/0004-6361/201731054/6
http://linker.aanda.org/10.1051/0004-6361/201731054/7
http://linker.aanda.org/10.1051/0004-6361/201731054/7
http://linker.aanda.org/10.1051/0004-6361/201731054/8
http://linker.aanda.org/10.1051/0004-6361/201731054/8
http://linker.aanda.org/10.1051/0004-6361/201731054/9
http://linker.aanda.org/10.1051/0004-6361/201731054/10
http://linker.aanda.org/10.1051/0004-6361/201731054/11
http://linker.aanda.org/10.1051/0004-6361/201731054/12
http://linker.aanda.org/10.1051/0004-6361/201731054/13
http://linker.aanda.org/10.1051/0004-6361/201731054/14
http://linker.aanda.org/10.1051/0004-6361/201731054/15
http://linker.aanda.org/10.1051/0004-6361/201731054/16
http://linker.aanda.org/10.1051/0004-6361/201731054/17
http://linker.aanda.org/10.1051/0004-6361/201731054/17
http://linker.aanda.org/10.1051/0004-6361/201731054/18
http://linker.aanda.org/10.1051/0004-6361/201731054/19
http://linker.aanda.org/10.1051/0004-6361/201731054/21
http://linker.aanda.org/10.1051/0004-6361/201731054/22
http://linker.aanda.org/10.1051/0004-6361/201731054/23
http://linker.aanda.org/10.1051/0004-6361/201731054/24
http://linker.aanda.org/10.1051/0004-6361/201731054/25
http://linker.aanda.org/10.1051/0004-6361/201731054/26
http://linker.aanda.org/10.1051/0004-6361/201731054/27
http://linker.aanda.org/10.1051/0004-6361/201731054/28
http://linker.aanda.org/10.1051/0004-6361/201731054/29
http://linker.aanda.org/10.1051/0004-6361/201731054/30
http://linker.aanda.org/10.1051/0004-6361/201731054/31
http://linker.aanda.org/10.1051/0004-6361/201731054/32
http://linker.aanda.org/10.1051/0004-6361/201731054/33
http://linker.aanda.org/10.1051/0004-6361/201731054/34
http://linker.aanda.org/10.1051/0004-6361/201731054/35
http://linker.aanda.org/10.1051/0004-6361/201731054/36
http://linker.aanda.org/10.1051/0004-6361/201731054/37
http://linker.aanda.org/10.1051/0004-6361/201731054/37
http://linker.aanda.org/10.1051/0004-6361/201731054/38
http://linker.aanda.org/10.1051/0004-6361/201731054/39
http://linker.aanda.org/10.1051/0004-6361/201731054/40
http://linker.aanda.org/10.1051/0004-6361/201731054/41
http://linker.aanda.org/10.1051/0004-6361/201731054/42
http://linker.aanda.org/10.1051/0004-6361/201731054/43
http://linker.aanda.org/10.1051/0004-6361/201731054/43
http://linker.aanda.org/10.1051/0004-6361/201731054/44
http://linker.aanda.org/10.1051/0004-6361/201731054/44
http://linker.aanda.org/10.1051/0004-6361/201731054/45
http://linker.aanda.org/10.1051/0004-6361/201731054/46
http://linker.aanda.org/10.1051/0004-6361/201731054/47
http://linker.aanda.org/10.1051/0004-6361/201731054/48

A&A 607, A106 (2017)

Levine, E. S., Blitz, L., & Heiles, C. 2006a, Science, 312, 1773

Levine, E. S., Blitz, L., & Heiles, C. 2006b, ApJ, 643, 881

Lin, C. C., Yuan, C., & Shu, F. H. 1969, ApJ, 155, 721

Liszt, H. 2001, A&A, 371, 698

Liszt, H. S., & Burton, W. B. 1980, ApJ, 236, 779

Malhotra, S. 1995, AplJ, 448, 138

Marasco, A., & Fraternali, F. 2011, A&A, 525, A134

Marasco, A., Fraternali, F., & Binney, J. J. 2012, MNRAS, 419, 1107

Marasco, A., Marinacci, F., & Fraternali, F. 2013, MNRAS, 433, 1634

McKee, C. F.,, & Ostriker, J. P. 1977, ApJ, 218, 148

McKee, C. F,, Parravano, A., & Hollenbach, D. J. 2015, ApJ, 814, 13

McMillan, P. J. 2011, MNRAS, 414, 2446

Miville-Deschénes, M.-A., Joncas, G., Falgarone, E., & Boulanger, F. 2003,
A&A, 411, 109

