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At present, all physical models of diffuse Galactic y-ray emission assume that the distribution of cosmic-ray
sources traces the observed populations of either OB stars, pulsars, or supernova remnants. However, since
Hs-rich regions host significant star formation and numerous supernova remnants, the morphology of observed
H> gas (as traced by CO line surveys) should also provide a physically motivated, high-resolution tracer for
cosmic-ray injection. We assess the impact of utilizing H as a tracer for cosmic-ray injection on models
of diffuse Galactic y-ray emission. We employ state-of-the-art 3D particle diffusion and gas density models,
along with a physical model for the star-formation rate based on global Schmidt laws. Allowing a fraction,
fr,, of cosmic-ray sources to trace the observed H> density, we find that a theoretically well-motivated value
fm, ~ 0.20 — 0.25 (i) provides a significantly better global fit to the diffuse Galactic y-ray sky and (ii) highly
suppresses the intensity of the residual vy-ray emission from the Galactic center region. Specifically, in models
utilizing our best global fit values of fr, ~ 0.20 — 0.25, the spectrum of the galactic center y-ray excess is
drastically affected, and the morphology of the excess becomes inconsistent with predictions for dark matter

annihilation.

Observations with the Fermi Large Area Telescope (Fermi-
LAT) indicating the existence of a v-ray excess in the central
regions of the Milky Way Galaxy have garnered significant
interest, as they could be related to the first non-gravitational
manifestation of the dark matter thought to dominate the mat-
ter content of the universe [1, 2]. As the Fermi-LAT continues
to deliver more and more accurate maps of the ~y-ray sky, the
existence and interpretation of this excess becomes increas-
ingly dependent on the quality of astrophysical diffuse y-ray
foreground models. In the central regions of the Galaxy, such
emission is dominated by interactions of Galactic cosmic-rays
with the interstellar medium, as well as by unresolved y-ray
sources.

Physical predictions for the Galactic diffuse y-ray emission
rely on modeling Galactic cosmic rays, including their injec-
tion, propagation, and energy losses. These models hinge on
sophisticated diffusion algorithms, such as Galprop [3-5],
Dragon [6, 7], or PICARD [8]. Although three-dimensional
simulations have recently been employed to study local
cosmic-ray spectra [7, 8], models of diffuse Galactic gamma-
ray emission have been relegated to simpler two-dimensional
treatments, despite the exquisite sensitivity of gamma-ray
data to cosmic-ray populations and propagation conditions
throughout the Galaxy.

In this letter, we propose, and study in detail, new physical
models for the cosmic-ray injection morphology, distributing
a fraction of the sources using the observed Hsy gas density
(as traced by CO line surveys [9, 10]) combined with simple
star-formation laws. We make use of a fully 3-dimensional
treatment of cosmic-ray propagation and of state-of-the-art 3-
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dimensional gas density models [10] in the context of a suit-
ably modified version of the Galprop code, v54r2503 [3—
5] '. We compare our predictions with 6.9 years of data from
Fermi-LAT’s most recent Pass 8 data release”.

Supernova remants (SNR) are widely considered to be the
dominant acceleration sites for Galactic cosmic rays [15].
Current physical models for the diffuse Galactic gamma-
ray emission have typically assumed cylindrically symmet-
ric, time-independent cosmic-ray sources (excepting [16—
18]), with a universal injection spectrum. The radial distribu-
tion of sources is posited to follow the observed distribution of
SNR directly [19, 20], or of SNR tracers such as pulsars [21—
23] or OB star-forming regions [24]. Tracers are employed
because they offer greatly improved statistics and distance es-
timates. However, in the Galactic center region, all currently
utilized distributions are plagued by a variety of selection ef-
fects and analysis complications. For example, the assumed
free electron density greatly impacts pulsar distance measure-
ments, and unreliable star formation tracers affect the use of
observed OB regions [25]. The distribution of cosmic-ray
sources is then calculated using simplified functional forms
which set the density to zero at the center of the Galaxy in all
but one instance [23]. Thus, with a singular exception [26],
current models completely neglect cosmic rays originating
from one of the Galaxy’s most extreme and SNR-dense en-
vironments, the Central Molecular Zone (CMZ). Overall, the

! We have made the code and necessary data packages publicly available at
https://github.com/erccarls/GammaLike

2 Details on the Galprop parameters used are provided in the the supple-
mental material, although the results below are found to be robust against
the model space of Ref. [11]. All gamma-ray analysis details closely fol-
lows the approach and methods of Ref. [11] with few exceptions specifi-
cally noted below and in explained further in the supplement [12], which
includes references [13, 14]



posited cosmic-ray source distributions employed thus far in
large-scale models of the Galactic diffuse emission are (i) sys-
tematically and artificially under-abundant in the central re-
gions, and (ii) do not include important geometric structures
such as the central bar and spiral arms, which are lost in the
azimuthal average.

