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The Galactic center excess (GCE) remains one of the most intriguing discoveries from the Fermi Large
Area Telescope (LAT) observations. We revisit the characteristics of the GCE by first producing a new set
of high-resolution galactic diffuse gamma-ray emission templates. This diffuse emission, which accounts
for the bulk of the observed gamma rays, is ultimately due to cosmic-ray interactions with the interstellar
medium. Using recent high-precision cosmic-ray observations, in addition to the continuing Fermi-LAT
observations and observations from lower energy photons, we constrain the properties of the galactic
diffuse emission. We describe a large set of diffuse gamma-ray emission templates which account for a
very wide range of initial assumptions on the physical conditions in the inner galaxy. The broad
properties of the GCE that we find in this work are qualitatively unchanged despite the introduction of
this new set of templates, though its quantitative features appear mildly different than those obtained in
previous analyses. In particular, we find a high-energy tail at higher significance than previously
reported. This tail is very prominent in the northern hemisphere, and less so in the southern hemisphere.
This strongly affects one prominent interpretation of the excess: known millisecond pulsars are incapable
of producing this high-energy emission, even in the relatively softer southern hemisphere, and are
therefore disfavored as the sole explanation of the GCE. The annihilation of dark matter particles of mass
40%° GeV (95% CL) to b quarks with a cross-section of (64v) = 14709 x 10726 cm?s™! provides a
good fit to the excess especially in the relatively cleaner southern sky. Dark matter of the same mass
range annihilating to b quarks or heavier dark matter particles annihilating to heavier Standard Model
bosons can combine with millisecond pulsars to provide a good fit to the southern hemisphere emission
as well, as can a broken power-law spectrum which would be related to recent cosmic-ray burst activity.
As part of this paper, we make publicly available all of our templates and the data covariance matrix we

have generated to account for systematic uncertainties.
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I. INTRODUCTION

One of the most conspicuous unsolved mysteries of
Fermi Large Area Telescope (Fermi-LAT) [1,2] observa-
tions remains the Galactic Center excess (GCE) emission,
which accounts for ~O(10%) of the gamma-ray emission
in the inner few degrees of the Milky Way at GeV energies
[3-16]. Since its first detection, several hypotheses have
been proposed regarding its nature: it may be a signature
of dark matter particles annihilating in the center of the
Milky Way [3,8,10,17-22], it may come from an astro-
physically novel population of point sources [9,23-31], it
may be related to activity from the supermassive black hole
at the very center of our galaxy [32-34], or it may be an
artifact of erroneous assumptions on the galactic diffuse
emission that have led to significant mismodeling of
astrophysical processes [35-37].
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Each of these proposed explanations of the GCE makes
other predictions. If the GCE is indeed a dark matter
annihilation signal, one would expect to observe gamma-
ray emission from observations toward known dwarf
galaxies [17,38—40] from which we currently have only
limits [41-45] (see however [46,47]), from the Large
Magellanic Cloud [48], from other galaxies [49], in the
extragalactic isotropic emission [50,51], in lower energy
gamma-ray observations of the inner galaxy [52], in
observations at microwave wavelengths [53,54], and also
in antimatter cosmic-rays produced through the same
annihilations [55-60]. Recently, [61-63] have found a
robust excess in the cosmic-ray antiproton-to-proton ratio
measured by the Alpha Magnetic Spectrometer (AMS-02)
onboard the International Space Station [64] which is
consistent with the interpretation of the GCE as due to
dark matter annihilation; given further assumptions on the
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dark matter particle properties, we also expect observable
antideuteron and antihelium cosmic-ray fluxes [65].
Including astrophysical uncertainties, these observations
are collectively consistent with a dark matter particle in the
mass range mpy of 10-200 GeV and an annihilation cross-
section (ov) in the range of (0.2-8) x 10726 cm?/s
depending on its annihilation products [17]. For DM
DM — bb, for example, fits to dark matter properties have
previously been found to favor the dark matter particle
mass mpy in the range 38-61 GeV and (ov) in the range
(1.2-2.3) x 10726 cm?/s, consistent with being a thermal
relic [66]. Using the entirely new set of galactic diffuse
background templates described in much more detail in this
work, we confirm these values.

A population of point sources in the inner galaxy can
explain the GCE if these sources have a spatial distribution
that fits the nearly spherically symmetric morphology of
the observed emission [10,11]. Furthermore, this popula-
tion must give the observed spectrum, which is similar to
but not in perfect agreement with the observed gamma-ray
spectra from millisecond pulsars [24,27,67]. Moreover, it
would require that the GCE is the result of sources whose
distribution of luminosity permits them to emit mostly
below the threshold of detection by the Fermi-LAT instru-
ment [25,68]. With continuing observations and the detec-
tion of more point sources across the sky, more members of
that population should be detected [25,39,69]. Several
recent point source analyses toward the inner galaxy
suggest that regular MSPs are unable to account for the
entirety of the observed GCE emission [68,70-74]. Such a
population of point sources could give signals in x-rays
[27] and future radio observations [75,76].

If the GCE is a signal of cosmic-ray burst activity
associated with the supermassive black hole, it may also
be related to the Fermi bubbles observed in gamma-rays
[77-80] and at microwave energies [81,82]. Recently,
structures related to the bubbles have been detected in
x-rays at low latitudes [83] while upper limits on bubbles-
related flux have been reported at high energies [84].

The main challenge in moving forward our understand-
ing of the GCE is to reduce the uncertainty on the dominant
galactic diffuse emission, which ultimately arises from
cosmic-ray interactions in the Milky Way. These uncer-
tainties are associated with our imperfect modeling of the
complex astrophysical processes at the center of our galaxy.
By comparison, the statistical errors associated with the
number of detected gamma rays are smaller [11]. Most
gamma-ray data analyses so far use available templates
[11,81,85,86], a technique that historically relies heavily on
microwave observations [87-91]. New models for the total
galactic gamma-ray emission can now be developed which
rely instead on our significantly improved understanding of
galactic cosmic rays. The cosmic-ray observations from the
AMS-02 [92] and Voyager 1 [93], which since 2012 has
entered the interstellar medium (ISM), allow us to more

accurately model the ISM conditions and also the impact
of solar modulation on cosmic-rays once they enter the
Heliosphere. Adding to the continuing gamma-ray obser-
vations from Fermi-LAT, in this work we attain true
multimessenger models of the gamma-ray sky connected
to a multitude of observations.

In this work, we use AMS-02 observations of cosmic-ray
hydrogen, helium, carbon, beryllium, boron, and oxygen to
update our models of the nearby ISM. We take those ISM
propagation models as starting points for gamma-ray maps
of the inner galaxy. By relaxing a sequence of assumptions
on the ISM conditions at the inner galaxy we then test a
variety of astrophysical uncertainties in that region. Most of
the cosmic rays we observe with AMS-02 and Voyager I are
produced within only a few kiloparsecs (kpc) of the Sun.
Because the GCE emission originates considerably closer
to the center of the Milky Way, local cosmic rays and
gamma rays do not probe the exact same conditions of
cosmic-ray propagation and ISM conditions as those from
the inner galaxy. Thus, appropriate freedom, accounting
also for the uncertain distribution of cosmic-ray sources,
must be included when constructing gamma-ray maps
of the inner galaxy. Throughout this work, we focus on
building galactic diffuse emission template models and
testing those models against gamma-ray observations.

The rest of this paper is organized as follows. In Sec. II,
we describe our assumptions for the cosmic-ray propaga-
tion and how those are constrained by multimessenger
observations. In Sec. III we discuss how we build templates
describing our galactic diffuse emission models. In Sec. IV
we show fits to data and describe the full range of template
models tested. In Sec. V we discuss our results for the GCE
emission, its spectrum, its morphology, and its consistency
in different subregions of interest. In Sec. VI, we go to
greater lengths to characterize the significance of our
detection of the GCE and discuss systematic uncertainties
related to this detection. Then, in Sec. VII we discuss
interpretations of the observed GCE and some models that
may give rise to it, especially focusing on implications for
the case of annihilating dark matter and a population
of gamma-ray point sources. In Sec. VIII we give our
conclusions. In several Appendixes, we give further details
on certain aspects of our central results.