Nakanishi, H., & Sofue, Y. 2003, PAS]J, 55, 191

Nakanishi, H., & Sofue, Y. 2006, PASJ, 58, 847

Olling, R. P. 1995, AJ, 110, 591

Oosterloo, T., Fraternali, F., & Sancisi, R. 2007, AJ, 134, 1019

Portail, M., Gerhard, O., Wegg, C., & Ness, M. 2017, MNRAS, 465, 1621

Reynolds, R. J. 1993, in Massive Stars: Their Lives in the Interstellar Medium,
eds. J. P. Cassinelli, & E. B. Churchwell, ASP Conf. Ser., 35, 338

Rodriguez-Fernandez, N. J., & Combes, F. 2008, A&A, 489, 115

A106, page 18 of 24

Rogstad, D. H., Lockhart, I. A., & Wright, M. C. H. 1974, ApJ, 193, 309

Rohlfs, K., & Kreitschmann, J. 1987, A&A, 178, 95

Saha, A., Thim, F., Tammann, G. A., Reindl, B., & Sandage, A. 2006, ApJS,
165, 108

Sanders, D. B., Solomon, P. M., & Scoville, N. Z. 1984, ApJ, 276, 182

Shane, W. W., & Bieger-Smith, G. P. 1966, Bull. Astron. Inst. Netherlands, 18,
263

Sormani, M. C., & Magorrian, J. 2015, MNRAS, 446, 4186

Sormani, M. C., Binney, J., & Magorrian, J. 2015, MNRAS, 454, 1818

Steiman-Cameron, T. Y., Wolfire, M., & Hollenbach, D. 2010, ApJ, 722, 1460

Strasser, S., & Taylor, A. R. 2004, ApJ, 603, 560

Swaters, R. A. 1999, Ph.D. Thesis, Rijksuniversiteit Groningen

Tamburro, D., Rix, H.-W., Leroy, A. K., et al. 2009, AJ, 137, 4424

Tang, N., Li, D., Heiles, C., et al. 2016, A&A, 593, A42

van Woerden, H., Rougoor, G. W., & Oort, J. H. 1957, Comptes Rendus
Académie des Sciences Paris, 244, 1691

Wakker, B. P. 1991, A&A, 250, 499

Walter, E., Brinks, E., de Blok, W. J. G., et al. 2008, AJ, 136, 2563

Wegg, C., Gerhard, O., & Portail, M. 2015, MNRAS, 450, 4050

Westerhout, G. 1957, Bull. Astron. Inst. Netherlands, 13, 201

Wolfire, M. G., McKee, C. F., Hollenbach, D., & Tielens, A. G. G. M. 2003, ApJ,
587,278


http://linker.aanda.org/10.1051/0004-6361/201731054/49
http://linker.aanda.org/10.1051/0004-6361/201731054/50
http://linker.aanda.org/10.1051/0004-6361/201731054/51
http://linker.aanda.org/10.1051/0004-6361/201731054/52
http://linker.aanda.org/10.1051/0004-6361/201731054/53
http://linker.aanda.org/10.1051/0004-6361/201731054/54
http://linker.aanda.org/10.1051/0004-6361/201731054/55
http://linker.aanda.org/10.1051/0004-6361/201731054/56
http://linker.aanda.org/10.1051/0004-6361/201731054/57
http://linker.aanda.org/10.1051/0004-6361/201731054/58
http://linker.aanda.org/10.1051/0004-6361/201731054/59
http://linker.aanda.org/10.1051/0004-6361/201731054/60
http://linker.aanda.org/10.1051/0004-6361/201731054/61
http://linker.aanda.org/10.1051/0004-6361/201731054/62
http://linker.aanda.org/10.1051/0004-6361/201731054/63
http://linker.aanda.org/10.1051/0004-6361/201731054/64
http://linker.aanda.org/10.1051/0004-6361/201731054/65
http://linker.aanda.org/10.1051/0004-6361/201731054/66
http://linker.aanda.org/10.1051/0004-6361/201731054/67
http://linker.aanda.org/10.1051/0004-6361/201731054/68
http://linker.aanda.org/10.1051/0004-6361/201731054/69
http://linker.aanda.org/10.1051/0004-6361/201731054/70
http://linker.aanda.org/10.1051/0004-6361/201731054/71
http://linker.aanda.org/10.1051/0004-6361/201731054/71
http://linker.aanda.org/10.1051/0004-6361/201731054/72
http://linker.aanda.org/10.1051/0004-6361/201731054/73
http://linker.aanda.org/10.1051/0004-6361/201731054/73
http://linker.aanda.org/10.1051/0004-6361/201731054/74
http://linker.aanda.org/10.1051/0004-6361/201731054/75
http://linker.aanda.org/10.1051/0004-6361/201731054/76
http://linker.aanda.org/10.1051/0004-6361/201731054/77
http://linker.aanda.org/10.1051/0004-6361/201731054/79
http://linker.aanda.org/10.1051/0004-6361/201731054/80
http://linker.aanda.org/10.1051/0004-6361/201731054/82
http://linker.aanda.org/10.1051/0004-6361/201731054/83
http://linker.aanda.org/10.1051/0004-6361/201731054/84
http://linker.aanda.org/10.1051/0004-6361/201731054/85
http://linker.aanda.org/10.1051/0004-6361/201731054/86
http://linker.aanda.org/10.1051/0004-6361/201731054/86

