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ABSTRACT

We present a new reconstruction of the distribution of atomic hydrogen in the inner Galaxy that is
based on explicit radiation-transport modelling of line and continuum emission and a gas-flow model in
the barred Galaxy that provides distance resolution for lines of sight toward the Galactic Center. The
main benefits of the new gas model are, a), the ability to reproduce the negative line signals seen with
the HI4PI survey and, b), the accounting for gas that primarily manifests itself through absorption.

We apply the new model of Galactic atomic hydrogen to an analysis of the diffuse gamma-ray
emission from the inner Galaxy, for which an excess at a few GeV was reported that may be related
to dark matter. We find with high significance an improved fit to the diffuse gamma-ray emission
observed with the Fermi-LAT, if our new HI model is used to estimate the cosmic-ray induced diffuse
gamma-ray emission. The fit still requires a nuclear bulge at high significance. Once this is included
there is no evidence for a dark-matter signal, be it cuspy or cored. But an additional so-called boxy
bulge is still favoured by the data. This finding is robust under the variation of various parameters, for
example the excitation temperature of atomic hydrogen, and a number of tests for systematic issues.

Keywords: Gamma-ray astronomy — dark matter — Galactic center

1. INTRODUCTION

Since its discovery some ten years ago (Hooper &
Goodenough 2011), the excess of gamma rays observed
with the Fermi-LAT from the Galactic-center region
(GCE) has remained one of the most intriguing open
questions in astroparticle physics. Although published
interpretations concentrate on a dark-matter interpre-
tation or a millisecond pulsar related origin, there is no
consensus on the origin of this so-called Galactic-center
excess (e.g., Gordon & Macias 2013; Macias & Gordon
2014; Abazajian et al. 2014; Ackermann et al. 2017; Ma-
cias et al. 2018; Bartels et al. 2018; Macias et al. 2019;
Abazajian et al. 2020; Di Mauro 2021). One of the main
systematic difficulties is the need to accurately model
the intense diffuse gamma-ray emission and the gamma-
ray sources in the region.

Several studies have claimed to find a non-Poissonian
component to the GCE (Bartels et al. 2016; Lee
et al. 2016), which may be further evidence for the

millisecond-pulsar explanation. However, there is some
controversy regarding the level of systematics in this ap-
proach (e.g., Leane & Slatyer 2019, 2020a,b; Buschmann
et al. 2020a; Chang et al. 2020; Calore et al. 2021; List
et al. 2021; Mishra-Sharma & Cranmer 2021).
Modelling the diffuse interstellar gamma-ray emission
requires knowledge of the distribution of gas in the
Galaxy, which must be convolved with the spatial distri-
bution of cosmic rays to estimate the gamma-ray emis-
sivity along each line of sight. Line spectra of atomic
hydrogen and other tracer elements or molecules pro-
vide information on the line-of-sight velocity of the gas,
whereas what is needed is the distribution along the
line of sight. Pohl et al. (2008) used a gas-flow model
based on the smoothed particle hydrodynamic (SPH)
simulations described in Bissantz et al. (2003) to de-
convolve CO data. They employed an iterative method
to successively reduce signal in the line spectrum and
place it at the eight best-matching distance intervals,
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until there is only noise left. In Macias et al. (2018) an
analogous deconvolution of HI data was found to pro-
vide a better fit to the diffuse gamma-ray emission from
the Galactic-center region than do the gas maps of the
standard Fermi-LAT data analysis pipeline! (see also
Johannesson et al. 2018a). The absorption correction
was minimal and involved only self-absorption with con-
stant excitation temperature Tox. = 170 K. Continuum
emission was ignored, which means weak positive signal
was deemed optically thin and negative signal had to be
disregarded. In the Galactic-center region these simplifi-
cations lead to a potentially significant underestimation
of the mass of atomic gas, and hence a deficit in the
predicted diffuse gamma-ray emission and an artificial
indication for new emission components.

In this paper we present an advanced model of atomic
gas in the Galaxy and apply it to the analysis of gamma-
ray emission from the Galactic center. We account for
both line and continuum emission in the radiation trans-
port, which allows the modelling of negative line inten-
sity and traces gas in both emission and absorption. We
find good fits for a broad range of excitation tempera-
tures, Texe 2 180K, in good agreement with the findings
of Gibson et al. (2005). For better comparison with the
results of Macias et al. (2018) we retained with minor
modifications the gas-flow model and rotation curve as
used in Pohl et al. (2008), although newer studies of gas
flow and Galactic rotation had been published (e.g. Baba
et al. 2010; Pettitt et al. 2014; Sofue 2015; Mertsch &
Vittino 2020). The recently observed radial flow beyond
the solar circle (Chrobédkové et al. 2020) should not be
relevant for the lines of sight toward the inner Galaxy
that we consider here.