II. COSMIC RAYS

All astrophysical diffuse gamma-ray emission comes
from cosmic rays interacting with the interstellar medium.
Thus, the distribution of cosmic-ray sources, the spectral
properties of propagating cosmic rays, and the conditions in
the ISM affect the total predicted diffuse gamma-ray
emission. In this section, we present models that are good
fits to recent measurements of local cosmic-ray properties
as measured by AMS-02. These models are then used as the
starting point in Sec. III to evaluate the expected diffuse
gamma-ray emission from the Milky Way. Most of the
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cosmic rays observed with local instruments originate
within a few kpcs of Earth, which is located approximately
8.5 kpc from the Galactic center. Given the fact that the
gamma rays we observe can be produced within a larger
volume, we allow for wider freedom in the values of
physical parameters defining our cosmic-ray models in the
inner part of our galaxy, accounting for relevant uncertain-
ties in conditions there.

To test the injection and propagation properties of
cosmic rays in our galaxy, we use the publicly available
GALPROP v56 [94]. GALPROP solves numerically the cosmic-
ray transport equation to evaluate the expected cosmic-ray
flux and distribution in energy and in space within the
galaxy [95-98]. Using GALPROP we take cosmic rays to
propagate within a disk of radius 20 kpc and height of 2z;
and solve the propagation equation in cylindrical coordi-
nates assuming azimuthal symmetry. The galactic disk is
located at the center of that volume, thus z; is the maximum
height above the disk that cosmic rays propagate; beyond
this box it is assumed that they escape to the intergalactic
medium. For more details on the numerical assumptions
pertaining to the solution of the propagation equation of
galactic cosmic rays see [95,98].

For all cosmic-ray species in the GeV energy range,
one of the most important modeling assumptions is their
diffusion timescale inside the galactic disk and the energy
dependence of this diffusion timescale. We assume iso-
tropic and homogeneous diffusion of cosmic rays described
by a single diffusion coefficient, D, (R), that depends only
on their rigidity R = p/q (where p and g are the particle’s
momentum and charge respectively),

Dxx(R) :/))DO(R/4 GV)(S’ (l)

where 6 is known as the diffusion index related to the
spectral index of magnetohydrodynamic turbulence in the
ISM and = v/c. The D, coefficient sets the normaliza-
tion of D, but can also act as the breaking point for the
diffusion index &. Some of our models allow such a break to
exist. We take ¢ in the range of 0.3 to 0.5 that has been
shown to be in agreement with past cosmic-ray data as in
Ref. [99]. At hundreds of gigavolts (GV) in rigidity, the
power-law-index & of D, (R) may change again (see e.g.,
[100]). For the cosmic-ray and gamma-ray energies of
interest here, a rigidity break occurring at ~ 200 GV is of
minor impact.

First order Fermi acceleration predicts that cosmic rays
have at injection in the ISM a power-law spectrum
dN/dR x R, with a ~2.0. Since we observe the con-
tribution of many sources separated from us at different
distances and of a variety of types, including pulsars as
well as supernova remnants of different ages, chemical
composition, and environments, we take the following
parametrization for the averaged injected cosmic-ray
spectra,

R™™, for R < Ry,
dN/dR x { R™®, for Ry, <R < Ry,,, (2)
R™®, for R > Ry,,.

We allow for some small differences between species in the
values of the injection indices a;, a, and a3 and their
location in rigidity space Ry, and Ry,. However, we find
that apart from cosmic-ray electrons most cosmic-ray species
that we care about can explain the observed fluxes with
similar injection assumptions between them. Moreover, we
note that the density of cosmic-ray nuclei beyond helium in
the ISM is small enough that the exact assumptions on these
more massive cosmic-ray nuclei does not affect the derived
diffuse gamma-ray emission maps.

In addition to the above assumptions, of some relevance
to the observed cosmic-ray nuclei spectral properties are the
assumptions on the presence of convective winds in the
Milky Way and of diffusive reacceleration (i.e., diffusion of
cosmic rays in momentum space). We rely on the GALPROP
parametrization taking the convective winds to start from
the disk with zero initial velocity at the plane and increase
linearly with height above the disk, z:

dv,

T

2l. (3)

The diffusive reacceleration is also parametrized via a
rigidity-dependent diffusion coefficient in momentum
space D,,(R), which also depends on the value of the
diffusion coefficient in physical space D, (R) [101],

R*}
DXX(R) '

D,,(R) x

4)

where v, is the Alfvén speed.

To account for systematic uncertainties on the ISM we
first test six distinct cosmic-ray models that act as an
envelope on different uncertainties on the assumptions of
the local diffusion index 6 of Eq. (1) and the height of the
diffusion zone z;. These models test the local galactic
medium assumptions and give different values on the
injection, convection, and diffusive cosmic-ray reaccelera-
tion properties of Eqgs. (2)—(4). For gamma-ray templates
we take these first six models as starting points on the
conditions in the inner galaxy and further relax them. These
models are given in Table I. They all provide good fits to
the AMS-02 cosmic-ray data [102], as we show in Figs. |
and 2. In these figures, we show low-energy Voyager 1
proton data [103,104], and also a variety of cosmic-ray
nuclei from recent measurements of AMS-02 [105-107]
including the He and C spectra and the well-measured
boron-to-carbon (B/C), carbon-to-oxygen (C/O) and beryl-
lium-to-carbon (Be/C) ratios. Apart from rigidities lower
than 8 GV in the Be/C ratio, every other spectrum is fitted
very well throughout the observed rigidity range.
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TABLE L.

The cosmic-ray propagation assumptions (CR model), determined by the diffusion index &, the diffusion scale height z; , the

normalization of the diffusion co-efficient D, the Alfvén velocity v,, the galactic convection gradient dv,./dv, the injection indices «;,
@, a3, and the rigidity breaks R;,,, and R;,,, for cosmic-ray hydrogen and helium isotopes. In the last five columns, the first values refer

to hydrogen injection properties and the second values to helium.

2 Dpx10%® o dv,./d|z| R,, H/He R,,, H/He
CR model 1) (kpc) (cm?/s) (km/s)  (km/s/kpc)  «a; H/He (GV) a, H/He (GV) ay H/He
A 0.33 5.7 6.70 30.0 0 1.74/1.70  6.0/7.4 2.04/2.16 14.0/21.5 2.41/2.39
B 0.37 5.5 5.50 30.0 2 1.72/1.74  6.0/8.0 2.00/2.14 12.4/21.0 2.38/2.375
C 040 5.6 4.85 24.0 1 1.69/1.65 6.0/6.7 2.00/2.13  12.4/20 2.38/2.355
D 0.45 5.7 3.90 24.0 55 1.69/1.68  6.0/7.0 1.99/2.12  12.4/18.7 2.355/2.34
E 050 6.0 3.10 23.0 9 1.71/1.68  6.0/7.2 2.02/2.14  11.2/17.5 2.38/2.33
F 0.43 3.0 1.85 20.0 2 1.68/1.74  6.0/10.5  2.08/2.09 13.0/21.0 2.41/2.33

Cosmic-ray models with similar parameters have also
been shown to provide good descriptions of the secondary
to primary ratio of cosmic-ray antiprotons to protons p/p
measured by AMS-02 [64], apart from very high energies
and an O(0.1) bump centered at 5-20 GeV [62,109]. We do
not show the cosmic-ray electrons or positrons here,
since we know that electrons and positrons in these
energies experience fast energy losses, and as a result their
spectral properties depend on the local galactic magnetic
field amplitude and amplitude of the ISM radiation field.
However, we do include these uncertainties when we
produce our gamma-ray templates. In addition, the
observed properties of cosmic-ray electrons may also
depend on the distribution of local pulsars, which we will
revisit later when we discuss the gamma-rays from the
inner galaxy. In any case, fitting the observed cosmic-ray
electron observations will not provide strong constraints on
the conditions of sub-TeV cosmic-ray propagation that we
are interested in. Several works have shown that models
with relatively similar assumptions to those of Table I are in
agreement with the observed cosmic-ray electrons and
positrons (e.g., [110-113]).

