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Cosmic-ray (CR) particles propagating in the Galaxy interact in the interstellar medium with gas,
losing energy and producing secondary particles via inelastic losses and fragmentation. Obser-
vations of the secondaries can be used to constrain the origin and propagation of the CRs, and
may also provide signatures of new physics. To date CR propagation models have used the 2D
Galactocentric cylindrical symmetry approximation for the spatial distribution of the interstellar
gas. This is partly due to difficulties in uniquely determining its true 3D structure. In this contri-
bution a method for determining the 3D spatial distribution of interstellar gas is described and first
results using it to develop models that can be used in CR propagation codes like GALPROP are
given. Implications for analysis of CR and γ-ray data using 3D spatial models for the interstellar
gas are also discussed.
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1. Introduction

Cosmic rays (CRs) of all species are pervasive in the Galaxy. While propagating in the in-
terstellar medium (ISM) they scatter off the turbulent magnetic field in a stochastic process that
can be well described by diffusion (e.g. [1]). The CRs also interact with the gas in the ISM, pro-
ducing secondary CR species and also electromagnetic radiation from radio to high-energy γ-rays.
These secondary particles and electromagnetic emissions provide important information about the
origin and propagation of CRs in our Galaxy (e.g., [2]). The production of these secondaries and
emissions depends on the characteristics of the primary CRs and the ISM density distributions.
Consequently, deciphering the origin of the CRs using the high-quality data available these days
from instruments such as Fermi–LAT, PAMELA, and AMS-02 necessitates understanding as ac-
curately as possible the spatial distribution of ISM densities. Until now almost all models of CR
propagation have used two-dimensional (2D) azimuthally distributions of the ISM. In this proceed-
ings a method is described to constrain the three-dimensional (3D) structure of interstellar gas in
the Galaxy and preliminary results using the method are given. The effect on the generation of
secondary CR particles in the Galaxty using the more realistic 3D models that are developed using
the GALPROP propagation code is also discussed. For similar work for the 3D spatial distribution
of the Galactic interstellar radiation field see [3].

Knowledge of the distribution of interstellar gas comes mostly from observation of the H I 21-
cm line and CO 2.6-cm line (e.g. [4]). The attractiveness of the 21-cm line as a gas tracer is that the
line emission can be directly related back to atomic hydrogen density if the excitation temperature is
known. Under the assumption of a uniform excitation temperature, the radiative transport equation
is [5] TB(v) = TBGe−τ(v)+TS(v)

(
1− e−τ(v)

)
, where TB(v) is the observed brightness temperature,

TBG is the background temperature, TS(v) is the spin temperature, and τ(v) = NHI(v)/(CTS(v)) is
the line optical depth. Knowing TS(v) and TBG observations of TB(v) can be used to determine
NHI(v). Unfortunately, TS(v) can only be determined if the gas is seen in both emission and ab-
sorption, that is with a varying TBG and requires a bright background source (e.g., [6]). Those
are generally not uniformly distributed across the sky and some assumptions on the distribution of
TS(v) have to made. The most common one is to assume TS(v) is constant throughout the Galaxy
and often it is assumed large and the emission optically thin.

For the molecular component (H2) the situation is more complicated. The properties of the
ISM are such that H2 has no emission lines under standard conditions and other tracers must be
used. The most common used is the CO molecule that is the second most abundant one (after H2)
in the ISM, and forms under similar conditions as H2. Additionally, the CO rotational lines are
mostly excited by collisions with H2 and the emission-line strength of the CO molecule is found
to be roughly linearly related to the H2 column density NH2(v)≈ XCOWCO(v) [7]. Other molecular
tracers such as OH can also be used but they are generally less abundant and observations more
difficult.

The most frequent approach for extracting the density distribution assumes the gas is cylindri-
cally rotating around the Galactic centre (GC, e.g., [8]). This method has been applied extensively
since the beginning of systematic line emission surveys and is the basis for combined knowledge
of the gas distribution in the Galaxy (e.g., reviews by [9] and [10]). As pointed out by [9], the as-
sumption of cylindrical rotation has severe limitations because non-cylindrical streaming motions
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cause significant perturbations to the observed line emission profile. In directions about the GC and
anti-centre the line profiles are dominated by these streaming motions. In addition to the streaming
motion, the lines are also broadened by thermal and turbulent motions of up to 10s of km s−1. This
velocity broadening directly affects the distance estimation and all distance estimates are broad-
ened, causing elongated features along each line-of-sight, the so-called “fingers of god”. These
non-cylindrical motions make it very difficult to directly convert the line-emission surveys into 3D
spatial density distributions. Some efforts have been made to correct for these inadequacies, adding
elliptical motion [11] and decreased rotation for gas that is further away from the Galactic disc [12].
[13] used hydrodynamical simulation to estimate the velocity fields to get distance estimates in the
direction of the GC and Gaussian profile fitting to reduce broadening. Even in that case there are
noticeable artefacts from the deconvolution that smear out features in the actual spatial distribution.