2. METHOD
2.1. Radiation transport

The radiation transport equation for the intensity, I,
along a line of sight, s, reads

%:ijrjl*alI- (1)
where we allow for continuum emission with coefficient
Je, line emission, j;, and absorption, a;. Continuum ab-
sorption is ignored, because the brightness temperature
is always very much smaller than the excitation temper-
ature for free-free emission which is about 10* K. In our
model the line of sight is binned, and the radiation co-
efficients are assumed to be constant within a bin. At

L https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

the front of each bin of length As, corresponding to an
optical depth 7 = As «y, we find for 7 > 0
jc + jl [

I(As) = Ipexp(—7) +
Qg

L—exp(=7)] , (2
where [y is the intensity at the rear boundary.
The change of the intensity across the bin is given by

AL = I(As) — I
= (jc e IO) [1 —exp(—7)] (3)

[67]
([ JAs+ 5iAs
B T

o) - exp(-r)]

We are working in the low frequency limit where the
brightness temperature T is proportional to the inten-
sity. The increment in T then is

AT, + AT,

T

ATp = ( — TO) [1—exp(—7)] , (4)
where Ty is the brightness temperature at the rear
boundary of the bin and AT, « j.As is the increment
in continuum brightness temperature along the bin. The
increment in the line brightness temperature is given by
AT; = 7 Texe where Toxe o j;/cy is the excitation tem-
perature of the atomic-hydrogen gas (see for example
section 7.4.1 of Draine (2011)).

For each velocity bin and line of sight, we successively
apply eq. 4 to find the radiation temperature at Earth,
from which we subtract the continuum temperature to
obtain line spectra,

T =-T.+ Z ATB(S’L) , Te= Z ATC(Si) ) (5)

where T} is the observed line brightness temperature.
Matching those spectra to the observed line spectra will
yield AT for each distance bin. The corresponding con-
tribution to the column density of gas, Ny, is

ANy = (1.8-10"% sK'em?km ') Av AT}, (6)

where Av is the bin width in velocity space.

We use data from the HI4PI survey (HI4PI
Collaboration et al. 2016), that outperforms the
Leiden-Argentina-Bonn survey in angular resolution
(16.2" FWHM), sensitivity (omms >~ 43 mK), and by its
full spatial sampling. Our data cube has an angular
sampling of Al = Ab = 5’ and a velocity binning of
Av ~ 1.3 km/s.

2.2. Continuum Modelling
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The continuum modelling was performed as follows:
We have the CHIPASS? (Calabretta et al. 2014) and
Stockert® (Testori et al. 2001; Reich et al. 2001) contin-
uum datasets.

The CHIPASS data were reprojected to match the
Stockert data. Missing regions in the CHIPASS data
were patched with the Stockert data using a tanh based
modulating function to smoothly combine the two data
sets. We then fitted a model of the continuum emission
consisting of three Gaussian disk components,

3 1{ r? 22
ATC/AS:ZaieXp [—2 <&+&>] (7)

i=1 7y 2y
where a;, 0,;, and o, ; were the fitted model param-
eters. The model was fitted in Galaxy-centered cylin-
drical coordinates with radius, r, and height above the
Galactic plane, z. Using least-squares optimization on a
ROI of |I] < 50°, |b|] < 25°, we fitted one disk, then fixed
that and fitted a second one. We then fixed those two
components and fitted a third component initialized to
around the GC intense region’s extent. Then we freed all
parameters to fit the three components simultaneously.

The best fit parameters are shown in Table 1.

Using this three-Gaussians model, we created an in-
stance of the model on the grid of the gas-deconvolution
cube and renormalized it to the observed continuum
temperature for each line of sight, and so the signal in
the bins sums up to the observed continuum brightness.
As the model is just a simple three-component model,
the continuum cube has a few stark point-source-like
components when renormalized, which manifest them-
selves as bright streaks through slices of the cube. The
Galactic center is a hotspot in continuum brightness
with T, 2 500 K. Figure 1 displays the distribution of
continuum emissivity per distance bin, which likewise
has a sharp peak at the Galactic center.

2.3. Algorithm

For each bin in velocity space in which the modulus of
the signal exceeds 0.15 K, we find the eight best-fitting
distance solutions in distance bins of 50 pc. The signal
is then distributed over those distance solutions using
weights that are calculated as in Macias et al. (2018).

Tests show that the nonlinearity in the radiation
transport very much complicates accounting for a finite
width of the signal from individual clouds and correla-
tions between neighboring lines of sight, at least com-

2 https://lambda.gsfc.nasa.gov/product /foreground /fg_chipass._
info.cfm

3 https://lambda.gsfc.nasa.gov/product /foreground /fg_stockert._
villa_info.cfm
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Figure 1. Continuum emission model. Top: Cross section
of AT./As at a distance of 8 kpc from the solar system.
Bottom: Profile of AT,/As for I =0° and b = 0°.

pared to a Bayesian inference of CO line data (Mertsch
& Vittino 2020). To avoid artefacts and a strong depen-
dence on priors we treat each line of sight and velocity
bin independently. As we ignore proper motion of gas
clouds relative to the local average flow, there is more
signal without distance solution than with the decon-
volution technique of Pohl et al. (2008). This signal is
placed according to the distance solutions at the closest
velocity covered in the gas-flow model, but the radiation
transport is separately calculated for each velocity bin.
Then the distance resolution is reduced by a factor two
by combining neighboring distance bins. This fixes the
line-of-sight distribution of the signal.

To determine the amplitude of the signal we create
a set of 60 logarithmically spaced model signals with
integrated line emissivity, [dsj;, ranging from 0.15 K
to more than 103 K, for which we solve eq. 5. We
then search for the one model temperature, 7;, that best
matches the observed brightness as given in the HI4PI
data. If the observed value is beyond the range of model
values, we pick the closest one, otherwise we use linear
interpolation between the two nearest models. The rms
deviation between model and observed spectrum is com-
puted and retained as accuracy parameter to the model
file. In Fig. 2 we display the mean mismatch as a func-
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Table 1. Best fit parameter values for the three-disk continuum model.