Cosmic rays lose energy as they enter the volume of the
Heliosphere and propagate inwards to the Earth’s position
in the solar system. How much energy they lose (predomi-
nantly via adiabatic energy losses) depends on their charge,
their initial rigidity, and the amplitude, polarity, and
morphology of the heliospheric magnetic field (HMF) they
propagate through. During the time of observations by
AMS-02, the polarity was negative A < 0 up to the end of
2012; by the summer of 2014, it had stabilized to A > 0.
For a negative polarity, negatively charged particles reach
the Earth from the outer parts of the Heliosphere through
the poles of the HMF. It takes them a typical travel time of a
few months. At the same time, positively charged particles
will travel predominantly through the Heliospheric Current
Sheet: the area of the HMF that separates the north from the
south magnetic hemispheres. Such particles travel much
more slowly; they experience stronger energy losses, so
their arrival depends strongly on their initial rigidity at
entrance [108,114-117]. The HMF changes polarity A

every approximately 11 years. When the polarity of the
HMF flips, the type of paths that oppositely charged
particles follow through the volume of the Heliosphere
also flips. The end result of these processes is that the
observed cosmic-ray spectra are modulated compared to
the local ISM ones before entrance into the Heliosphere.
This is known as solar modulation [118]. The quantitative
amount by which the cosmic-ray spectra are modulated is
described by the modulation potential. In this work we
follow the analytical model of [116] to evaluate the charge-,
time-, and rigidity-dependent modulation potential whose
properties have most recently been evaluated in [108].
Since the properties of the amplitude of solar modulation
potential is not perfectly constrained, for each cosmic-ray
spectrum (or ratio of spectra) presented in Figs. 1 and 2 we
show a blue band that encompasses the 3¢ relevant ranges.

II1. DIFFUSE GAMMA-RAY EMISSION

In this work we develop and test templates to model the
gamma-ray emission due to galactic cosmic rays interacting
with the ISM gas, the interstellar radiation field (ISRF), and
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FIG. 1. The hydrogen cosmic-ray spectrum at the local ISM

(solid black line) for model C of Table I and its modulated
measurement by the AMS-02 at two different times: at Bartels’
rotation (BR) 2426 (blue data points) and BR 2445 (red data
points). The blue and red bands show the predicted ranges of the
modulated spectra for the equivalent times of observation [108].
Where those bands overlap their color appears magenta. The thin
blue and red lines give the expected hydrogen spectra assuming
just the best fit modulation parameters of [108].
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FIG. 2. The measured AMS-02 cosmic-ray spectra for He (top),
carbon (second), boron-to-carbon ratio (third), carbon-to-oxygen
ratio (fourth) and beryllium-to-carbon ratio (bottom). The black
solid line gives the prediction from ISM model C, while the blue line
and band show the expected modulated spectrum for the relevant
periods of observation. As with Fig. 1, the blue line (band) shows the
best-fit to (allowed range for) the modulation parameters [108].

the galactic magnetic field. We also include the presence of
galactic winds and the impact of turbulence in the galactic
magnetic field. Moreover, we study different spatial dis-
tributions for the cosmic-ray sources, as well as varying the
assumptions on the exact nature of their injected primaries.
In addition, we include the isotropic gamma-ray emission
component associated with the combined emission from
unresolved extragalactic sources and the Fermi bubbles, as
discussed below.

A. Emission from cosmic-ray interactions
with the ISM

As cosmic rays propagate they may interact with the
interstellar medium, emitting gamma rays. The type of
interaction determines the gamma-ray spectrum and mor-
phology from these cosmic rays. This emission is broken
into three basic components: the z°-emission component
(Pi0), the bremsstrahlung emission (Bremss), and the
inverse Compton scattering component (ICS).

The Pi0 emission comes from inelastic collisions of
cosmic-ray protons and more massive nuclei with the ISM
molecular, atomic, and ionized hydrogen gas (H2, HI and
HII). The ISM gases include an appreciable fraction of
helium targets as well. Boosted mesons, including z° and
n, are produced in these interactions. The decays of these
mesons give significant amounts of high energy gamma
rays [119], whose spectral properties are inherited from
their parent cosmic-ray nuclei. Because cosmic-ray nuclei
have a relatively soft spatial gradient, the morphology on
the sky of the Pi0 component mostly resembles the density
of target ISM gas nuclei integrated along the line of sight,
but using GALPROP enables us to produce models that
assume different conditions in the interstellar medium and
which result in cosmic-ray nuclei having different spectral
and spatial distributions in the galaxy. Those result in a
model-dependent Pi0 morphology and energy spectrum.
Moreover, as we will describe in detail in Sec. III B, we
test a variety of assumptions on the spatial distributions of
H2, HI and HII gases. An example of a predicted Pi0
emission morphology is presented in Fig. 3 (left panel) for
the inner 60° x 60° at gamma-ray energies of 1.02 to
2.24 GeV. In this plot we ignore the effects of the Fermi-
LAT detector such as its nonisotropic sky scan strategy
and its imperfect angular resolution, which, as we discuss
in more detail below, is characterized by a nonzero point
spread function (PSF).

Cosmic-ray electrons may also interact with the ISM
gases, leading to gamma rays via bremsstrahlung radiation
[120]. This component acquires its energy spectrum from
the parent electrons and its morphology mostly from the
ISM gas distribution. In the middle panel of Fig. 3, we
show the predicted bremsstrahlung emission for the same
set of ISM conditions at the same energy and part of sky as
was shown for the Pi0 component. In dense gas environ-
ments, such as at low galactic latitudes, the combination of
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Pi0 Emission at 1.02-2.24 GeV

Bremss Emission at 1.02-2.24 GeV

ICS Emission at 1.02-2.24 GeV
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FIG. 3. The morphology of the three major diffuse emission components for energies of 1.02-2.24 GeV in the inner 60° x 60° region.

Left, Pi0, middle, bremsstrahlung and right, ICS. We use a resolution of 0.1° x 0.1° pixels in a Cartesian grid. We do not include in these
maps the PSF smoothing of the Fermi-LAT instrument, which emphasizes the differences in the morphology between the Pi0 and the
bremsstrahlung emission components. We show the differential flux multiplied by the energy squared (E? x d®/dE). In the map we

mask the galactic disk (]| < 2°) as this region does not enter our fits.

Pi0 and bremsstrahlung is responsible for most of the
galactic diffuse emission. Because Pi0 and Bremss emis-
sion morphologies are both primarily determined by the
ISM gas, we fix their relative normalizations when we fit
the total gamma-ray emission, a process we describe in
much more detail below.

In addition to the Bremss emission, highly boosted
electrons can up-scatter low energy photons into the
gamma-ray range; this is the inverse Compton scattering
(ICS) [120]. The resulting ICS component has a spectrum
that is inherited from the combination of the energy
spectrum of the cosmic-ray electrons and the energy
spectrum of the target photons, and is typically harder
than the Pi0 and Bremss components. It significance on the
sky depends on the gamma-ray energy and direction. We
include as target photons both the interstellar radiation field
spanning from the far infrared to the ultraviolet and the
lower-energy cosmic microwave background photons
(CMB). For the rest of this paper we will simply refer
to all the target photons, including the CMB, as ISRF. In
our combined gamma-ray templates, we allow for different
assumptions between models on the amplitude of the
infrared ISRF photons emitted from the ISM gas and dust
and of the amplitude of the near IR-visible-UV photons
emitted by stars, while keeping the CMB fixed.