A. Marasco et al.: Modelling the atomic and molecular gas inside the solar circle

Appendix A: The Ny (v) — Tg relation in the Galaxy
for a realistic ISM

In this appendix we study the relation between the intrinsic HI
column density per unit velocity, Nyr(v), and the observed bright-
ness temperature, T, for a light-cone that intersects the Galactic
disc. The medium swept up by this light-cone is modelled as an
ensemble of clouds with properties that are typical for the in-
terstellar medium of the Milky Way. The brightness temperature
profile is derived by assuming spatial and velocity resolutions
analogous to those of the LAB survey.

In Appendix A.1 we describe the radiative transfer equations
for a generic ensemble of HI clouds with different sizes, temper-
atures and densities. Next, in Appendices A.2 and A.3 we set up
a simple model for the Galactic ISM that uses a limited number
of free parameters to fully describe the cloud internal properties,
overall distribution and kinematics for any generic sight-line.
Given a set of free parameters, HI line profiles can be derived
as shown in Appendix A.4. Finally, the Ny;(v) — T'g relation as
resulting from our modelling is discussed in Appendix A.5.

A.1. Radiative transfer in a multiphase clumpy medium

As we discussed in Sect. 2.3, Egs. (3) and (5) give the solution to
the equation of radiative transfer and the optical depth for an ho-
mogenous and isothermal HT layer that uniformly fills the tele-
scope beam.

We now consider the case of two overlapping layers of HI,
one in the foreground (layer A) and one in the background (layer
B), both filling the telescope beam. Given that the emission from
layer B is partially absorbed by layer A, the T is not simply
given by the sum of the two components. Instead we have
Ta(v) = Tsa (1 —e ™) 4 Tgp (1 — e ™)e ™), (A.1)
It is trivial to generalise Eq. (A.1) to a number N of overlapping
layers. We consider the layers ordered along the line of sight
such that layer i + 1 is located behind layer i (where 1 < i < N),
then

N
Ta() = Y s (1 - @)e Zi .,

i=1

(A.2)

We consider now the case of a spherical, homogeneous and
isothermal cloud of HI with radius R, and HI mass M.. We
assume that the sphere is unresolved, that is, Ry < Rpeam, Where
Ryeam 1s the equivalent radius of the telescope beam (in physical
units). Then brightness temperature will be given by the right-
hand side of Eq. (3) diluted by a factor Q = (R /Ribeam)?. In the
case of a collection of N clouds that do not shade each other
along the line of sight, T will be

N
Tpw) = ) QiTs; (1 e ™), (A3)
i=1

where 7;(v), the optical depth of the ith cloud, is still given by
Eq. (5), Ny being the cloud surface density (thus ocMclRC‘12).

Finally, by using both Eqgs. (A.2) and (A.3), it is possible to
derive the Ty for an ensemble of N clouds that partially shade
each other:

N
Ty = ) QTs; (1 - e O)Fi(), (A4)
i=1

. cloud 2

Fig. A.1. Distribution of clouds in the example discussed in the text.
Cloud 0 is in the foreground, cloud 2 is in the background.

where F;(v) is a correction term due to foreground absorption
from clouds in front of cloud i (at velocity v), and is given by

Fi(v) = i 5k exp [— D r,-(v)],
k=1

Jj<i

(A.5)

where the first sum is extended to all m “shaded” sectors in which
cloud i is partitioned by the foreground clouds (see example be-
low), and ¢, is the area of sector k divided by the area of cloud i
(so that }};" | 6x = 1). We note that F < 1 by construction.

