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1. Introduction

About nine out of ten gamma-ray photons observed at GeV energies are diffuse, that is they have
not been produced inside gamma-ray sources but in the interstellar medium (ISM) of the Galaxy.
Together with charged particles misidentified as gamma-rays, Galactic diffuse emission constitutes
the dominant background. Oftentimes, conventional background subtraction is not efficient in
mitigating this background when studying sources, for instance for sources with a soft spectrum or
for extended sources. The only way of dealing with this is through careful modelling and subsequent
subtraction, but diffuse emission is of course interesting in its own right as it contains information
on the spatial and spectral distribution of cosmic rays.

Such modelling requires detailed information on the spectral and spatial distribution of the
gamma-ray emissivity. For galactic diffuse emission at GeV energies, the dominant contribution
for large regions of the sky is c0 production and subsequent decay into gamma-rays. The c0’s in
turn, are produced by inelastic collision of cosmic ray nuclei with the gas in the ISM. This gas
is predominantly hydrogen, either in the atomic phase (HI) or molecular phase (H2), with only
as small admixture of ionised hydrogen (HII). Modelling of Galactic diffuse emission therefore
requires detailed information on HI and H2 in the Galaxy.

While HI is famously emitting at 1.4GHz through the hyperfine transition, H2 does not.
Instead, it is believed that carbon monoxide (CO) is well-mixed with H2 and can therefore be
used as a tracer [1]. 12CO emits in various lines, with the � = 1 → 0 transition at 115GHz the
best-studied one. Thanks to galactic rotation, the emission gets Doppler-shifted by varying amounts
along a line of sight. What is observed are therefore spectra that encode the distribution along
various lines of sight. If the velocity ELSR along a line of sight and hence the Doppler shift was
known as a function of position, it could be used to deproject an observed spectrum and gain 3D
information on the distribution of emission.

However, a number of issues remain:

1. Kinematic distance ambiguity: For the inner Galaxy there can be two solutions for the distance
from the observer for a given ELSR, even under the assumption of perfectly circular rotation.

2. Lack of kinematic resolution: Again for circular rotation, there is no component of velocity
along the line of sight for directions towards the Galactic centre (longitude ℓ ∼ 0◦) and
anti-centre (ℓ ∼ 180◦).

3. Small-scale variations of velocities: Winds and supernova explosions lead to perturbations
of the regular velocity field of (circular) rotation, thus affecting the distance estimates.

Traditionally, data from gas line surveys has been deprojected into galacto-centric rings. For
axisymmetric distributions of comic rays (the other ingredient in producing the gamma-ray emis-
sivity), the kinematic distance ambiguity does not matter. The rings are also rather wide, thus the
issues with small-scale variations of velocities get mitigated. However, comparison of the modelled
diffuse emission with observations by Fermi-LAT have shown that significant residuals remain [2].
Alternatively, forward modelling has been proposed [3], but currently these models provide only
upper limits on the gas density. There are a number of deprojections of the gas spectra into 3D
distributions of gas [4, 5], but even studies that build on particular gas flow model show aretefacts,
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Figure 1: A part of the Galactic plane. The shaded areas indicate the line-of-sight velocity as seen by
an observer at the position of the Sun, (G, H) = (8.15, 0) kpc. The lines are equicontours of a simulated
log-normal gas density. Consider the structure shown by the dark green contours, which happens to be the
highest-density region of the simulated density. Based on the observations of a gas line survey one would
not be able to tell if this emission was at the near distance (i.e. inside the tangent point circle) or at the far
distance (i.e. outside the tangent point circle). In fact, the structure shown in red would look very similar in
a gas line survey. However, this red structure is significantly distorted, e.g. very anisotropic, and would thus
have a lower probability to be reconstructed in a Bayesian inference algorithm.

e.g. finger-of-god effects. What the latter studies largely ignore is that fact that the gas density
in the Galaxy must be correlated, due to various physical processes: On the largest scales, the
spiral structure is likely due to density waves of interstellar matter. On smaller scales, turbulence
determines the correlation of the gas density.

Here, we propose using a Bayesian inference method that is able to take into account such
correlations to deproject a gas line survey of CO to produce 3D maps of Galactic H2. This method
has the potential to cure some of the above mentioned deficiencies of the kinematic deprojection.
Note that we do not need to impose the exact correlation structure, e.g. the power spectrum, but
have the data determine the power spectrum under some simplifying assumptions, e.g. log-normal
statistics, isotropy and homogeneity. In addition, our reconstructed 2D gas maps readily come with
uncertainty information, something that is difficult to estimate for the other reconstruction methods.
An example for the power of correlations to resolve issues of the kinematic deprojection is provided
in Fig. 1.

2. Methodology

2.1 Data

We have used the spectral cubes from the CfA compilation of CO surveys [6]. These data
cover the entire galactic plane and virtually all other parts of the sky for which significant emission
has been reported. The angular resolution of the constituent surveys varies between 1/16 to 1/2 of
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a degree and we conservatively fix the noise level to 0.3K per channel. We have updated the data
for the now better-known velocity of the local standard of rest [7, 8]. Throughout, we assume an
-CO factor of 2 × 1020 molecules cm−2(Kkm/s)−1.