Since cosmic-ray electrons above a few GeV in energy
lose significant amounts of their energy via ICS, the ISRF
assumptions affect the prediction of both the ICS morphol-
ogy and its spectrum. The morphology of the ICS compo-
nent mostly tracks the convolution of the spatial
distributions of cosmic-ray electrons and the ISRF. For
certain assumptions the far IR-UV has a softer spatial
gradient to that of the electrons, but this is not always the
case. In Fig. 3 and for the same ISM conditions used to
produce the Pi0 and Bremss components, we present an
example of the ICS component. In producing the ICS maps
we use the GALPROP setup that includes the Klein-Nishina

cross section [121] for the cosmic-ray electrons interacting
with the photons, which, at high energies, is smaller than
the Thomson cross section. We assume that electrons are
interacting with a bath of isotropically distributed photons
(in our frame), which formally is only correct for the CMB.
Reference [122] has shown that taking into account the
nonisotropic distribution of far IR-visible-UV photons
enhances the ICS intensity by approximately 10% at
GeV energies and for the latitudes of || < 30° that we
study here. Moreover, in the GeV range and for the inner
galaxy, correcting for the nonisotropic distribution of target
photons depends weakly on their energy and even less
on their location within the 60°x 60° window [122].
Thus such an effect can not mimic the much more cuspy
morphology of the GCE emission component. Given that in
the templates analysis we allow for the ICS normalization
to be free by significantly more than 10% we ignore the
anisotropic distribution of photons effect which we believe
is absorbed by the fitting procedure.

In addition to the above diffuse galactic emission
components, we include the emission from the Fermi
bubbles [77-79]. The nature of the Fermi bubbles is
probably leptonic and mostly ICS associated with activity
from the central supermassive black hole [34,123-128].
However, the possibility that the bubbles have a hadronic
origin has also been proposed [33,129—-131]. We take the
morphology of the bubbles to be isotropic, within the
region of the sky that they cover, using the template
proposed by [78]. The default bubbles energy spectrum
we take from [79], though we allow a free normalization in
each energy bin when we carry out our fits, as described in
much more detail below. The energy spectrum comes with
both statistical errors associated to its fit to the data and
systematic ones, associated with underlying assumptions
on the remaining emission from the bubbles region. We use
the combination of statistical and systematic errors from
[79] added in quadrature to enforce a statistical penalty in
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our fits when the normalization deviates from the central
values of the Fermi bubbles energy spectrum. Our precise
prescription is given in Sec. IV. After testing both the
possibility that there is an “edge brightening” to the bubbles
or that there is no such brightening (see [78] and [79] for
the two original alternative analyses), we decided not to
include an edge brightening to the bubbles templates. By
including the edge-brightening we found signs of over-
subtraction on the residual maps, which we discuss in
further detail in our Sec. V.

B. Template modeling:
Including astrophysical uncertainties

We describe here the range of multimessenger astro-
physical uncertainties for the inner galaxy that we probe
through the array of gamma-ray models we produce. The
reader interested just in the results of that selection and their
impact on fits to the total gamma-ray emission can skip
to Sec. IV.

Cosmic rays propagate in the Milky Way’s ISM through
diffusion and convection as described in Eqgs. (1) and (3).
That propagation continues up to a distance of z; away
from the galactic disk. We take models that include values
for z; in the range of 3—10 kpc. Larger values of z; may be
used to describe the propagation of cosmic rays far away
from the galactic disk, but are not relevant for the galactic
center region. We focus on choices that can describe the
physical conditions within a few kpc from the galactic
center, and note that a gradient on propagation assumptions
may exist as we move away from the galactic disk. Such a
gradient would allow faster propagation far from the disk.
The diffusion index ¢ in Eq. (1) that defines the rigidity/
energy dependence of cosmic-rays is set to take values
between 0.33 and 0.5. When fitting only the cosmic-ray
spectra in Sec. II, we find that cosmic ray measurements
prefer values closer to § ~ 0.4-0.5 in agreement with recent
works as in [132]; however, as discussed earlier, here we
model the inner galaxy where propagation conditions
may differ from local ISM properties. The underlying
assumption used here is in agreement with Ref. [133],
where it was shown that on large scales diffusion is not
homogeneous within the Milky Way’s ISM (see also
[134,135]). The timescale that cosmic rays require to
propagate away from a region of the Milky Way via
diffusion is set also by the diffusion coefficient D, which
we take for the inner galaxy to be in the range of
(2-40) x 10 cm?/s, defined at a rigidity of 4 GV [see
Eq. (1)]. Our prior range is significantly wider than the
range D, ~ (2-8) x 10*® ¢cm?/s based only on local ISM
cosmic-ray measurements [133,136].

Convection in the inner galaxy as parametrized by
Eq. (3) is described by a convection gradient dv./d|z|
which may lie anywhere from O (no convection) up to
200 km/s/kpc. By comparison, the AMS-02 data gives a
local convection gradient <10 km/s (in agreement with

[132,136-138]), although some works [61] have given
values for the local convection velocity of up to 45 km/s,
suggesting a substantial uncertainty on the convection
gradient.

Diffusive reacceleration can increase the energy of low-
energy cosmic rays. This is parametrized by the Alfvén
speed, v, for which we take values in the inner galaxy in
the range of 0-50 km/s. By comparison, locally measured
cosmic rays suggest values in the range of ~ 20-30 km/s,
as we show in our Table I. Similarly [136] constrain v,
from cosmic ray observations to be locally within
~ 26-32 km/s, while [133] give two ranges for v,, to
be between 0 and 22 km/s when using only light nuclei
cosmic-ray species and between 16 and 44 km/s when
using more massive nuclei. Instead, [132] and [139] get
values for v, as high as 67 km/s and 63 km/s respectively.
Our assumed range for the inner galaxy encompasses all
those values. In fact, we have tested up to values of
vy = 150 km/s, which would require a great amount of
energy in the magnetic fields. Such high values of v, are
very strongly excluded by the Fermi data. The Alfvén
speed can not be much larger than 30 km/s for the entire
Milky Way cosmic-ray propagation volume, as low energy
cosmic-ray electrons would also get reaccelerated and in
turn produce an unacceptable amount of power via syn-
chrotron radiation [140]. These limits depend on the exact
assumptions of the magnetic field amplitudes and their
distribution in the Milky Way. Additional limits on
Milky Way’s ISM Alfvén speed via synchrotron emission
observations have been presented in [141-143].

The combination of z;, Dy, 8, v4 and dv./d|z| set how
cosmic rays released into the ISM propagate in space, and
v, affects the low-energy spectrum of cosmic ray nuclei.
In Table II, we provide six diffuse emission models that
provide a good fit to the gamma-ray sky whose predicted
gamma-ray emission we shall present and compare in this
section. The choices for z;, Dy, 8, vy and dv./d|z| are
given in that table. The entire ensemble of diffuse emission
models used to fit the Fermi data is given in Table VIII of
Appendix D.

Specifying the propagation properties of cosmic rays
is necessary but not sufficient to predict gamma-ray
templates: the sources that inject the cosmic rays must
be specified as well. Primary cosmic rays are injected
typically by supernova remnants (SNRs) and by energetic
environments such as pulsar wind nebulae (PWNe).
Primary nuclei are produced in SNRs, while electrons
and positrons are also produced close to PWNe at the
highest energies. There are different tracers for the location
of these sources. Here we take these tracers to be either the
observed Milky Way pulsars [144], which roughly coincide
with the locations of past SNRs, or the fewer but more
directly observable recent SNRs [145]. In Table II and
Table VIII, at the column denoted by “SV /5¢”, we include
different combinations for the choice of the spatial profile
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TABLEII.

Galactic diffuse model parameters z; is in kpc, Dy is in x 1028 ¢cm?/s, v, is in km/s, dv,./d|z| is in km/s/kpc. NP and N¢ are

the cosmic-ray proton and electron differential flux dN/dE normalizations at the galactocentric distance of 8.5 kpc. They are defined at
100 and 34.5 GeV for the protons and electrons respectively and are in units of x10™° cm™2 s~ sr™! MeV~!. See text for full details.