The foreground correction depends on how the clouds are
distributed in space. As an example, we compute F for the back-
ground cloud in a system of three clouds that are partially shad-
ing each other and have the same velocity (Fig. A.1). The cloud
in the background (cloud 2) is divided into sectors A, B, C and
D by the two foreground clouds. Sector A is unshaded, sectors B
and C are shaded by clouds 1 and 0, respectively, while sector D
is shaded by clouds 1 and O simultaneously. Thus the foreground
correction for cloud 2 will be given by

Fa(v) = 6a + 5B€—T1(v) + (gce—To(v) + 5De—(70(v)+n(v))

and6A+6B +5c+5]) =1.

We note that, for a generic distribution of clouds, comput-
ing the various ¢; terms in Eq. (A.5) is not trivial. In the calcu-
lations presented here, we found it more practical to randomly
sample each cloud i with a number 7 of points, and study which
foreground clouds shade the various regions of cloud i point-by-
point. We adopt = 250, which we found to be the best compro-
mise between accuracy and computational speed.

Equation (A.4) can be used to predict any H I brightness tem-
perature profile if a model for the cloud distribution in mass, ra-
dius, temperature, location and velocity is provided. We discuss
such a model below.

A.2. A simple model for the neutral ISM

The model that we adopt is a simplified version of that of
McKee & Ostriker (1977, hereafter MO77). We assume that the
HI is made by a collection of homogeneous and isothermal
clouds, in pressure equilibrium with each other at the ISM pres-
sure of Pism/ks = 3000Kcm™ (Wolfire et al. 2003). These
clouds follow distributions in temperature, size, mass and ve-
locity that we discuss below. To simplify the calculation, even
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Fig. A.2. Spin temperature distribution for the cold H1 (left panel)
and maximum kinetic temperature distribution for the warm H1 (right
panel) as derived by Heiles & Troland (2003).

though these clouds are distributed in a 3D space, we assume
that they effectively behave as discs of constant surface density,
and have no physical depth.

Each cloud consists of two components: an outer envelope
of warm material with optically thin properties, and a cold op-
tically thick core. In the MO77 model, the typical temperatures
of these components are 8000 K for the warm envelope and 80 K
for the cold core. However, Heiles & Troland (2003, hereafter
HTO03) studied in detail the interstellar HI emission and absorp-
tion lines in the solar neighbourhood using a Gaussian decompo-
sition technique, finding a broad range of temperatures for both
the warm and the cold neutral medium. The temperature distri-
butions found by HTO03 are shown in Fig. A.2. We note that spin
temperatures can be measured only for the coldest (absorbing)
HI clouds, whereas only an upper limit to the HI kinetic tem-
perature Tk can be inferred for warmer clouds from the broad-
ening of their emission profile. Spin and kinetic temperatures
are virtually identical for Ts < 1000K, but Tx > Ts at higher
Ts (Liszt 2001). However, for T's > 1000 K and for the column
density range that we investigate here, the H1 optical depth is
sufficiently small that even overestimating Ts by thousands of
K produces little variation in the line profiles. Therefore, in the
following we make no distinction between Ts and Tk and as-
sume that clouds in our model follow the temperature distribu-
tions shown in Fig. A.2.