2.2 Gas flow models

While assuming only circular rotation would be the most conservative assumption for a kine-
matic deprojection, its validity will be limited even on the largest galactic scales: We have over-
whelming evidence for the presence of a galactic bar which will induce non-circular motion. While
the details are everything but certain, we have adopted two models of the gas flow. The first is based
on a smoothed particle hydrodynamics simulation [9, hereafter BEG03], and has already been used
for deprojecting line survey data in Ref. [5]. In addition, we have generated our own gas flow
model, based on the semi-analytical model of Ref. [10, hereafter SBM15] for gas-carrying orbits in
a potential dominated by a Galactic bar. (See Ref. [11] for details).

2.3 Bayesian inference

Here, we have employed Metric Gaussian Variational Inference (MGVI) [12] for the recon-
struction of the H2 density. MGVI forms part of the larger set of methods known in the framework
of information field theory (IFT). As a probabilistic method, MGVI does not provide one “best-fit”
reconstruction, but quantifies the posterior of the reconstructed field, in this case of the gas density.

In order to derive the posterior in the adopted Bayesian framework, we need to specify a
likelihood ?()ℓ1E |YGHI) and a prior ?(YGHI). Here, )ℓ1E denotes the data field, that is the observed
brightness temperature, and YGHI the signal field, that is the gas density that is to be reconstructed.
For the prior, we make the assumption that the gas density is a realisation of homogeneous and
isotropic random field with log-normal statistics. In the harmonic domain, this is readily reflected
by a 1D power spectrum and within MGVI, there is a rather flexible parametrisation that treats the
power spectrum itself as a randomfield. We note that we do not need to enforce the detailed structure
of the power spectrum; instead the data essentially determine the appropriate power spectrum.

As for the likelihood ?()ℓ1E |YGHI), we assume the following data model,

)ℓ1E = '[YGHI] + =ℓ1E , (1)

relating the observed data )ℓ1E to the gas density YGHI in the presence of noise =ℓ1E . Here, ' is a
linear map from signal space (G, H, I) to data space (ℓ, 1, E)

'[Y] (ℓ, 1, E) =
∫ ∞

0
dB Y(®A) X(E − ELSR(®A))

���
®A=®A (ℓ,1,B)

. (2)

Given that the noise =ℓ1E is Gaussian with covariance # , we can formulate a Gaussian likeli-
hood, ?̃()ℓ1E |YGHI) = G()ℓ1E − '[YGHI], #). However, we take into account the fact that the
measured velocity can deviate from the one prescribed by the gas flow model due to thermal line
width or turbulence, by smearing of the linear map with a velocity distribution, ?()ℓ1E |YGHI) =
G

(
)ℓ1E − '′[YGHI], #

)
where

'′[YGHI] ≡
∫

dÊ G(E − Ê, f2
E )'[YGHI] =

∫ ∞

0
dB Y(®A) G(E − ELSR(®A), f2

E )
���
®A=®A (ℓ,1,B)

. (3)

We adopt fE = 5 km/s throughout. For technical details, we refer the reader to Ref. [11]
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Figure 2: Surface mass density reconstructed for the two gas flow models adopted: BEG03 (upper panels)
and SBM15 (lower panels). In the left column, we show the mean reconstructed density and in the right
column its standard deviation.

3. Results

In Fig. 2, we show the surface mass density, that is the 3D gas density projected onto the
Galactic plane for both gas flow models. In addition to the mean of the posterior, we also show the
standard deviation which can be used as a measure of the uncertainty. The reconstruction shows
structure on a range of scales as expected. Some structures align with spiral arms while others are
likely artefacts. Total gas mass is 1.4 × 109"� and 1.3 × 109"� for the BEG03 and SBM15 gas
flow models, respectively. Our maps are available at https://dx.doi.org/10.5281/zenodo.4405437.

In order to investigate this further, in Fig. 3 we provide maps of the signal-to-noise ratio (S/N)
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Figure 3: Maps of the signal-to-noise ratio (S/N) for the surface mass density in the two gas flow models
adopted: BEG03 (upper panel) and SBM15 (lower panel). We also indicate a number of spiral arms and the
galacto-centric azimuth i.
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Figure 4: Surface mass density for the two gas-flowmodels (BEG03 and SBM15) and compared with earlier
studies ([13], [14], [15] and [4]).

defined as the mean divided by the standard deviation. Much of the emission has been resolved into
regions with high S/N and much of it along spiral arms. This is most clearly seen along the Perseus
arm for galacto-centric azimuths i = (210. . . 300)◦ and for the Norma arm for i = (60. . . 150)◦.
Finally, we show the radial profiles of the mass surface density and compare with other studies in
Fig. 4. See Ref. [11] for a more detailed discussion of the results and comparison with other studies.

4. Conclusion

We have presented a new methods for kinematic deprojection of gas line surveys. Our methods
builds on a Bayesian inference method [12] that allows taking into account the correlation structure
of Galactic gas. We have applied ourmethod to theDame et al. survey compilation [6] to reconstruct
the 3D density of H2 in the Galaxy. Our reconstruction exhibits structure on a variety of scales,
some associated with spiral arms. We have also provided the radial profile of the reconstructed
gas densities. More details can be found in Ref. [11]. The reconstructed densities are available at
https://dx.doi.org/10.5281/zenodo.4405437. An application to HI data is in preparation.
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