Name z; Dy & vy dv.jdlz| SV/Se al /o as/as NP /N¢ B-field ISRF H2 HI HI
I 4.0 5.00 0.33 32.7 55 Pul/Pul 1.35/2.33 1.5/2.25 4.13/3.33 200030050 1.36,1.36,1.0 9 5 1
II 6.0 7.1 0.33 50.0 0 Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2% 1 1
I 5.6 4.85 0.40 40.0 0 Pul/Pul 1.50/1.90 1.5/2.25 2.40/1.55 200050040 1.4,1.4,1.0 9 4 1
VI 6.0 2.00 033 0 200 Pul/SNR 1.60/2.10 1.6/2.30 2.32/5.70 200030050 1.4,1.4,1.0 9 5 1
X 10.0 8.00 0.33 322 50 Pul/SNR 1.40/1.80 1.4/2.35 1.90/3.20 200040050 1.4,1.4,1.0 0o 5 2
XV 6.0 7.10 0.33 50.0 0 Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 0o 5 2

distribution assumed for the cosmic-ray nuclei (S") and
cosmic-ray electrons (S¢). “Pul” refers to the profile of
[144], while “SNR” to that of [145]. We note that these are
chosen as tracers of older or more recent SNRs. In addition
to the spatial distribution assumptions for the primary
cosmic-ray sources, we vary the first two injection indices
of the cosmic-ray nuclei and electrons as described by
Eq. (2). Those are depicted in the columns “af /ab” for the
protons and “a{/a5” for the electrons. Furthermore, since
we incorporate fit data only up to around 50 GeV, as given
in Table III, the choices for ag” and of that describe the
cosmic-ray spectra at energies above 200 GeV have only a
minor impact in our analysis.

Combining these sources of uncertainty, and following a
fitting procedure for the inner 60° x 60° described in detail
in Sec. IV, we can obtain good fits to the gamma-ray sky
that encompass realistic uncertainties while maintaining
our good description of the cosmic-ray data. In Fig. 4 we
show the diffuse Pi0, bremsstrahlung and ICS emission
spectra for three models. For comparison, we include the

TABLE III. The energy bins and the energy-dependence of the
“small” () and “large” (#,;) radii used to mask known point
sources. The last column shows the fraction of pixels masked in
our standard mask (4FGLDR2+disk) with respect to the total
number of pixels in the inner 40° x 40° Galactic center region
(1.6 x 10° pixels).

Epin — Enax[GeV] 0,[°] 0,[°] Masked fraction
0.275-0.357 1.125 3.75 71.8%
0.357-0.464 0.975 3.25 62.9%
0.464-0.603 0.788 2.63 52.2%
0.603-0.784 0.600 2.00 38.5%
0.784-1.02 0.450 1.50 29.2%
1.02-1.32 0.375 1.25 23.4%
1.32-1.72 0.300 1.00 19.0%
1.72-2.24 0.225 0.750 16.3%
2.24-2.91 0.188 0.625 13.0%
2.91-3.78 0.162 0.540 12.9%
3.78-4.91 0.125 0.417 11.6%
4.91-10.8 0.100 0.333 11.5%
10.8-23.7 0.060 0.200 10.3%
23.7-51.9 0.053 0.175 10.3%

combined emission from the detected point sources of
Fermi 4FGL 10-year Source Catalog (4FGL-DR2) [146]
with |b| > 2°, even though we mask these point sources
throughout the fits described later in this work. Even
though we allow for a free template normalization between
energy bins when fitting the data according to the pre-
scription given in Sec. IV C, different choices for the
injection indices will nevertheless affect the allowed diffuse
spectra. This is the case because the Pi0 and bremsstrahlung
components share a normalization for reasons discussed in
Sec. IIT A above.

The Pi0 and bremsstrahlung emission components have
a morphology that is related to the integrated ISM gas
density at any line of sight. If the cosmic-ray nuclei and
electrons were homogeneously distributed, we would only
need to test a small number of templates that describe the
different choices for the gas distribution or what is referred
to as the column density. Moreover the two templates
would have identical morphologies, which as we show in
Fig. 3 is not the case. Given the quality of gamma-ray
observations such differences need to be accounted for.
The main cause for these differences is that electrons
and protons have distinct gradients as we move from the
disk. In Tables II and VIII, we focus on varying both the

Galactic Diffuse Emission Modeled Spectra
' — o

T
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Model XV J

Stacked Point Sources |
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&
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&

E’xd%/dE (GeV cm™ s7' sr7")
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FIG. 4. The predicted averaged diffuse spectra over the
60° x 60° window excluding the galactic disk for three different
models; I (red), VI (blue) and XV (green). The solid lines depict
the predicted Pi0 emission, the dotted lines the Bremss emission
and the dashed the ICS emission fluxes. The spectra provided
include fit normalizations to the data. We also provide for
reference the stacked spectrum from 4FGL-DR2 point sources
in the same window with |b| > 2° (orange dashed dotted).
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FIG. 5. The impact of different assumptions on the morphologies of the background diffuse template fluxes. On the fop panels we

compare the predictions of Model X to Model I and on the bottom panels the predictions of Model XV to Model I. We present results for
the energy range of 1.02-2.24 GeV, where the GCE’s significance peaks. We show that the ratio of the predicted Pi0 flux emission on the
left panels, the ratio of the predicted Bremss flux emission on the central panels, and the ratio of the predicted ICS flux emission on the
right panels. We have included the equivalent fitting normalizations to the data. While the PSF is included in the fits to the data, it is not

presented here to exhibit the underlying modeling differences.

underlying maps that give the ISM gas distributions and the
cosmic-ray electron and nuclei spatial distribution. In the
last three columns of those tables, by “H2”, “HI”” and “HII”
we code the spatial distribution assumptions for the
molecular, atomic and ionized hydrogen. We give the full
details of this notation in Appendix D, and we also
comment that we tested even wider variations than the
ones presented in this work. The ones not included are
either degenerate with the choices presented or strongly
excluded by inner galaxy fits.

In Fig. 5 (first two columns), we compare the prediction
for the Pi0 and bremsstrahlung emissions from varying
assumptions. We show how the morphology of these
emission components changes at the energy range of
1-2 GeV. We compare models X and XV to model I.
Model I employs different assumptions on the molecular
and ionized hydrogen gas distribution compared to those
of models X and XV, which assume the same ISM gas
distributions. The gas distribution differences alone can
result in certain directions on the sky becoming brighter or
dimmer depending on the amount of assumed column
density. However, if that was the only difference the top and
bottom panels on each column should be identical. The
cosmic-ray propagation and the injection assumptions

between models X and XV are significantly different
and result in significantly different morphologies. The
ratios that we present in Fig. 5, are calculated after the
fitting procedure described in Sec. IV is done: the emission
for all models shown provides a good fit to the data. The
differences shown between the separate components are
equivalent to ratios of size 1/3 to 2, but the overall fit is
sufficiently well constrained that when one of the diffuse
emission components is dimmer it is compensated by
others increasing in brightness.

The ICS component, which dominates away from the
disk and at high energies (see Figs. 3 and 4), depends on the
distribution of low-energy photons. Only the CMB is well
measured and kept fixed in this work, while the density of
photons in the IR to the UV is allowed to change. GALPROP
breaks the ISRF into three components: the “optical”, the
“IR” and the “CMB,” each of which in its conventional
mode is fixed to 1 [95,147,148]. We test in our models
different normalizations for the first two of these compo-
nents. As the optical and IR photons have distinct spatial
distributions, our models test different assumptions on the
ISRF spectra, spatial morphology, and total energy density
within the Galaxy. The impact on the morphology of the
ICS component is shown in the third column of Fig. 5.
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FIG. 6. Different physical assumptions on the ISM and CR injection conditions predict that the diffuse emission template component
morphologies can deform with energy in a remarkably dissimilar manner. We show for the ICS component the ratio of maps for the
predicted flux at 10 GeV to the flux at 1 GeV for the 60° x 60° window. Left: Model I, Right: Model XV. We have included the fitting to
the data normalizations. The PSF is not presented here in order to emphasize the underlying modeling differences.

We compare the predicted ICS emission from model I to
models X and XV, at 1-2 GeV, within the 60° x 60°
window. Again, the calculated ratios include the normal-
izations after the template fits described in Sec. I'V. Table 11
provides a handful of models that are representative for
wide assumptions for the ISM.