Parameter Amplitude (a) Radial standard deviation (o,) Vertical standard deviation (o)

Units K/kpc kpc kpc
Disk 1 0.29 12 5.2

Disk 2 3100 0.038 0.021
Disk 3 1.5 4.0 0.13

NoTE— The a parameters in Eq. 7 were fitted so that after line-of-sight integration in any direction
one obtains the brightness temperature. Hence the units of a are K/kpc.

RMS deviation [K]

100 200 300 400 500 600 700
Texc [K]

Figure 2. Averaged difference between the model spectra
and the observed spectra, plotted as a function of excitation
temperature, Texc. The red dashed line indicates the mis-
match level for an excitation temperature that is allowed to
vary with longitude, [ and latitude, b.

tion of the excitation temperature, Tey.. Averaged over
the area of interest, we see the smallest deviation with
Texe = 200K, and somewhat higher temperatures work
nearly as well.

Note that we place gas seen in absorption also on the
far side, although it does not provide much absorption
there because it is likely behind the continuum source.
Otherwise we would construct a near-heavy Galaxy in
regions of high absorption.

Figure 3 presents for two values of the excitation tem-
perature, Tyy., the modelled and observed HI spectra for
the line of sight toward the Galactic Center and a second
area with high line intensity. To be noted from the top
panel of the figure is that solving the radiation transport
equation with continuum emission can reproduce strong
absorption features and provide an estimate of the HI
column density where absorption occurs. Modelling neg-
ative line intensity becomes difficult for higher values of
Texc, in particular for velocities for which the distance
solutions are predominantly behind the region of high
continuum emissivity. Whereas for Ty = 200K that
happens in only a narrow band around v = 50kms™1!,
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Figure 3. Comparison of the observed and the modelled HI
spectrum toward the Galactic Center (top panel) and a line
of sight with a high-intensity peak (bottom panel).

implying that only a small fraction of the gas is poorly
modelled, a larger mismatch is seen for T,y = 400 K.

The signal at (I,b) = (0°,0°) in the top panel is al-
most perfectly fit by Toxe = 110K but that excitation
temperature doesn’t work well for other lines of sight
with high intensity peaks, an instance of which is shown
in the bottom panel.

In reality one should expect to find gas clouds on the
line of sight that have different excitation temperatures.
It is quite conceivable that the absorption feature around
v = 50kms™! in the top panel of figure 3 is caused
by relatively little cold gas immediately in front of the
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Figure 4. Best-fit excitation temperature for each line of
sight. The image was smoothed with a 0.08° Gaussian filter
and cropped to contain 99.5% of intensity values for display
purposes.

Galactic Center, whereas most of the gas clouds have
temperatures of a few hundred Kelvin. We find it im-
possible to account for variations in the excitation tem-
perature along the line of sight, without introducing a
large number of free parameters that are poorly, if at
all, constrained. Hence the decision to use a uniform
excitation temperature for a particular line of sight. In
Fig. 4 we show a map of the best-fit Ty as a function of
{ and b. Only |b] < 4° is shown, as higher latitude areas
in our region of interest almost all had T, = 200K.

3. RESULTS

In the previous sections, we presented our improved
model for the distribution of HI in the Galaxy. The new
templates trace gas in both emission and absorption,
and account for negative line intensity. Additionally, we
have upgraded the dust correction maps with the use
of PLANCK data, but we emphasize that the molecular
hydrogen maps in this work are still the same as those
in Macias et al. (2018). Likewise, the fit parameters for
the cosmic-ray spectra, and hence the gamma-ray emis-
sivity are still considered constant in annuli in galacto-
centric radius. For comparison, we display in Fig. 5 as
a function of [ and b the HI column density that is at-
tributed to four of these annuli. The new model, shown
on the right, has considerably fewer artefacts than has
the older model. An example is the signal at b ~ 12° in
the 8-10 kpc annulus that is no longer visible, here on
account of a slightly modified treatment of signal beyond
the range of Doppler shifts that the model provides. To
be noted is the enhanced column density attributed to
the Galactic plane at r < 3.5 kpc, where HI absorption
is particularly strong. Within a few degrees from the
Galactic Center, this signal is not simply taken from any
of the other annuli. Instead it results from the proper
modelling of HI absorption and the strong continuum
emission from that direction.

In this section, we perform fits to gamma-ray data
from the GC region in order to evaluate the impact of
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Figure 5. Column density maps for four annuli. The right
panels show models that account for continuum emission,
and the left panels display models that do not.

the new templates on the characteristics of the GCE.
We used eight years (August 4, 2008—August 2, 2016)
of Pass 8 RELEASE 3 (P8R3) ULTRACLEANVETO
class photon data in the energy range 667 MeV—158
GeV. Details about the data selection cuts, statistical
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Baseline Additional ATS  Significance
model source
Basel. Cored ellips. 0.0 0.00
Basel. Cored 0.1 0.00
Basel. BB 282.2 15.3 o
Basel. NFW ellips. 647.2 24.2 ¢
Basel. NFW 807.1 273 ¢
Basel. NB 1728.9 40.8 o
Basel.+NB Cored ellips. 0.1 0.0c0
Basel.+NB Cored 0.7 0.0c0
Basel.+NB NEFW ellips. 1.0 000
Basel.+NB NFW 3.4 020
Basel.+NB BB 261.0 14.7 o
Basel.+NB+BB NFW ellips. 0.1 0.0 0
Basel.+NB+BB  Cored ellips. 0.4 000
Basel.+NB+BB Cored 0.7 000
Basel.+NB+BB NFW 2.6 0.1c