In the MO77 model, two additional envelopes of warm and
hot ionised gas surround each cloud, and the mass ratio between
the different components is set by the detailed balance between
the cloud physical properties and an external ionising UV and X-
ray background. We do not include such a level of detail in our
model. Instead, we assume that the mass fraction of the warm
neutral gas, f, = my/(my + m), is constant for each cloud.
HTO3 found that the average warm-to-total HI ratio in the so-
lar neighbourhood is ~0.6, remarking that this is likely a lower
limit. The size of the warm clouds follows a power law distri-
bution with a slope of —3.6, according to the observations of
Miville-Deschénes et al. (2003), who pointed out that this is in
agreement with the Kolmogorov prediction for an incompres-
sive turbulent fluid. Consistently with the MO77 model, we as-
sume that the minimum and maximum radii for the warm clouds
are Rnin = 2.1pc (below which clouds are easily disrupted
by supernova shockwaves) and Ry.x = 10.8 pc (above which
clouds are gravitationally unstable), respectively. Assuming a
uniform size distribution in the same range has very little im-
pact on our results. Given the steepness of the size distribution,
the value of R,x does not affect our results; we attempted to use
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Rmax = 100 pc and found no variations in the Nyy(v) — T relation
for our “fiducial” model (see below). Our results are somewhat
more sensitive to the minimum cloud size. For instance, using
Rumin = 1pc gives a slightly more “optically thin” Nyy(v) — T
relation. It is difficult to define precise boundaries for the cloud
sizes, as they depend on the local condition of the ISM. Most im-
portantly, we show below that the main driver of the Ny;(v) — T's
relation is the warm gas fraction, while all the other variables
seem to play a secondary role. For these reasons, we decide to
fix the cloud size boundaries to the values proposed by MO77.
Given that the temperature, pressure and size for a given
warm cloud are set, then its mass m,, will be ocPismTg lel and its

optical depth is ccPismRe Ty 2 The choice of fw sets the cold core
mass m, and then its size and optical depth. We verified that, with
these choices for the temperature and size distributions, virtually
all warm (cold) components have 7 < 1 (7 > 1).

A.3. Cloud distribution and kinematics

In order to derive a brightness temperature profile via Eq. (A.4),
we must set up a virtual observation for our model of neutral in-
terstellar medium described above. For this purpose we consider
a synthetic light-cone that, radiating from an observer placed
within the Galactic disc at R = R, intersects the ISM of the
inner Galaxy at latitude » = 0. For simplicity, we consider a
Galaxy model with a constant rotation velocity v4(R) = vp and a
constant HI density ny;.

At a chosen longitude /, the maximum line-of-sight distance
within the inner disc is djax (1) = 2 Rp cos(l) (so 0 <d <dpax) and,
at this distance, the total volume encompassed by our synthetic
light-cone will be 17d3, tan*(/2), where a is the FWHM an-
gular resolution of our virtual observation. We distribute our
warm and cold clouds randomly within our light-cone until its
mean density reaches the value of ny;. The physical parameters
of the clouds are extracted randomly from the distributions dis-
cussed in the previous section (see also Appendix A.4). A cloud
at a given distance d along the light-cone will have line-of-sight
velocity given by Eq. (1). For simplicity, we treat the cold core-
warm envelope as two separate discs that share the same centre
and velocity.

Then we need another step. If all HI in a cloud was at ve-
locity vy given by Eq. (1), then the line profile would be a delta
function. In reality, thermal and turbulent motions broaden the
gas velocity distribution around vy. In our calculation, what mat-
ters is how the H I optical depth of a given cloud is distributed in
velocity, for which we assume
7(v) = 19 N(v - v, (O'[Zh + O-tzurb)%) s (A.6)
where 7 is the integrated optical depth of the cloud (proportional
to the total surface density divided by Ts), N(v, o) is a normal
distribution with standard deviation equal to o, oy, is the ther-
mal velocity dispersion of the gas (equal to /kgTs/m,, where
kg is the Boltzmann constant and m, is the proton mass) and
O b 18 an additional turbulent component. We have verified that
a different prescription for turbulence, based on cloud-to-cloud
relative motions rather than on the internal motions of clouds,
gives results similar to the current implementation.

A.4. Building synthetic H I profiles

We briefly summarise the steps required to compute the HI
brightness temperature profile for a given Galactic longitude /,
and therefore to study the Nyj(v) — T relation.
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First, we distribute HI clouds within a light-cone as follows:

— Given the longitude and the beam FWHM of the virtual ob-
servation, we define the geometry of the light-cone within
which clouds will be randomly distributed.

— A warm neutral cloud is created at a random position within
the light-cone. The cloud size and temperature are extracted
randomly from the distributions discussed in Appendix A.2.
Given that Pigy is fixed, the cloud mass, surface density and
optical depth are set univocally. The location of the cloud
sets its line-of-sight velocity (given a flat rotation curve). The
cloud temperature, along with the chosen internal turbulence
O b, Sets the cloud velocity dispersion.

— A cold neutral cloud is created at the same location, with
a temperature extracted randomly from the distribution dis-
cussed in Appendix A.2. The choice of fy, the warm-to-total
H I ratio, sets univocally all the other cloud parameters.