As already mentioned, the assumptions on the propaga-
tion of cosmic-ray electrons are of great importance in
producing our templates. Electrons, unlike nuclei, suffer
from fast energy losses via synchrotron radiation, ICS and
bremsstrahlung emission. This results in extra modeling
degrees of freedom that we need to account for. Aside from
the ISM gas, which affects the bremsstrahlung emission
and energy losses, and the ISRF assumptions, which affect
the ICS emission and energy losses, the galactic magnetic
field is also responsible for the synchrotron energy losses of
the cosmic-ray electrons. These energy losses, while they
do not result in emission at gamma-ray energies, can
regulate how much remaining energy electrons have to
emit in gamma rays. Larger values of the galactic magnetic
field (i) suppress the modeled ICS and bremsstrahlung
emission normalizations, (ii) result in softer cosmic-ray
electron spectra and subsequent ICS and bremsstrahlung
emission spectra and (iii) make the ICS and Bremss
template components have a larger gradient as one moves
from the galactic disk. The subsequent fitting may to some
extent absorb the first two of these effects by allowing for
larger values of relevant normalizations, but can not deform
the template morphologies. We model the galactic magnetic
field following the GALPROP parametrization,

B(r7 Z) = Boe—r/rce—lz\/zf' (5)

In Table. 11, in the B-field column, the first three characters
represent the value of By x 10 in pG. The next three
characters the value of r. x 10 in kpc and the last three
characters the value of z. x 10 in kpc. As an example,
Model I assumes By =20 uG, r. =3.0kpc and z, = 5.0 kpc.
We allow for the B normalization values from 2.5 to
20 pG: a factor of eight in this normalization translates to
an amplitude of synchrotron energy losses of a factor of 64.
Moreover, we allow for r. to be within the range of
3-10 kpc and z,. of 2-5 kpc. Together with the different
choices for the ISRF and the ISM gas, this allows us to test
a great width of amplitudes and spatial profiles for cosmic-
ray electrons energy losses. This affects the morphology of
the ICS templates at any given energy, as is shown in Fig. 5
(right panels), but also how the ICS templates morphology
evolves with energy, as shown in Fig. 6. In that figure we
plot the ratio of the ICS emission at 10 GeV to that at
1 GeV. Again, the normalization of these results reflect the
fitting procedure described in Sec. IV. As we increase the
gamma-ray energy, the morphology of the ICS templates
deforms from within a few % within the bubbles regions
(left panel of Fig. 6 for model I), to more than 40% and
along the galactic disk (right panel of Fig. 6 for model XV).

Even after the fitting procedure, the template models can
differ at the ~O(10%) level. We depict representative
variation between models in Fig. 7.

We provide our galactic diffuse emission maps and
the GALPROP input files used to generate them through
Ref. [149].

C. Emission from the GCE

The morphology of the GCE is central to the question
of its origin. As our initial assumption, we take the GCE
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FIG.7. After performing the template fit to the Fermi data, we can still observe ~O(10%) differences in the predicted composite count
maps. We show the ratio of such composite count maps produced from different underlying diffuse background models for the energy
range of 1.02-2.24 GeV. Top left: Model VI to Model I, top right: Model X to Model L, bottom left: Model III to Model I, and bottom

right: Model XV to Model 1.

morphology to be spherical (see e.g., [9-13]). We also take
the GCE to have the profile expected from prompt gamma-
rays emitted by annihilating dark matter particles distrib-
uted in space with a profile following a contracted NFW
profile [150],

plr) =
(r/rr (1 + 1/r,)

such that the GCE morphology scales like the line-of-sight
integral of p(r)?. We fix r. = 20 kpc. We take as a central
choice y = 1.2, though in Sec. V we explore different
choices for the “cuspiness” of the NFW profile. The
normalization for p, is always taken such that at r =
8.5 kpc the density p(r = 8.5 kpc) = 0.4 GeV/cm?, in

(6)

agreement with the estimates of the local dark matter
density [151,152]. Recent measurements suggest that the
galactocentric distance is closer to 8.3 kpc [153], but we
retain the choice of 8.5 kpc as this is the assumption used in
GALPROP [95] to produce the galactic diffuse emission
maps. Changing the galactocentric distance to its updated
smaller value would result in both the GCE and the diffuse
templates increasing in brightness by ~5%, which is
smaller than the uncertainty on the local dark matter
density [154]. This change would also be absorbed when
fitting to the gamma-ray observations, as all templates have
free normalizations.

For our core analysis, we take the NFW profile to be
centered at the exact location of the galactic center. We test
whether the GCE is indeed spherically symmetric or if
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instead mild prolateness (extension along the plane of the
galactic disk) or oblateness (extension perpendicular to the
plane of the galactic disk) is favored. We will do this by
deforming the opening angle from the galactic center y
of the NFW template by a factor e, such that cos(y) =
cos(b) cos(Z/€). We get the regular spherically symmetric
NFW for ¢ = 1. A value of ¢ > 1 gives elongation along
the galactic disk, while € < 1 perpendicular to the disk. In
Sec. VI, to estimate the size of systematic astrophysical
uncertainties along the galactic disk, we allow for that
additional template to be translated in longitude from the
center of the galaxy. For the main part of this work
however, the GCE is centered at £ = 0°, b = 0° and we
refer to it as the GCE only in the analysis for which it is
located at the galactic center.

D. Isotropic emission

In addition to the previously mentioned diffuse emission
templates, we include the isotropic gamma-ray emission
template. This is a flat, homogeneous flux that accounts for
the combined emission from: unresolved extragalactic
point sources, like distant galaxies or gamma-rays origi-
nating from ultra-high energy cosmic rays; a high-latitude
component of galactic point sources that are below the
detection threshold; and misidentified cosmic rays. The
isotropic gamma-ray spectrum has been measured in [155].
Like with the bubbles spectrum, we take the central value of
the isotropic spectrum as an input, and we add a statistical
penalty in our fits for deviations from the central value in
each energy bin. The size of the penalty is based on the
errors reported by [155]. We add the reported statistical and
systematic errors of [155] in quadrature.

E. Total gamma-ray diffuse emission models

Every particular galactic diffuse emission model deter-
mines the Pi0, Bremss and ICS templates in space and
energy. We add the Pi0, Bremss, ICS, bubbles, GCE and
Isotropic emission templates to create a composite map at
a given energy. In each energy bin, the coefficients will
be simultaneously fit to the Fermi data as described in
Sec. IV, but each energy bin will be fit independently.
As described above, the Pi0, Bremss and ICS each have
an energy-dependent morphology. These morphologies
change as the propagation properties of cosmic rays
change with energy. This affects their spatial distribution
and in turn the rate of cosmic-ray interactions with the
ISM modeled in creating the templates. The bubbles, GCE
and isotropic emission templates are energy-independent.
As described in Sec. III A, the Pi0 and Bremss compo-
nents are added with the same normalization. The Pi0 +
Bremss component and the ICS component are allowed to
float freely. Thus, for a given choice of diffuse emission
model we have the following definition of a composite
diffuse flux map,

Composite Emission at 1.02-2.24 GeV
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FIG. 8. A composite counts map after summing up all diffuse
emission template components and before including the instru-
mental PSF. This map includes the exposure of the Fermi-LAT
instrument. The emission from point sources is not included as
those are masked in the fitting process.

DR (£, D, E) = Cgos(E)[@pig (£, b, E) + Ppremss (£, b, E)]
+ c1cs (E)@ies (4, b, E)
+ ¢Bub (E) Poubbles (£ b, E)
+ C150(E) P50 (¢, b, E)
+ ¢Ger(E)@qee(?, b, E). (7)

The gamma-ray flux at a particular sky location and
in a given energy bin is thus given by specifying the
five normalization parameters c¢;. We note that by
ORI (# b, E) we mean the integral of the differential
diffuse flux across an energy bin: ®Rif(£Z b E) =

[ dE d®Ri (¢, b, E)/dE.

IV. DATA, MASKS, AND METHODS

A. Gamma-ray data

We use Fermi Pass 8 data, version P8R3, recorded
from Aug 4 2008 to April 14 2021, corresponding to
weeks 9-670 of Fermi-LAT observations." We use Fermi
ScienceTools P8v27h5b5c8 for selection cuts and in
order to calculate the relevant exposure-cube files and
exposure maps,” which allow us to pass from fluxes to
expected counts. We show an example of an expected
counts map in Fig. 8, where we have included the
instrumental exposure after 12.5 years of observations.