Table 2. Statistical significance of the GCE tem-
plates for the HI maps with varying Tex.. The base
model comprises the new hydrodynamic gas maps introduced
in this work (divided in four rings), dust correction maps, in-
verse Compton maps, the 4FGL point sources, and templates
for the Fermi Bubbles, Sun, Moon, Loop I, and isotropic
emission (see Appendix C). Additional sources considered in
the analysis are: Nuclear bulge (NB) (Nishiyama et al. 2013),
boxy bulge (BB) (Coleman et al. 2020), NFW profile with
~ = 1.2, cored dark matter (Read et al. 2016), and ellipsoidal
versions of these (see Fig. 3 in (Abazajian et al. 2020)).

procedure, and all other astrophysical templates consid-
ered in the region of interest (ROI) model are given in
the Appendix.

3.1. Implications for the GCE

To evaluate the impact of the new gas maps on the
GCE, we include in our baseline model the HI maps
that best reproduce the observed line emission, namely
those with Ty varying as a function of [ and b. Similar
tests for the best-fitting constant excitation temperature
(Texe = 200 K) are presented in Appendix C. In addi-
tion, the baseline model includes positive and negative
dust correction templates (Abdollahi et al. 2020), 3D
inverse Compton (IC) maps divided in six rings (Porter
et al. 2017), the Fourth Fermi Catalogue (4FGL) of
point sources (Abdollahi et al. 2020), a Fermi Bub-
bles (FB) template (Macias et al. 2019) based on that
reconstructed in Ackermann et al. (2014), specialized
templates for the Sun and Moon, an isotropic emission
model, and a geometrical template for Loop I (see Ap-
pendix C).

We first start by running the bin-by-bin procedure,
described in Appendix B, with the baseline model. This

is done by varying the flux normalization of all the
point sources and extended templates such that the log-
likelihood is independently maximized in each energy
bin, using the Fermi PYLIKELIHOOD tool*. The next
step consists of implementing the bin-by-bin method
with an augmented model that includes the GCE tem-
plates. We consider four classes of dark matter (DM)
profiles, and two maps tracing the distribution of stars
in the inner Galaxy (all described in Appendix C). The
statistical significance for each new source is obtained by
computing the ATS as shown in Eq. 2.5 of Macias et al.
(2019), and noting that each additional template has 15
degrees of freedom. We stress that when computing the
statistical significance of each of the GCE templates, we
simultaneously vary the fluxes of the baseline and addi-
tional templates. We show the results of this step in the
first six rows of Table 2, where the GCE templates are
sorted according to their statistical significance.

The fact that some of the additional templates are
found with such a high statistical significance suggests
that the Baseline model alone is insufficient to explain
the data. We thus follow the hierarchical statistical pro-
cedure introduced in Macias et al. (2018) to consecu-
tively add to the ROI model the templates with the
highest ATS. As can be seen in Table 2, using this
procedure we find that the data strongly supports the
inclusion of the NB template first, and subsequently, the
BB template. Importantly, in consistency with previous
analyses (e.g., Macias et al. 2018; Bartels et al. 2018;
Macias et al. 2019; Abazajian et al. 2020), we find that
once the NB and BB templates have been added to the
ROI model, the data no longer require any of the DM
templates considered in this study.

Compared to our previous articles on this subject, we
now find a much greater discriminant power for the GCE
templates. Our new study shows that the DM tem-
plates are statistically highly disfavoured once the NB
template is included in the ROI model (see rows 7-11
in Table 2). To be noted from this table is that while
the DM templates are strongly disfavoured, the BB tem-
plate is detected at very high significance (14.70). This
highlights that our new hydrodynamic gas maps (with
varying Tey.) drastically improve the sensitivity to the
spatial morphology of the GCE templates.

3.2. Comparisons with previous Galactic diffuse
emission models

Macias et al. (2018) demonstrated that the hydrody-
namic gas maps introduced in Pohl et al. (2008) give

4 https://fermi.gsfc.nasa.gov /ssc/data/analysis /scitools/
extended/extended.html
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Figure 6. The Test Statistic (TS) of the “Base-

line+NB+BB” model in comparison with “Model O +
NB+BB” that is based on the previous generation of our
hydrodynamic gas maps. The blue bars display the results
for HI maps with constant Texc, and the red bar displays the
results for a Texc which varies with [ and b. Evidently the
new HI maps are statistically highly preferred.

a better fit to the GC data than other gas models in
the literature (e.g., Ackermann et al. 2017). The re-
sult has been confirmed with a different methodology
in Buschmann et al. (2020b) (see e.g., Fig. 3 in that
paper).

We now investigate whether our new interstellar gas
models provide a better fit to the gamma-ray data
than those proposed in Macias et al. (2018). For this
comparison, we use the test statistic, TS, defined as
TS = —2[In(L1) —In(Ly)], where £1 and Ly are the like-
lihood for the “Baseline+NB+BB” model (see Table 2),
and the “Model O + NB+BB” model, respectively. Note
that “Model O” (M) assumes the hydrodynamical HI
maps introduced in Macias et al. (2018), but is otherwise
the same as that in the present study.