In this work a different strategy is employed that uses a forward folding model fitting technique
to estimate the 3D structure of the gas. By using a parametrised model continuity is enforced over
the directions with limited distance information. This technique also removes the issue of artefacts
caused by smearing and allows for complex gas rotation models that can also be parametrised
and tuned to the data. Using a parametrised model the complexity of the spatial structure can be
controlled, and it allows for a better exploration of the effect each individual modification has on
the propagation of CRs.

2. Modelling the 3D gas

The parameters of the model are optimised using a maximum-likelihood fit to the H I LAB
survey [14] and the DHT CO survey [15]. The survey data is re-binned to a HEALPix grid [16]
using HEALPix order 7 for H I while order 8 is used for the CO data. The selected spatial resolution
is mostly driven to resolve the latitudinal dependence of the gas distribution toward the GC. The
velocity resolution of both surveys is degraded to 2 km s−1 velocity bins, which is smaller than the
expected line broadening due to turbulent and thermal emotion. The statistical uncertainty on the
data is assumed to be constant over the entire sky and values of 0.05 K for CO and 0.1 K for HI
are assumed, which are in agreement with the noise estimate for the original surveys taking into
account the re-binning. Even though the noise in the surveys is normally distributed, a student-t
likelihood is used here to reduce sensitivities to large outliers that are inevitable because the model
cannot capture the finest structures of the gas.

The model consists of two parts, the density of the gas nx(~X) and the velocity field of the
gas ~v(~X), where ~X is the position in the Galaxy and the subscript x can be either H I or CO. For
each line-of-sight the velocity field is used to calculate the expected Doppler shift as a function
of distance to set the integration boundaries of the model. The density is then integrated along
the line-of-sight and converted to line intensity. For H I the radiative transport equation is used to
estimate the line intensity given an assumption for TS(~X). The method can treat arbitrary forms
for TS(~X) but here it is assumed constant. For CO the line intensity is assumed linearly related to
the density, which is suitable if the final model is turned into H2 densities using the XCO factor. To
account for broadening caused by turbulent and thermal motion the models are convolved with a
Gaussian kernel. The width of the kernel is chosen to be 10 km s−1 for the H I model and 6 km s−1
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for the CO model. This is in agreement with line broadening at the tangent points in the inner
Galaxy.

For this contribution simple geometrical models for the density and cylindrical rotation as-
suming the rotation curve from [17] are used. Because the model does not provide any distance
information around the GC and anti-centre the velocity information within ±10◦ longitude about
both lines-of-sight is ignored and only the integrated emission is used to form the likelihood. The
models are built iteratively, starting with a 2D disc model and then adding more complex features
as necessary. The added features comprise: warping of the disc, a central bulge/bar, flaring in the
outer Galaxy, and spiral arms. The warp and the flaring are significant only in the outer Galaxy
and therefore do not have a large effect on the CO analysis that has only a small amount of gas in
the outer Galaxy. The bulge/bar has only a small effect for the H I and the density ascribed to this
component from the analysis is insignificant. Adding logarithmic spiral arms gives a significant
improvement for both atomic and molecular gas models.

3. The 3D distribution of interstellar gas

The final model in this analysis contains 4 logarithmic spiral arms and a disc component. The
spiral arms and the disc all have the same radial and vertical profile and they are both affected by
a warp that is modelled with sinusoidal fluctuations[11]. The location and shape of the spiral arms
is identical between the H I and CO models, but the radial and vertical profiles differ between the
two. Each spiral arm also has a free normalisation in both models. In addition, the CO model has
a central bulge component whose distribution is completely independent of the disc and the arms.
The radial profile for the H I model consists of a spline interpolation between points at fixed radii
while that for the CO model is an exponential profile with a hole in the inner Galaxy. The vertical
scale height of the gas for both models increases exponentially with radius with the same radial
scale length. The vertical profile of the H I model is models with

√
sech(z′/z0) while that of the

CO model is sech2(z′/z0) where z′ is the vertical distance from the warped central plane of the
discs and arms.

Figure 1 shows the surface density maps of the H I and CO models. The H I extends further
radially than CO model, but is missing the large bulge component near the GC. The effective
number of arms for the atomic and molecular gas is also different: the CO model has effectively
only 3 arms because the fits prefer to assign negligible density to one, but has the other three fairly
equal; the H I model has 4 arms that are split into pairs of two with the lower mass pair containing
less than half the mass of the higher mass pair. The ratio of the disc mass to arm mass is also
different between atomic and molecular gas models, with nearly equal mass in each part of the
CO model while the H I arms account are only a quarter of the H I disc mass. The bulge is also
a significant part of the CO model, accounting for about a third of the total mass. The total mass
in the H I model is ∼ 5 ·109 Solar masses. For CO and an average XCO factor of 2 ·1020 cm−2 (K
km/s)−1 a total mass of ∼ 109 Solar masses is obtained. Both values are somewhat smaller than
recent estimates [4], which is to be expected because the model used here does not capture the fine
structure of the Galaxy and there are significant positive residuals that can be seen in the longitude
profiles shown in Figure 2. The features of the spiral arms can be easily seen in the model as sharp
density enhancements. While their location is in many cases in good agreement with peaks in the
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Figure 1: Surface density map of the H I (left) and CO (right) models. The geometry of the spiral arms
are identical between the two models, but their radial profile and relative normalization differs. The radial
extent of the H I disc is considerably larger. Lines of sight for Galactic longitudes in 30◦ intervals are shown
as dotted lines.