1https://fermi. gsfc.nasa.gov/ssc/data/access/.
“https://fermi.gsfc.nasa.gov/ssc/data/analysis/.
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FIG. 9. The 4FGL-DR2 masks for two energy bins (left and center) and (right) the 4FGL-DR1 mask for the lower energy bin at
1.02-1.32 GeV. White pixels are masked out and not included on the fits.

The exposure is calculated for each pixel using the Fermi
ScienceTools P8v27h5b5c8.

We keep only FRONT-converted CLEAN data. In addi-
tion, we set the following filters: zmax = 100°, DATA _
QUAL==1, LAT CONFIG==1, and ABS (ROCK_ANGLE)
< 52. Our data maps are centered at the galactic center
and cover a square window of 60° per side in galactic
coordinates in Cartesian pixels of size 0.1° x 0.1°. Unlike a
HEALPix pixelization, our pixels do not have equal area,
but we account for this in our fits.

We bin the gamma-ray data in 14 energy bins spanning
energies from 0.275 to 51.9 GeV, given in the first column
of Table III. The first eleven energy bins have a constant log
width; because the gamma-ray flux drops at higher energy,
the final three energy bins are wider so that each bin has a
similar statistical impact in our fits.

B. Masks and PSF

For our default analysis, we mask the inner 2° of latitude,
ie., |b| <2° at all longitudes and all energies. This
excludes the very bright galactic disk emission. It also
masks undetected point sources in that part of the sky.
Although the GCE emission plausibly peaks within this
latitude range, masking the galactic disk allows us to
perform a search in a part of the sky where the backgrounds
are better controlled and the GCE signal to noise is better
determined. We note that the detection threshold of point
sources increases at lower latitudes |b|, so relatively bright
undetected point sources may potentially bias fits that
include this region. We explore the impact of variations of
this mask in Appendix A.

We additionally mask all point sources in the 4FGL-DR2
catalog [146], as described here. Within the window of
60° x 60°, including the galactic disk, there are 918 point
sources and 26 extended sources in the 4FGL-DR2 catalog.
Of these 944 sources, 25 have a detection significance as
measured by a Fermi-LAT test statistic (TS) of 49 or more,
which makes them very bright. At lower energies the

Fermi-LAT instrument has a poorer angular resolution, so
the emission from “point” sources in fact will appear in
several pixels in an energy-dependent way. To account for
these effects, the angle at which we mask a given point
source is energy- and significance-dependent: it is larger
at lower energies and for brighter sources, as we show in
Fig. 9 for two different energies. We choose to have a
“small” and a “large” mask radius for sources with TS < 49
or TS > 49, respectively, labeled 6, and 0,. The values of 6,
and 6, are given at all energies in Table III. For the point
spread function (PSF), we use the Fermi-LAT double-
Moffat-function profile with parameters specified in [156].
Since we are interested in the GCE and its possible point
source origin, we also test with the older 4FGL point source
catalog that was derived after 8 years of observations [157],
which we name “4FGL-DR1.” The 4FGL-DR1 catalog
excludes fewer pixels for a given energy bin than those of
the same energy bin from the 4FGL-DR?2 catalog, as shown
in the right panel of Fig. 9. We explore the impact of this
and other variations of the point source masking procedure
in Appendix A, leaving a full exploration of this topic for
future work.

C. Template fitting

For each of our 14 energy bins, we start by constructing
the composite diffuse flux map @RI (£ b, E|{c}) of
Eq. (7) in the 60° x 60° inner galaxy region, where {c}
refer to the template normalizations. We then multiply
by the energy-dependent exposure map, referred to as
E(Z, b, E), as described in Sec. IV A. This provides the map
of expected counts due to all emission components,

CO(.b.E|{c}) = @R (. b. E[{c}) - £(£.b.E)  (8)

We then multiply the expected counts by the fraction of
FRONT-converted CLEAN events and convolve with the
energy-dependent PSF P(E) for FRONT-converted CLEAN
events, following [68] and [156]. This gives,
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CP(¢,b,El{c}) = C°(¢,b,E|{c}) x P(E), 9)

where * indicates a convolution at every point. Finally,
we multiply the convolved maps by the mask, referred to as
M(Z,b, E), which accounts for the fact that we do not
model all sky locations. In this case, the expectation for the
counts at a given pixel and energy is,

C(¢,b,E|{c}) =CP(¢,b,E|{c})-M(¢,b,E). (10)
C(¢,b,E) in Eq. (10) is the quantity that we will compare
against the masked data map D(Z, b, E).

All maps are pixelized in 0.1° x 0.1° pixels. Considering
the mask along the Milky Way disk, and the fact that
additional pixels are subject to point source masking, there
are at most 3.36 x 10° pixels per energy bin. To reduce the
computational expense but maintaining our sensitivity to
the sky region of greatest interest, we further restrict to a
40° x 40° inner region, which reduces the maximum
number of pixels for each energy bin to 1.44 x 10°. In
the fit, we will have discrete labels for each pixel,

C(¢,b,E[{c}) = Cj,p({c}) (11)

D(¢.b,E[{c}) = D;,({c}), (12)
where j refers to the energy bin and p to the pixel number.
We use EMCEE [158], a Markov chain Monte Carlo
(MCMC) program, to fit the coefficient parameters cgyq ;,
CICS,j? CBub,j’ CISO,j’ and CGCE.j of Eq (7), which are
inherited by C; ,. Because the data D;, are given by
counting a discrete number of events, the likelihood of a
given model is a Poisson likelihood, and the best fit model
will maximize this quantity. Using EMCEE, we in fact seek
the parameters that minimize the negative log-likelihood,

=2 1In(L[{c}); =2 [C;, +In(D;,!) = D;, InC;,]
P

+)(2Bubbles,j +)(1230.j’ (13)
where the index p goes over unmasked pixels. The
“external y*” functions yg,ppies ; and xi,, ; are constraints
that act as penalties when the cg,, ; and ¢y, ; values in the
fit deviate too much from their spectra measured at high
latitudes [79,155]. For our EMCEE runs, we use the
EnsembleSampler with 100 walkers and 1000 steps
to assess convergence. After getting the MCMC chains, we
discard the first 300 steps and draw posterior probabilities
for the parameters using ChainConsumer [159]. For
many of our fits we allow the normalization of the GCE,
CGeE,j» to be negative, but we always require the total
modeled masked counts, C; ,({c}), to be non-negative for
all pixels.

The total log-likelihood for a model is given by a sum
over all the energy bins,

In(L[{c}) =D In(L[{c});. (14)

We stress that we fit each energy bin independently, but
we use the total log-likelihood in Eq. (14) to assess the best
fit parameters for a particular model and to compare
competing models.

V. THE GCE AFTER THE TEMPLATE FITS

In Fig. 10, we present as an example Model I as evaluated
at its best fit parameter values and we compare its perfor-
mance with respect to the observed gamma-ray data. We
present results for three different energy ranges: the
1.02-2.24 GeV bin in which the energy output of the
GCE emission is approximately peaked; the 3.77—
8.29 GeV bin in which the GCE brightness is nearly
constant, and for which it achieves its highest relative
brightness; and the 10.8-23.7 GeV bin where the GCE is
still detected at high confidence, but the emission has
decreased by a factor ~2. While our fits are performed only
in the inner 40° x 40° window, we show the larger region of
the 60° x 60° window. In the left panels of Fig. 10, we show
the observed Fermi-LAT count maps. In the middle panels
we show the composite diffuse model count maps, including
all components of Eq. (7) with best-fit normalizations and
after accounting for the PSF. In the right panels we show the
residual count maps. Our highest positive residuals are the
result of point source leakage, while the most negative
residuals are from gas emission far away from the inner
galaxy and in fact in sky regions that are not fitted.
Once subtracting the GCE, there is no visible positive or
negative residual within the inner galaxy. We tested both the
case of the Fermi bubbles with their edge as given by [78]
and the case where the outer two degrees of the bubbles
are brightened by a factor of 2. We find that the edge-
brightened bubbles overpredict the observed fluxes in the
relevant regions.