— The previous two steps are repeated until the HI volume
density within the light-cone reaches the desired value, ny;.
The properties of each cloud are stored. The total number of
clouds varies depending on the model parameters and on the
longitude (for instance, the “fiducial” model shown in Ap-
pendix A.5 at I = 70° uses ~10* clouds).

At this stage, an array Nyj(vx) is built by using the surface den-
sities, the line-of-sight velocities and the velocity dispersions
of all clouds in the light-cone. We focus on the velocity range
=30 < vy < 300km s7! and adopt a velocity bin (v — vg) of
lkms™'.

Next, we compute the brightness temperature profile as the
sum of the contributions of each individual cloud, as shown by
Eq. (A.4). Each cloud i, however, contributes only to a limited
portion of the profile, and specifically only around its line-of-
sight velocity v;. Therefore, for each cloud, we focus on the ve-
locity range [v; — 307, v; + 307], 0; being the cloud velocity dis-
persion. The following steps must be repeated for all clouds in
the light-cone and, for a given cloud, for all velocity bins v; in
the appropriate velocity range:

— We first identify a subsample of clouds that can potentially
contribute to the foreground absorption. These clouds are se-
lected as those that a) are located between cloud i and the
observer, and b) have line-of-sight velocity that differs from
v; by less than three times their velocity dispersion.

— Cloud i is then randomly sampled by 250 points, which are
used to compute F;(v) via Eq. (A.5) (see Appendix A.1 for
further details). The terms 7;(v¢) in Eq.(A.5) are given by
Eq. (A.6). We note that, in computing the overlaps between
clouds, projection effects must be taken into account.

— The contribution of cloud i to the Ty at velocity v; can be
now computed. We note that, in this context, the quantity €;
in Eq. (A.4) represents the ratio between the angular size of
cloud i and the beam FWHM.

Once all clouds have been processed, the resulting Tg profile is
smoothed to a velocity resolution of 2kms™.

As inputs, our model requires the warm-to-total HI ratio f,,
the HI volume density nyy, the turbulent component of the ve-
locity dispersion oy, and the beam FWHM. We fix the latter to
0.6°, as here we compare our synthetic HI profiles with those of
the (hanning-smoothed) LAB survey at full (0.6°) angular reso-
Iution. We note that, for this value of the beam, the largest light-
cone intersecting the inner Galaxy — which is obtained at / = 0° —
has base radius (farthest away from the observer) of 87 pc, about
half of the HI scale height at R = Rg. This implies that, in our
model, we can neglect the vertical gradient in gas density.

A.5. Results

We now show how varying the parameters of our model affects
the shape of the HT line profiles and the relation between the
intrinsic HI column density per unit velocity and the bright-
ness temperature. We define a “fiducial” model with parameters
fw = 0.6, ng = 0.5 cm™3, oy = Skms™! and study how the
line profile and the Ny;(v) — T relation change by varying one
parameter at a time. We focus on the latitude [ = 70°, which
gives a sufficiently large light-cone (5.7 kpc in length) to ensure
a robust cloud statistics: in the tests below, the number of clouds
ranges from 5000 to 22 000.

Figure A.3 shows the effect of varying the model parame-
ters (fw, 7u1, Owrb) ON the HI1 line profiles (top panels) and on the
Nyi(v) — T relation (bottom panel). Remarkably, in all cases, the
latter falls in between the predictions for two isothermal layers of
H1 at the spin temperature of 8000 K and 80 K, two values often
quoted as representative for the temperatures of the warm and
the cold phases of the atomic hydrogen. As shown by panels (a)
and (d), increasing fy boosts both the amplitude of the line pro-
file and the brightness temperature at a given Nyj(v). We remark
that 0.6 is likely to be a lower limit to the warm-to-total HI ra-
tio (HTO03). For f, = 1, the Nyg1(v) — T’ relation follows closely
that of a single-phase warm (~10* K) homogeneous medium. Al-
though we do not aim to fit the observed line profile, we note that
the models with f,, = 0.6 or 0.8 are those that better represent
the LAB data. The gas properties are likely to vary as a func-
tion of the distance from the Galactic centre, thus fluctuations in
the value of f;, across the disc are expected. However, the model
with f,, = 1 not only fits the data poorly, but also largely exceeds
the maximum brightness temperature measured in the LAB sur-
vey (152 K). This suggests that a cloud model for the Galactic
ISM with no cold cores is inconsistent with the observations.