Figure 6 displays the results of this analysis. Remark-
ably, all new HI maps are found to have TS values in
excess of 4500, and we conclude that our new gas models
fit the data significantly better than the previous gener-
ation of hydrodynamic gas models (Macias et al. 2018,
2019; Buschmann et al. 2020b). Even though the HI
maps with Tee = 150 K and 170 K seem to be pre-
ferred by the gamma-ray data, they do a poorer job at
explaining the radio data (see Fig. 2). Our approach in
this study was to select the HI maps which fit the radio
data best. These correspond to the HI maps with T,y
varying with [ and b. We leave for a future investigation
to perform a global fit in which we simultaneously fit
the radio and gamma-ray data in order to find out the

x 109
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G »

a5k 19 x 10 s 68% C.L.
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Figure 7. Results of the fit validation tests for our
best-fitting model (Baseline+NB+BB), defined in Ta-
ble 2 and including the HI maps with Tex. varying with [ and
b. The black dotted line shows the log-likelihood obtained
from the bin-by-bin procedure applied on real data. The
green (yellow) band shows the MC expectations at 68% and
95% confidence, respectively, obtained with the same bin-by-
bin procedure on Poissonian Monte Carlo simulations of the
best-fit ‘Baseline+NB+BB’ model.
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Figure 8. Results a fit validation test applied to an
Alternative Baseline model only that includes HI maps
with Texc = 150 K. The validation tests were done using the
same method as in Fig. 7. Note that in this case, the NB
and BB templates were not included in the fits.

best-fitting excitation temperature Tey. for each line of
sight.

3.3. Fit validations

In Sec. 3.1, we established that the “Base-
line4+NB+BB” model provides the best fit for our ROI.
We now assess whether or not this model is appropriate
in an absolute sense, using a similar method to that in-
troduced in Buschmann et al. (2020b). First, we Monte-
Carlo (MC) simulate 50 data sets, each with 15 bands,
drawn from the “Baseline+NB+BB” model—assuming
the data are Poisson distributed. Second, we subject
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these synthetic data sets to exactly the same bin-by-bin
fitting procedure as was used on real data. Hence the
number of degrees of freedom in the fits to MC data is
the same as on real data, and so is the expected distri-
bution of the log-likelihood values.

We present the results of the fit validation in Fig. 7.
The MC expectations are shown at the 68% (95%) C.L.
Importantly, the log-likelihood values obtained from real
data conform with the MC expectations. The fact that
the best-fitting model “Baseline+NB+BB” passes this
important test gives further credence to our method of
separating DM models from those of astrophysical origin
based on their spatial morphologies.

For comparison purposes, we also performed this
same kind of validation test to an “Alternative Base-
line” model. This model is defined by substituting the
spatially-varying Tox. HI maps with those that assume
Texe = 150 K throughout the Galaxy. Notice that for
this test, we did not include the NB and BB templates.
The results of this exercise are displayed in Fig. 8. Sim-
ilarly to what was shown in Fig. 17 of Buschmann et al.
(2020b), we find that for E > 4 GeV the “Alternative
Baseline” matches the data at the level of the MC ex-
pectations. However, as can be seen, this is not the case
for B < 4 GeV. The most likely explanation for this
observation is that the data require the inclusion of the
NB+BB templates into the ROI model.

3.4. Gamma-ray Residuals

It is interesting to inspect the residual images for
our best-fitting “Baseline+NB+BB” model. Figure 9
shows the fractional residuals, (Data—Model)/Model, in
three different macro energy bins: [0.6,1.1], [1.1,2.8] and
[2.8,11.8] GeV. They are constructed by joining various
micro energy bins, in which the actual fits are performed
and that are narrow enough for a reasonable accuracy
of our assumption of a flat gamma-ray spectrum in each
bin. The mismatch between model and data is mostly
at the < 10% level, although we also observe localized
correlated residuals that reach up to 20 — 30%. These
localized residuals are found mostly for latitudes |b] 2> 8°
where the GCE is less significant and imperfections in
the current FB template would leave their signature.

We note that passing the fit validation tests shown in
the previous section is a necessary, but not sufficient con-
dition to be able to claim that the “Baseline+NB+BB”
model is a good-fitting model in an absolute sense. Fig-
ure 9 shows that our ROI model still requires some fur-
ther improvements. One possible cause for these local-
ized residuals is that they may be due to sub-threshold
point sources in the 4FGL catalog which become more
statistically significant with our new HI maps. Even

though our current astrophysical model for the GC re-
gion is not perfect, the fit validation tests do show that
the statistical results obtained in our analysis are very
robust.

4. CONCLUSIONS

We devised a new model of the Galactic distribution
of atomic hydrogen, HI, that traces gas both in emission
and in absorption. For that purpose, we constructed a
model of continuum emissivity in the 21-cm waveband
that reproduces the continuum brightness observed from
the inner Galaxy with the CHIPASS survey (Calabretta
et al. 2014). We then solved the radiation transport in-
tegral for HI line emission in the presence of continuum
radiation for each line of sight and Doppler shift, for
which the HI4PI survey reports a non-zero line signal.
The mapping of Doppler shift to distance along the line
of sight is performed using the gas-flow model of Bis-
santz et al. (2003) and the algorithm described in Pohl
et al. (2008) that provide distance resolution also toward
the Galactic Center.