Here, we exploit the well-known connection between su-
pernovae and star-forming regions [27, 28], and hypothesize
that a fraction fygo of cosmic rays are injected with a spa-
tial distribution tracing the density of collapsed Hs molecu-
lar clouds, with the remaining fraction (1 — f2), reflecting
“older” cosmic rays, distributed according to the traditional
axisymmetric distribution of SNR [19]. This model is the-
oretically well-motivated, because high-mass OB stars, the
predecessors to Type II supernovae, evolve on time scales of
order the 15-20 Myr lifetime of giant molecular clouds [29].
This implies that a significant fraction of Galactic cosmic rays
should be produced within observed star-forming regions. We
employ high-resolution (~100 pc) three-dimensional Hy den-
sity maps that utilize gas flow simulations to resolve non-
circular velocities in the inner Galaxy [10]°, and a simple
model for the star formation rate p. o pg;> [31]. We addition-
ally assume a critical gas density p. = 0.1 cm ™3 under which
star formation, and thus cosmic-ray acceleration, is shut off.
The cosmic-ray injection intensity tracing the Hy gas density
is calculated as:

0 pu2 < pe;

Qcr(7)
Piy  PH2 = Pe-

ey

Of course, the gas density distribution measured at the
present time does not reflect the distribution of cosmic-ray
sources at past epochs, which is why we assume a (1 — fuo2)
fraction of “older” cosmic rays to be distributed according to
the axisymmetric SNR prescription. Diffusion and the ro-
tation of the inner Galaxy largely wash out the structure of
cosmic-rays on timescales shorter than the typical residence
time of Galactic cosmic-ray nuclei (Tyes ~ 107 Myr [32]),
physically motivating values of fyz 2 0.1. We also studied
the effect of changing the Schmidt power-law index n4 and the
critical density p. from the default values employed here. We
find that, barring extreme scenarios, the impact of these pa-
rameters is subdominant compared to fi2 [33] and does not
strongly affect the results we summarize below.

In the top panel of Figure 1, we compare the commonly-
employed choices for the azimuthally-averaged surface den-
sity of cosmic-ray sources with a model where a fraction
fue = 0.2 of cosmic-ray sources are embedded in Hy regions
according to the prescription outlined above. As we discuss
below, fro = 0.2 — 0.25 corresponds to the best global fit to

3 In this Letter, we use the new gas models only when distributing cosmic-
ray sources. Their use for secondary production through spallation, energy
losses, and «-ray generation does not significantly impact the conclusions
here. And while there are caveats to the use of CO as a tracer of Ha [30], no
alternative tracers currently exist with full coverage of the Galactic plane.
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FIG. 1. Top: The azimuthally averaged surface density of cosmic-
ray source distributions utilizing our new 3D model shown in thick
blue, compared to the traditional axisymmetric models based on
SNR, pulsars, and OB stars. Bottom: Face-on view of the cosmic-
ray source surface density for the traditional SNR distribution (left)
and for the best-fit star formation model, fuz = .2, (right). The
solar position is indicated with the ‘+’ symbol and the intensity is
arbitrarily normalized. The cosmic-ray density after propagation is
presented in the supplementary materials [12].

the Fermi-LAT diffuse y-ray sky. Note that this surface den-
sity must be multiplied by a geometric radial factor in order to
obtain the total number of sources. For fyo = 0.2 this dou-
bles the number cosmic ray sources within » < 2 kpc from
2% to 4% of the Galactic total, and does not significantly im-
pact the local cosmic-ray density. The bottom panels show a
face-on view of the source density for the SNR model (corre-
sponding to fr2 = 0) and for the fio = 0.2 model. Figure 1
dramatically highlights the unphysical scarcity of cosmic-ray
sources in the innermost kiloparsec of the Galaxy. While
we note that the present rate of star formation in the CMZ
is observed to be suppressed compared with that predicted
via the Kennicutt-Schmidt law [34], significant multiwave-
length evidence points to episodic starburst on the O(Myr)
timescales relevant here [35], with a significant event ocurring
~6 Myr ago, near the lifetime of massive OB stars. Through-
out this paper, we assume a constant injection until the present
day, although time-dependent effects may play a significant
role [16—18]. In addition to the CMZ, a gas-rich bar is present
along the Galactic center line-of-sight (see Figure 1), which
enhances cosmic-ray sources toward the Galactic center, a fea-
ture otherwise lost using a cylindrically-symmetric treatment.