As shown by panels (b) and (e) of Fig. A.3, increasing or de-
creasing ny; produces large variations in the amplitude of the
line profile but, interestingly, does not affect dramatically the
Nyi(v) — Tg relation. Increasing the cloud internal turbulence
has the predictable effect of smearing the line profile, but has
no impact on the Ngi(v) — T relation, as shown by panels (c)
and (f). We note that the model with oy = 5kms~! is the
one that better reproduces the tail in the observed line profile.
This is consistent with our results based on fitting the LAB data
(Sect. 3), as the inferred HI velocity dispersion never drops be-
low Skms™! (even for the low-o- component alone in our two-
component model, see Fig. 4).

One may ask whether or not the Nyy(v) — Ty relation de-
pends significantly on the sight-line chosen. Unfortunately, the
computational time increases dramatically by decreasing / (i.e.
by increasing the light-cone length) and this makes the study
of different sight-lines unpractical. Reducing «, the light-cone
aperture, decreases the cone volume and allows us to study dif-
ferent sight-lines, but the resulting model cannot be considered
as representative of the LAB data. In Fig. A.4 we compare the
Nyi(v) — T relations derived at the longitudes varying between
10° and 70° for a model that has our fiducial parameters, but with
a = 0.2°. Overall, the effect of varying the sight-line is not dra-
matic, as the scatter in the Ny;(v) — T relation visible in Fig. A.4
is comparable to that produced by varying nyp (see panel (e) in
Fig. A.3).

The above tests indicate that the warm-to-total H1 ratio (fy,)
is the main driver for the Ny;(v) — T relation, whereas the ISM
density, the cloud turbulence and the adopted sight-line play only
a secondary role. From our analysis, it seems the values of f,,
between 0.6 and 0.8 are more consistent with the observations.
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Fig. A.3. Effect of varying the ISM model parameters on the H line profiles (fop panels) and on the Ngi(v) — Tp relation (bottom panels) for the
| = 70° sight-line. In all cases, the light-cone aperture is @ = 0.6°. Panels a and d show the effect of varying the warm-to-total gas fraction f,
panels b and e show the effect of varying the mean H1 density in the cone ny;, while panels ¢ and f show the effect of varying the intra-cloud
turbulence o,,. The grey squares in the fop panels show the observed H1 line profile from the LAB survey. In the bottom panels, the two dashed
lines show the analytic solutions, given by Eq. (3), for two isothermal layers of HI at the spin temperature of 8000 K or 80 K.
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Fig. A4. Ny (v) — Tp relation for different sight-lines predicted by
our fiducial ISM model. The light-cone aperture is @ = 0.2°. The
two dashed lines show the analytic solutions, given by Eq. (3), for two
isothermal layers of H1 at the spin temperature of 8000 K and 80 K. The
choice of the sightline produces little scatter in the relation.

In Fig. A.5 we show that Eq. (3) provides an excellent fit to the
Nui(v) — Ty relation (I = 70°, @ = 0.6°) with f, = 0.6 and
0.8. The resulting best-fit spin temperatures are 104 K and 176 K
respectively, or 140K as a mean. Remarkably, this spin tem-
perature range brackets the maximum brightness temperature
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Fig. A.5. Nyi(v) — Tp relation for the two models (f,, = 0.6,0.8) that
better reproduce the LAB data at / = 70°. The other model parameters
are nig = 0.5cm™, o, = Skms™'. The red solid lines show the an-
alytic predictions for two isothermal HI layers at Ts = 104, 176 K that
provide the best-fit to these relations. As a reference, the predictions for
two layers at T's of 8000 K and 80 K are shown with dashed lines.

measured in the LAB data (152 K). Given that Tg < T, in our
calculation we decided to fix the H I spin temperature to the value
of 152 K.
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Fig. B.1. H1 properties recovered by applying our modelling technique on mock H1 observations of idealised, axisymmetric systems. Left panel:
an idealised disc with flat profiles of vy, o7, ny and h,. The solid lines show the profiles used as input for the creation of the mock datacube. The
system has two components, one with high-density and low o (blue line), and one with low-density and high o (red line). The points with error
bars show the system parameters as recovered by our modelling technique. Middle panel: the same system of the left panel, but with the additional
presence of a slow-rotating and inflowing extra-planar H1 (see text). Our modelling technique overpredicts the scale height of the disc. Right panel:
as in the middle panel, but now our modelling technique takes into account the presence of the extra-planar H1 and recovers the input disc scale

height.