Our explicit radiation-transport modelling can repro-
duce the negative line signals that one often finds within
a few degrees off the Galactic Center. Atomic gas seen
in absorption can thus be accounted for. We find an en-
hanced column density attributed to the Galactic plane
at r < 3.5 kpc, where HI absorption is particularly
strong. Within a few degrees off the Galactic Center,
this signal is not simply taken from other locations on
the line of sight. Instead it results from the proper mod-
elling of HI absorption and the strong continuum emis-
sion from that direction.

We test various values of the hydrogen excitation tem-
perature, Toye, ranging from 130 K to 700 K. The lower
the excitation temperature, the easier it is to reproduce
absorption features in the spectra, in particular nega-
tive line signals. At the same time, one cannot model
line signal with brightness temperatures exceeding Tixc,
and in the presence of continuum emission the achiev-
able line brightness can be well below this limit. For a
constant excitation temperature, we find that the HI4P1
spectra are best reproduced for Ty, = 200 K with an av-
erage mismatch below 0.08 K or about twice the survey
sensitivity. The mismatch increases slowly for higher
excitation temperatures and does so quite rapidly for
Texe < 170 K. We also constructed a model of the Galac-
tic distribution of atomic hydrogen, in which we allowed
Texe to vary as a function of [ and b. This model fits
the line data best and serves as a fiducial model for the
subsequent analysis of the diffuse gamma-ray emission
from the inner Galaxy.
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Figure 9. The fractional residuals, (Data-Model)/Model, for the “Baseline+NB+BB” model. Detailed descriptions of the
templates included in the ROI model can be found in Appendix C, likewise the gamma-ray spectrum for the “Baseline+NB+BB”
model. The images have been smoothed with a Gaussian filter of radius 0.6°.

We then updated our model of the diffuse gamma-
ray emission from the inner Galaxy (Macias et al. 2018)
with the new maps of Galactic atomic hydrogen and new
templates for the dust correction. The model comprises
components that describe cosmic-ray induced gamma-
ray emission, large-scale features like the Fermi bubbles,
a nuclear bulge and a boxy bulge, and minor aspects
like the Sun and the Moon. The new HI map affects
the cosmic-ray induced gamma-ray emission through
hadronic interactions and nonthermal bremsstrahlung.
We find with high significance, ATS ~ 5000, a much bet-
ter fit to the diffuse gamma-ray emission from the inner
40° x40° of the Galaxy as observed with the Fermi-LAT,
if our new HI model is used. A similar improvement in
fit quality is seen for all choices of T,y that we probed.
The likelihood fit still requires that templates for the nu-
clear bulge (Nishiyama et al. 2013) and the boxy bulge
(Coleman et al. 2020) are included in the model, as was
the case in earlier analyses. Already without the boxy
bulge, but also with it, there is no evidence whatsoever
for any of the dark-matter scenarios we tested. These
include with arbitrary spectral form cuspy and cored
dark-matter profiles and ellipsoidal versions thereof.

We performed various checks for potential systematic
issues without finding an indication for any. The re-

sults appear to be robust. Compared to previous stud-
ies, we now find a much greater discriminant power for
the templates for the Galactic-Center excess. While the
dark-matter templates do not significantly improve the
fit, the boxy bulge template is detected at nearly the
150 level. We conclude that our new hydrodynamic gas
maps, allowing Tex. to vary as a function of [ and b,
not only provide an unprecedented reconstruction of HI
line spectra, but also drastically improve the sensitiv-
ity to the spatial morphology of the various components
of diffuse Galactic gamma-ray emission for the much-
discussed Galactic-Center excess.

We foresee that our new HI maps will be very useful
for the ambitious GC survey program of the forthcoming
Cherenkov Telescope Array (Acharyya et al. 2021) and
particularly for characterizing the high-energy tail of the
GCE at TeV-scale energies (Song et al. 2019; Macias
et al. 2021).
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APPENDIX

A. FERMILAT DATA SELECTION

We used eight years (August 4, 2008—August 2, 2016) of PAss 8 RELEASE 3 (P8R3) ULTRACLEANVETO class
photon data in the energy range 667 MeV—158 GeV. Photons detected at zenith angles > 90° were removed to reduce
the contamination from gamma-rays generated by cosmic ray interactions in the Earth’s atmosphere. Additionally, we
applied the recommended data filters (DATA_QUAL>0)&&(LAT_CONFIG==1).

The data reduction as well as the data analysis were performed with the FERMITOOLS v1.0.1° package, and instru-
ment response function PSR3_ULTRACLEANVETO_V2. The ROI of the analysis is defined by a square region
of size 40° x 40° centered at Galactic coordinates (I,b) = (0,0). Moreover, we used a binned-likelihood method with
a spatial binning of 0.2°, and 15 logarithmically-spaced energy bins (in the range 667 MeV—158 GeV).