As is shown in the supplementary material [12] and dis-
cussed, the addition of a cosmic-ray injection source distri-
bution tracing Hs gas has a net effect on the steady-state
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FIG. 2. Ax? as a function of fy for several regions of the global -
ray analysis. See footnote 3 for additional details on the outer galaxy.

cosmic-ray density (after propagation) of nearly one order
of magnitude at the GC without strongly impacting the local
cosmic-ray density. This enhancement is especially dramatic
for cosmic-ray electrons, where strong energy losses confine
cosmic rays close to their acceleration sites.

While our model is physically well motivated, it is
paramount to assess whether a non-zero value for fo yields
a better or worse fit to the diffuse ~y-ray sky overall. We per-
form a ‘Global’ binned likelihood analysis in three regions
of the Galaxy: inner (|| < 80°,|b] < 8°), outer (|I|] >
80°,]b] < 8°), and local (Jb] > 8°). Our adopted statisti-
cal framework, point source masking, photon binning (= .23°
pixels in 24 energy bins), and extra templates (isotropic [36]
+ Fermi Bubbles [37]) are identical to those used in Ref. [11],
which should be referenced for all analysis details. As fy2 is
increased, cosmic rays are redistributed through the Galaxy,
and we allow for radial variations in the CO — Hs conver-
sion factor using 9 Galactocentric rings [38]. In these prelimi-
nary fits the spectrum of the diffuse components in the Global
analysis is fixed in order to limit the number of degrees of
freedom. Each point source is adaptively masked using the
formalism of Ref. [11] and fixed to its 3FGL [39] flux and
spectrum.

In Figure 2 we plot the Ax? (1.9 x 107 d.o.f.) of our model
fit to the diffuse y-ray emission as a function of fy2, compared
to a baseline model of fyo = 0 —i.e. with cosmic-ray sources
distributed according to the axisymmetric SNR model. In the
inner and local regions, turning on cosmic-ray sources in Hg
regions dramatically improves the quality of the global fit to
the observed diffuse emission*. The ‘Total’ curve sums all

4 Although the value of Ax?2 in the outer galaxy becomes monotonically
worse, this region is metal-poor such that the Ho density is not well traced
by CO, as evidenced by unphysical preferred values of Xco when fitting
against y-ray data in the outer Galaxy [40]. Additionally, the total number
of CR sources is constrained here, with increasing fy2 resulting in fewer
sources outside the solar circle.
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FIG. 3. Top Spectrum of the Galactic center excess as fu2 is in-
creased in increments of 0.05 (light-to-dark red). We also show the
spectrum and statistical error-bars of the benchmark Mod A from
Ref. [11] (blue). Bottom: Flux of the Galactic center excess as a
function of the angle from the Galactic center for the peak energy
bin. Also shown are projected power-law profiles for the three-
dimensional «y-ray emission intensity, which are equivalent to the
square of the corresponding three-dimensional dark matter density
distribution.

three regions, showing an optimal fraction fy2 ~ 0.20 — 0.25
overall, with the local region preferring even higher values up
to fa2 ~ 0.45. Examining the pixel-by-pixel Ax? of each
region (see supplementary material [12]) reveals that the ‘lo-
cal’ improvements are most significant near the disk and es-
pecially for —10° < [ < 30° where cosmic-rays from the bar
and inner molecular arms illuminate the interstellar medium
in an asymmetric way. For the ‘inner’ region, || < 30° shows
the most significant improvement, indicating that the new star
formation models are resolving important cosmic-ray emit-
ting structures toward the inner Galaxy. Because systematic
uncertainties are large and difficult to quantify relative to the
Poisson fluctuations, one must evaluate the sz in relative
terms. In this context, the new source distribution represents
a genuine quantitative improvement, with a Ay? comparable
to that of changing the diffusion parameters, gas distributions,
or source distributions over the model space of Refs. [11, 38].

The addition of cosmic-ray sources in star-forming re-
gions strongly affects the prediction for the diffuse astrophys-
ical y-ray emission in the Galactic center region. It is thus
paramount to ascertain how this affects the properties of the
claimed Galactic center excess [2]. We use the analysis frame-
work described above on a new region of interest, the Inner



Galaxy, defined by |I] < 20°,2° < |b| < 20°, noting that
the bright Galactic plane is masked in order to probe the ex-
tended properties of the excess. To evaluate the spectrum and
intensity of the ~y-ray excess, we add an additional template
with a morphology calculated using a generalized NFW pro-
file [41] with a best fitting inner slope o = 1.05 (using Fermi’s
Pass 8 and 3FGL), which is flatter than previous studies using
Pass 7 data and the 2FGL catalog. For each value of fy, we
allow the normalization of the NFW profile, diffuse models,
isotropic models, and Fermi Bubbles to float independently
in each energy bin’, fixing only point sources to their 3FGL
values.