Figure 2: Longitude profiles of our gas models compared to data for H I (left) and CO (right). The models
are shown as solid lines, the data as points. Both model and data are integrated over all velocities and
averaged over the latitude range −4 < b < 4. The models roughly capture the data profiles, but departures
are obvious for all latitude ranges. Note that the scale in the H I plot does not start at 0 for better contrast.

data, their magnitude is usually much smaller. There are also peaks visible in the data with no
correspondence in the model, particularly for Galactic longitudes l ∼ 80◦ and l ∼ −100◦. Further
freedom is therefore necessary in the models used in this work to capture the detailed distribution
of the interstellar gas.

To test the effects of variations in the rotation model, ellipticity is added to the cylindrical
rotation in a model without the spiral arms. This is accomplished by adding a radial component
to the rotation model that varies sinusoidally with Galactic azimuth. The radial component in the
optimized model has a magnitude of around 15 km s−1 and a maximum in the direction to the GC,
in agreement with the results in [11]. The changes in rotation are also modestly in agreement with
the inner Galaxy results by [18]. While the likelihood is improved with this modification to the
rotation curve, the effect on the actual density model is not dramatic. There is a slight reduction in
density in the inner Galaxy but an increase in the outer Galaxy. This indicates that modifying the
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rotation curve in this way may not be appropriate for the inner Galaxy.

4. Effects on CR propagation

To demonstrate the effects these new models have on CR propagation we use the GALPROP
code [19, 20, 3]. Before this work, the gas models in GALPROP used for the calculation of energy
losses and secondary particle production were 2D asymmetric collected from the literature [21]. In
addition to the new structure in the form of spiral arms and a bulge, the new models also predict
more mass, ∼ 10% more in CO and more than double in H I. This is most likely because of
larger radial extent in the new models and different vertical profiles. The average azimuthal radial
distribution in the plane in the inner Galaxy is actually very similar between the new and old
models.

A CR propagation model with re-acceleration and uniform diffusion is used as a test case.
Two models for the gas are employed: the standard 2D azimuthally symmetric distributions in
GALPROP that have been used successfully many times to explain CR data [22], and where the
gas models are replaced with the ones described in last section. The CR source distribution is in
both cases 2D azimuthally symmetric following the radial distribution of pulsars [23]. Because
changing the gas models requires re-tuning of the propagation parameters the method described
in [3] is followed. The propagation model parameters determined for the 2D gas model case are
typical as found in other studies [22]. Using the 3D gas models produces significant changes in
the propagation parameters because the total gas mass in these models is larger: the diffusion
coefficient and the Alfven velocity both being about a factor of 2 lower with the new gas model.
The rigidity dependence of the diffusion coefficient is similar in both models with a value that is
slightly higher than the Kolmogorov 1/3 turbulence. The source injection parameters are slightly
different between the two models to account for the variations caused by the changes in propagation
and energy losses. Both models agree reasonably well with CR data with differences between the
two models of the order of 5% or less, mostly below few GeV .

The differences locally between the models are small by construction, but the same cannot be
said for other places in the Galaxy. The change in the propagation parameters result in larger CR
flux for CR primaries in the outer Galaxy, in particular at energies below few GeV. In contrast the
production of secondaries is reduced in the outer Galaxy and near the GC, but enhanced near the
spiral arm density structures and in general near the Sun as it is located near the edge of a minor
spiral arm in the models. The result of this can be seen in Figure 3 that shows the ratio of the total
γ-ray intensity of the two models at 1 GeV. The small scale structure in the ratio map is due to the
gas maps used to normalize the γ-ray emission in each line of sight. The maps were identical in the
two runs, all the variation is due to different emissivity calculations. The increased π0-decay and
bremsstrahlung emission in the local clouds is evident, as is the decreased emission in the outer
Galaxy around 5◦ latitude. The decreased emission at high latitudes towards the inner Galaxy is
because of reduction in IC emission that is mostly determined by the amount of primary electrons.
Surprisingly, the location of the spiral arm tangent points around l ∼ 45◦, l ∼ 300◦, and l ∼ 330◦

are not standing out.
While mostly within 10%, the changes caused by the newly derived 3D gas distributions are

important in the era of high-precision observations available with current instruments such as AMS-
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Figure 3: Ratio of the total γ-ray intensity at 1 GeV between the GALPROP model including the new gas
models and the GALPROP model using the old 2D gas distributions. The map is in Galactic coordinates
with the GC in the centre and longitudes increasing to the left. Graticules are spaced 30◦ apart.

02 and Fermi-LAT. Furthermore, note that the CR source density used for illustrative purposes here
is 2D azimuthally symmetric. It is perfectly reasonable to expect the CR sources to follow to some
extent the distribution of molecular gas that traces the star formation. Preliminary exploration of
adding 3D structures to the CR source distribution is done in [3].
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