B. GAMMA-RAY ANALYSIS PROCEDURE

We used a similar pipeline to that introduced in Macias et al. (e.g., 2019); Abazajian et al. (e.g., 2020). In particular,
we fitted our ROI model (see Appendix C) to the data using a bin-by-bin analysis procedure in which we maximized the
likelihood function separately at each individual energy bin. We obtained the bin fluxes for each template by assuming
a simple power-law with slope —2, dN/dE = NygE~2, and varying the bin-wise normalisation Ny of all the templates
in the fits. An advantage of using a bin-by-bin procedure over a broad-band analysis is that, with the former, there
is little or no need to make assumptions about the spectral shape of a new template, rather the template spectrum
is obtained in a completely data-driven way. We note in passing that the fitting was done with the PYLIKELIHOOD
routine, the standard maximum-likelihood method in FERMITOOLS. In our analysis, we used the bin-by-bin method
to evaluate the best-fit spectral values, and the statistical significance for each new source added in our ROI model.
An advantage of using Fermitools for our fits, is that it rigorously accounts for the point spread function of the LAT.
In order to evaluate the statistical significance of a new template we compute the ATS for the full energy range as
shown in Eq. 2.5 of Macias et al. (2019). Note that since the normalization of the sources are varied independently
at each energy bin, we need to use the mixture distribution, explained in Macias et al. (2019), to correctly compute
the statistical significance of a new source. In doing so, we account for the number of degrees of freedom for a new
extended source, which is the same as the number of energy bins.

C. ASTROPHYSICAL TEMPLATES
HADRONIC AND BREMSSTRAHLUNG GAMMA RAYS

The dominant contributions to the gamma-ray emission within our ROI are hadronic and bremsstrahlung emission
resulting from the interaction of Galactic cosmic-ray protons and electrons with interstellar gas. Since both of these
components are spatially correlated with the distribution of interstellar gas, we model them in a data-driven way.
Namely, we include templates of HI, Hy, and dust correction maps in our ROI model and then reconstruct their
spectra using the bin-by-bin fitting procedure explained in Appendix B. The Hy maps are the same as those in Macias
et al. (2018), whereas the hydrodynamic HI and dust correction templates are updated. The ring subdivision of the
gas maps allows to account for the radial evolution of cosmic ray density, and the small width of the energy bins
permits to recover their respective gamma-ray spectra.

For our baseline model, we selected the hydrodynamic HI and dust correction maps denoted as “best Tey.”, as these
provide the statistically most favoured model of the line spectra of atomic hydrogen.

DUST CORRECTION TEMPLATES

Molecular hydrogen that is not well mixed with carbon monoxide will not be traced by the CO 2.6 mm emission.
Furthermore, assuming a constant atomic hydrogen spin temperature along a particular line of sight can give an
incorrect estimate of column density. To correct for these deficiencies we included dust correction templates based on
the methods used by Abdollahi et al. (2020)°. Infrared thermal emission from dust provides an alternative method of

5 https://github.com/fermi-lat /Fermitools-conda/wiki

6 See also https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
aux/4fgl/Galactic_Diffuse_Emission_Model for_the_4FGL_
Catalog_Analysis.pdf.
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tracing hydrogen gas in the Milky Way (Grenier et al. 2005). The correction templates are obtained by subtracting
the components of the dust emission that are correlated with the gas already traced by 21 cm and 2.6 mm emission.

We applied this method to the Planck dust optical depth map’. After subtracting the components of the Planck
dust optical depth map that were linearly correlated with our estimated atomic and molecular hydrogen gas maps, the
residuals were separated into positive and negative components. The positive residuals physically represent hydrogen
that is not traced by the relevant emission, known as the dark neutral medium, or an over estimation of the atomic
hydrogen spin temperature. Negative residuals represent an underestimation of the spin temperature. The results are
displayed in Fig. 11.

INVERSE COMPTON EMISSION

We similarly need a model for diffuse, inverse Compton (IC) emission, the second largest source of background, and
here we choose the six-ring IC model introduced in Abazajian et al. (2020), because it allows to account for modelling
uncertainties such as a potential new central source of electron or possible bias introduced by assumptions on the
normalization and shape of the interstellar radiation field (ISRF) and the electron injection spectra.

We constructed the IC maps using GALPROP V56 and the propagation parameter setup SA50, shown in Table 5 of
Johannesson et al. (2018b). It should be noted that these IC maps are based on 3D models for the ISRF (Porter et al.
2017), and hence they do not need the simplifying assumptions that were required in previous versions of the GALPROP
code.

LOW-LATITUDE FERMI BUBBLES

The Fermi bubbles (FB) are one of the strongest sources of fore-/background emission in our sky region. The FB are
themselves defined as highly statistically significant and spatially coherent gamma-ray residuals, whose spectra are well
described by a simple power-law with a relatively hard slope, s ~ —1.9, in the energy range of our analysis (Su et al.
2010; Ackermann et al. 2014). Here, we use an improved version (Macias et al. 2019) of the FB template constructed
using a spectral component analysis by the Fermi Collaboration (Ackermann et al. 2014).

POINT SOURCES

We modelled gamma-ray point sources using the 4FGL Abdollahi et al. (2020). Specifically, we assumed the release
gll_psc_v20.fit, which contains 487 gamma-ray point sources in our ROI. Unfortunately, varying the normalization
of all these point sources at once in a maximume-likelihood run is very challenging, and so we opted for following the
hybrid-modelling procedure implemented in Macias et al. (2019). In particular, we floated the normalization of each of
the 120 brightest point sources in our Rol, and for the remaining 367 sources we constructed a point source population
template assuming the flux ratios reported in the 4FGL. The population template was included in the fits with its
overall normalization free to vary at each energy bin. This is a reasonable simplification given that our data selection
cuts are the same as those in the 4FGL.