In the upper panel of Figure 3 we show the spectral prop-
erties of the NFW template in the Galactic center vicinity for
increasing values of fy2, and compare with the baseline Mod
A of Ref. [11]. The effect on the central gamma-ray excess is
dramatic: an increasing fraction of cosmic rays injected in Ha
regions yields a substantial suppression of the excess across
all energies. The effect is most dramatic at lower energies,
where the suppression of the excess emission is larger than
an order of magnitude, but it continues into the GeV energy
range and is consistently larger than a factor of 2 for the values
of faa ~ 0.2 preferred by the global fit analysis®. Notably,
we find that the statistical significance of the NFW template is
maximally reduced at the value fi2 ~ 0.2, which is consistent
with global best-fit value.

The lower panel of Figure 3 examines the implications for
the Galactic center excess morphology. The NFW,_1 5 tem-
plate is divided into 2° wide annuli, refitting the spectrum of
each annulus simultaneously. Shown is the flux of the annihi-
lating dark matter template as a function of the angle from the
center of the Galaxy in the peak energy bin E = 2.36 GeV.
Again, we observe a dramatic suppression of the excess emis-
sion in the central few degrees, and a general flattening of the
residual emission to o = 0.5, which significantly deviates
from expectations in the case of dark matter pair annihilation
(o ~1 -1.25).

We also studied the effect of a non-zero fys on the axis ra-
tio, and found that the preferred values increases from around
1 at fgo = 0 to around 1.75 for the preferred values fyo ~
0.2, with an axis ratio greater than one indicating elongation
perpendicular to the Galactic disk. Remarkably, if one simul-
taneously flattens and elongates the NFW template to the pre-
ferred values above, the normalization of the excess returns
similar values as found for fy5 = 0.0, but this flux is removed
from the template tracing the Fermi bubbles. In light of this,
one might consider connections between the Galactic center
excess and the intersection of the low-latitude Fermi Bub-
bles [37] with the Galactic plane and/or collimated central

5 Note that the spectrum of the isotropic and bubbles templates is constrained
by imposing an additional x2 penalty [11], using the spectra measured by
the Fermi-LAT collaboration [36, 42] over a larger region of interest. This
leads to a total x? = —2In(L) + x3 1, + XPo-

6 Recently, Ref. [26] examined injecting cosmic-rays over a 200 — 400 pc
Gaussian CMZ, showing also a strong reduction of the Galactic center ex-
cess. Here we also provide a concrete physical model with support from
the global ~y-ray sky.

outflows driven by intense stellar winds [43]. Stellar winds
are investigated in this context in Ref. [33].

As fugo is increased, the central cosmic-ray population
grows, most prominently for cosmic-ray electrons. This leads
to a bright spherical inverse-Compton enhancement at the
Galactic center which shrinks in radius with increasing energy
and reduces much of the excess. Remaining ‘residual pho-
tons’ are accommodated by both a softening isotropic spec-
trum below 10 GeV and a ~ 20% enhancement to the Fermi
bubbles flux above 1 GeV.

The reduction of the of the excess gamma-ray signal by
physically motivated cosmic-ray injection models is stunning,
especially in light of the global preference for these mod-
els in regions far from the Galactic center. Moreover, if we
do not include an NFW template in our analysis of the inner
galaxy region, we find a best fit value of fyo ~ 0.20, which
is consistent with our global analysis. However, an impor-
tant caveat concerns analyses that are restricted to the inner
Galaxy and also allow an NFW template to float freely in the
fit. In this case, we find a statistical preference for models
with fie =~ 0.10, and a gamma-ray excess with an inten-
sity reduced by a factor of approximately 1.5 compared to
its strength for fyo = 0. The statistical preference for this
value is Ay? ~ 300 compared to either fyz = 0.00 or
fu2 = 0.20. Such statistical preferences are negligible com-
pared to the preference of the global fit for fi2 =~ 0.20. Thus,
a complete interpretation of these results for the gamma-ray
excess depends on whether a high value for fy5 in the inner
Galaxy is accepted as a prior based on the improved global
fit, or is considered equally against emission tracing an NFW
template in the Galactic center. We leave a complete analysis
of this important question to forthcoming work [33].

In conclusion, in this Letter we have pushed the envelope
of current models for the distribution of Galactic cosmic rays
using a fully three-dimensional treatment of propagation and
of the Galactic gas density distribution, by positing that a
variable fraction of cosmic-ray source injection traces star-
forming regions. We have discovered three important results:
(i) the overall quality of the predicted diffuse Galactic v-ray
emission is significantly improved when 20-25% of cosmic
rays are injected in star-forming regions; (ii) while a Galactic
center -y-ray excess persists in the inner Galaxy, the brightness
of the excess is substantially reduced across all energies with
the new cosmic-ray sources turned on, and (iii) the spectrum
and morphology of the Galactic center excess strongly depend
on the fraction of cosmic-ray sources allocated to Ho-rich re-
gions.
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