Appendix B: Testing the method

We test here the goodness of our modelling method (Sect. 2). We
perform a number of tests based on building mock H I datacubes
from axisymmetric, idealised gas distributions, and then running
our fitting technique in an attempt to retrieve the original input
parameters.

As a first test, we consider the simple case of a HI disc
where all radial profiles for the various parameters are flat. We
set v, = 240kms™', hy = 0.15kpc, ngs = 0.45cm™2 cm™,
nop = 0.05cm™, o = 8kms™' and oo = 13kms™', where
A and B represents two components with different densities and
velocity dispersions but with the same rotation velocity and scale
height (see Sect. 3.2). We build a mock HI observation of this
model and we run our fitting method on the derived mockcube
in order to verify whether we are able to recover all the input
parameters. The leftmost panel of Fig. B.1 shows that this is in-
deed the case, as the fit values (points with error bars) match
the original input values (solid lines) very well. In particular, the
scale height is recovered with almost no uncertainties, whereas
ny shows some scatter for the densest component.

In our second test, we consider a mock system built by two
components: the same H 1 disc of the previous test, and an addi-
tional component representing a layer of slow rotating, inflowing
extra-planar HI (see Sect. 5.7). We model the latter with the
following density profile (from Oosterloo et al. 2007):

RY R Z
n(R,z) = no(l + ITg) eXp(—R—g)exp (—m), (B.1)

where

R o
he(R) = ho + (h—) ,6>0. (B.2)

R

We assume R, = 1.08kpc, hg = 175pc, hg = 10.01kpc, v =
6.30, 6 = 1.89 (see Marasco et al. 2013), and ng = 5% 107> cm™3,
so that the total HI mass of this component is ~3 x 108 M,
(Marasco & Fraternali 2011). As for the kinematics, we assume
that this component rotates slower with increasing height from
the midplane, with a vertical lag of 15kms™' kpc™' with respect
to the HI1 in the disc, and that it is inflowing onto the disc with a
speed of 30kms~! and 20 km s™! in the radial and vertical direc-
tion, respectively (Marasco & Fraternali 2011). We build a mock
observation of this model and we attempt to recover disc scale
height without making any correction for the presence of the ad-
ditional component. Our results, shown in the middle panel of
Fig. B.1, suggest that in the presence of an extra-planar HI com-
ponent, the disc scale height at R >3 kpc is slightly overestimated
with respect to the input value. The clear peak visible around
R = 4kpc (or I~30°) is due to the fact that, at this longitude, the
line profiles at |b| > 0° are largely contaminated by extra-planar
HTemission. This can produce a spurious increase in HI surface
density and total mass.

A possible way to correct for this effect is to include in our
model the additional extra-planar component that we used to
produce the mock observations in the first place, and proceed
normally to derive the scale height of the HI disc. This proce-
dure allows us to recover the input scale height profile much
better, as shown in the rightmost panel of Fig. B.1. We use this
procedure on the LAB data in Sect. 5.7.

A106, page 23 of 24


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731054&pdf_id=23

A&A 607, A106 (2017)

Appendix C: Re-scaling the model to a different vy

It is straightforward to re-scale our models to a different value
of v, the rotation velocity of the solar circle, as it affects solely
the rotation curve. Once the parameters of the model are set, any
choice of v, would produce exactly the same mock datacube if
the model rotation curve vy (R) is re-scaled as follows:

R
v (R) = vy(R) + R—O(v’O - Vo), (C.1)

where v, (R) is the new rotation curve and v = vg’(Ro).

As an example, Fig. C.1 illustrates how the HI and H, Galac-
tic rotation curve vary by using v, = 220kms™! rather than
Vo = 240km s~!, the value used in the main text. We note that,
after their computation, the rotation curves are smoothed to a
resolution of 0.2 kpc and so the rotation velocity at R = Ry may
slightly differ from vg. Interestingly, with this lower value of
Vo the rotation curve flattens at smaller radii (~4 kpc instead of
6.5 kpc). We reiterate that, for gas density, velocity dispersion
and scale height profiles, such as those in Fig. 11, the model with
this new rotation curve fits the data as well as the previous one.
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Fig. C.1. Comparison between the Galactic rotation curves derived for v, = 240km s7! (filled symbols with error bars) and v, = 220km s7!
(empty symbols with error bars). The left (right) panel shows the atomic (molecular) hydrogen.
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