GCE TEMPLATES

Detailed descriptions of the templates used to model the GCE are given in Appendix B of Abazajian et al. (2020)
(and references therein). In summary, we model the GCE signal with maps tracing the distribution of stellar mass
in the Galactic bulge, or with maps describing the distribution of Galactic DM. For the bulge stars, we included
two independent templates: the “Boxy Bulge” (BB) model proposed in Coleman et al. (2020), and the observational
“Nuclear Bulge” (NB) map presented in Nishiyama et al. (2013). For the DM distribution, we used a cuspy profile,
given by a Navarro-Frenk-White (NFW) model with slope v = 1.2, and a cored profile, given by a Read function with
~ = 1.0 and core radius 1 kpc (Read et al. 2016). Furthermore, we considered ellipsoidal versions of these. For full
details of our profile choices see Fig.3 of Abazajian et al. (2020) and text therein.

OTHER STANDARD TEMPLATES

Additional extended sources considered in our analysis include Loop I (Wolleben 2007), maps for the Sun and
the Moon tailor-made for our data selection cuts, extracted from the 4FGL, and an isotropic gamma-ray model
(iso,P8R3,ULTRACLEANVETO,V2,V1 . txt).

7 COM_CompMap_Dust-GNILC-Model-Opacity_2048_R2.01 fits,
Planck Collaboration et al. (2016)
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Figure 10. The best-fit spectra for components of the “Baseline+NB+BB” model, cf. Table 2. The Baseline model includes
the HI maps with Tex. varying with [ and b, divided in four rings, 3D inverse Compton (IC) maps divided in six rings, the
4FGL catalog of point sources (Abdollahi et al. 2020), the Fermi Bubbles template, specialized templates for the Sun and Moon,
an isotropic emission model, and a geometrical template for Loop I (see Appendix C). We have grouped several components
together for presentation purposes.

D. GAMMA-RAY SPECTRUM

The spectrum for the best-fitting “Baseline+NB+BB” model (see Table 2) is shown in Fig. 10. As in our previous
studies (e.g., Macias et al. 2018, 2019; Abazajian et al. 2020), we find that the fitting procedure produces physically
sensible spectra. For simplicity, we have thematically grouped the spectra of different templates. For example, the
spectra for the HI, CO, and dust maps is displayed as “m%+bremss”, the spectra of all the gamma-ray point sources is
shown as one single line denoted “4FGL”, and likewise for the rest of the templates of our ROI model.

E. IMPACT OF HI SYSTEMATICS ON THE GCE

Previous studies (e.g., Macias et al. 2018; Bartels et al. 2018; Macias et al. 2019; Abazajian et al. 2020) have
demonstrated that the GCE signal is better explained by stellar mass templates than DM templates. As stated in the
introduction, those studies assumed HI maps with a constant excitation temperature through the Galaxy. In contrast,
the fiducial HI maps included in the main pipeline of the present study consider a excitation temperature which varies
with longitude and latitude and accounts for the radiation transport in the presence of continuum emission. In this
section, we repeat the hierarchical fitting procedure, whose results are summarized in Table 2, except that this time
we replace the fiducial HI maps with those for Toy. = 200 K that among all tested constant excitation temperatures
provides the best reproduction of the HI line spectra (see Fig. 2).

Table 3 shows the statistical significance for each of the GCE templates for fixed Tex. = 200 K. To be noted is that
they are qualitatively and quantitatively very similar to those obtained with our fiducial ROI model. We again find
that the GCE data strongly prefers the stellar-mass templates as a proxy for the GCE morphology. Furthermore, as
was found with our Baseline model and with the “Alt. Baseline”, we find that in order to remove any support of the
DM hypothesis, it is sufficient to add the NB template to the “Alt. Baseline”. However, as seen in row 12 of Table 3,
the BB template is still required by the data. We thus include the BB template into the sky model and confirm our
negative DM results.
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Baseline model Additional source =~ ATS  Significance
Alt. Baseline Cored ellipsoidal 1.3 0.00
Alt. Baseline Cored 2.0 0.1c0
Alt. Baseline BB 304.2 1590
Alt. Baseline NFW ellipsoidal  682.7 249 o
Alt. Baseline NFW 837.9 278 o
Alt. Baseline NB 1753.0 4110
Alt. Baseline+NB Cored 2.2 0.1c0
Alt. Baseline+NB Cored ellipsoidal 2.4 0.1c0
Alt. Baseline+NB NFW ellipsoidal 3.5 020
Alt. Baseline+NB NFW 5.7 0.50
Alt. Baseline+NB BB 283.2 15.3 0
Alt. Baseline+NB+BB  Cored ellipsoidal 0.1 000
Alt. Baseline+NB+BB  NFW ellipsoidal 0.5 000
Alt. Baseline+NB-+BB Cored 0.6 0.00
Alt. Baseline+NB+BB NFW 2.3 0.1c0

Table 3. Statistical significance of the GCE templates assuming HI maps with Tex. = 200 K. The “Alternative
Baseline” model is the same as that shown in Table 2, except that the fiducial HI maps are replaced with those for a constant
excitation temperature, Texc = 200 K.
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Figure 11. Dust residual maps. On the left we have plotted the negative residuals (multiplied by —1) and on the right the
positive residuals. For display purposes the images have been smoothed with a Gaussian filter of radius 0.5°, and the colorbar
has been chosen to encompass 99.5% of intensity values.
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