In Fig. 11, we give the modeled diffuse emission
components using Model I again as a reference. We show
fluxes in units of E2 x d®/dE, averaged over the 40° x 40°
region and excluding the galactic disk, i.e., |b| < 2°. While
in the fit 4FGL-DR2 point sources with |b| > 2° are
masked, we include the predicted diffuse background
model emission from these masked regions for simplicity.
We use Model I, because for E > 0.5 GeV the best-fit
fluxes for the dominant Pi0 + Bremss component of the
galactic diffuse emission is always within ~10% of the
original template model assumption, and the ICS compo-
nent is largely within this same realm of accuracy. Only at
the lowest energies, for which its contribution is subdomi-
nant, is the ICS roughly 50% of the initial prediction.
We show this by presenting the pre-fit predictions for the
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FIG. 10. Comparison between the predictions for one composite diffuse model (using background Model I) and the observed data for
three different energy ranges. In the top panels we show results for the energy range of 1.02-2.24 GeV, in the middle panels for the
energy range of 3.77-8.29 GeV, and in the bottom panels the range of 10.8-23.7 GeV. Left panels show the observed counts maps to
which we fit, including the mask. Middle panels show the composite best fit model with the PSF included. The right panels show the
difference = Data-Model, i.e., “residual emission.” Including the GCE component in the fit of the inner galaxy’s emission does not
cause any oversubtraction. The most evident residuals appear at positive longitudes (see top right panel), near a couple of bright point

sources (see e.g, £ = —17°, b = —3°), but far from the GCE.

Pi0 + Bremss and the ICS components as solid lines, and
showing the fluxes after the fit as dashed lines with shaded
20 error bands. The results shown here are robust against
the choice of point-source mask and are not specific to the
4FGL-DR2 mask which is our standard choice. We point
out that even after averaging over the 40° x 40° window
and including the mask within 2 degrees of the Galactic
disk, the GCE is a prominent emission between ~ 1 GeV
and 10 GeV: it is more luminous than either the isotropic

emission or that from the bubbles. This is mostly because in
the inner 5° of the Galaxy the GCE is responsible for ~10%
of the total emission.

In Fig. 12, we show for all 80 galactic diffuse emission
models the best-fit GCE emission (see Sec. IV for details on
the fitting procedure). In this figure, we assume a spherical
GCE centered at the origin with y = 1.2. We omit the
galactic diffuse emission components, the bubbles, and the
isotropic emission for clarity. The GCE fluxes are shown at

103023-15



CHOLIS, ZHONG, MCDERMOTT, and SURDUTOVICH

PHYS. REV. D 105, 103023 (2022)

Model I, GCE with 4FGL—DR2 Mask
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FIG. 11. The modeled diffuse emission components in units of
differential flux times energy squared, E> x d®/dE. The dashed
lines give the relevant Pi0+Bremss, ICS, bubbles, isotropic and
GCE components after fitting to the data. The bands show the 26
ranges derived from the fit. We have used the background Model I
for the Pi0+Bremss and ICS components; the solid lines show
their prefit fluxes. The GCE is a prominent emission between ~ 1
and 10 GeV, and in that energy range is more luminous than either
the isotropic emission or that from the bubbles.

the central values of each of the energy bins represented in
Table III. The GCE flux shown is obtained from a joint fit
as described above, and the five best diffuse emission
models, considered to be those models that minimize the
total negative log-likelihood, are highlighted in magenta.
These are Models X, XV, XLVIII, XLIX, and LIII. We
show the combined outer envelope of their 2o statistical
uncertainties as the shaded magenta band. Likewise,
the five worst models, those with the largest negative

The GCE from all 80 diffuse background models

log-likelihood, are highlighted in green. The other 70
models are intermediate in fit quality between the best
five and worst five fit models; we show them in gray. For
these main results, in which we seek to determine the
qualities of a putative excess signal near the galactic center,
we require the normalization of all fit components, includ-
ing the GCE, to be positive. Only at the lowest energies and
with the worst fit models to the 40° x 40° region do we find
a preference for cgcg ; to be zero or negative.

We find that in every fit to the models generated in our
work, the GCE is nonzero from 0.7 GeV and up to the
highest energies that we model and test. The underlying
background uncertainties can absorb the GCE only below
0.7 GeV. Moreover, we find that the GCE has a fairly robust
spectrum. The ratio of the maximal to the minimal flux fit
value among these 80 models is never more than a factor of
4 at energies above 1 GeV. The differences between the
GCE flux fits become even smaller once we focus on the
best fit models (given in the magenta lines). For these five
best models, the differences in their predicted GCE flux is
of order 10% at energies above 1 GeV. Within the energy
range we test, the GCE is detected at greater than 2o
significance for all energies above 0.4 GeV for these five
best-fit models. We note that even for the models shown
by green lines (the five statistically less preferred galactic
diffuse emission model assumptions), the predicted GCE
fluxes are nonzero. Those give GCE spectra suppressed at
sub-GeV energies, but they still agree above 1 GeV with the
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FIG. 12. The GCE derived in conjunction with all 80 diffuse galactic emission background models from our fits in the 40° x 40°
window. The purple lines show the GCE derived using the five galactic emission background models (Models X, XV, XLVIII, XLIX,
and LIII) that give composite models with the statistically best performance. Those lines heavily overlap above 0.5 GeV. The magenta
band shows their combined relevant 26 ranges. The green lines give the equivalent GCE from the five statistically worse performing
models (based on models II, LXIV, LXIX, LXX and LXXI). The gray lines show the GCE from the remaining 70 galactic emission
background models. The GCE above 0.7 GeV and up to 50 GeV is always present irrespective of the galactic emission background

assumptions.
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models that provide superior fits to the overall emission.
The ISM gas distribution assumptions have the largest
impact at low energies. Any morphological choice that is in
tension with the low-energy Fermi data can in principle be
compensated in the fit by a sufficiently negative GCE
component.

A. The morphology of the GCE

In identifying the possible physical mechanisms behind
the GCE, its exact morphology is essential. Multiple
alternatives to the spherical NFW emission morphology
have been suggested [29,36]. We study the GCE morphol-
ogy by testing a sequence of alternative GCE templates
including those of [29,36] with each of our 80 galactic
diffuse emission models. We show the results of these tests
in Fig. 13.

In the left panel of Fig. 13, maintaining the assumption
of spherical symmetry for the GCE, we test the “cuspiness”
of the profile, i.e., how strongly it peaks as a function of
galactocentric radius. That is modeled by the parameter y in
Eq. (6), where y = 1.0 is the regular NFW dark matter
profile [150], and y = 1.2-1.3 is favored by past results
[10,11,13] and even more recently by [16] that analyzed
the GCE region in quadrants, using an alternative set of
background models. Every combination of GCE morphol-
ogy and galactic diffuse emission model is provided, each
of which is compared to the global best fit result obtained
across all models that maintain spherical symmetry. We
compare the difference in the log-likelihood —2A In(£) to
the best fit from across these combinations (the factor
of two appears because the test statistic —2A In(£) should
follow a y? distribution). This provides a way to determine
the statistically preferred morphology in a global sense.
Colored lines highlight five specific galactic emission
background models. These are among the models that

give the best log-likelihoods, and they also showcase
that the —2A In(L£) value can be minimized for different
values of y depending on different diffuse model assump-
tions. The gray lines show the results for the remaining
background model assumptions that fall within the range
—2A In(L) < 8 x 10, We test 0.8 <y < 1.4 and find that
the range 1.2 <y < 1.3 is still generally preferred, though
in some cases, such as for Model I, the value y = 1.0 can be
a relatively better fit. Galactic diffuse models which are
statistically much worse fits overall may even obtain their
best fit for y < 1.0; such values, which are strongly excluded
by our work, could in principle have been expected if the
GCE traced the morphology of an underlying stellar
population. Values of y larger than 1.0 are expected if the
dark matter halo has adiabatically contracted [160]. Values
of y larger than 1.5 lead to profiles that are sharply peaked at
very small galactocentric distances, but due to the mask on
|b| <2° such profiles are not anticipated to be easy to
differentiate from the results obtained for y = 1.4.

In the central panel of Fig. 13, we maintain y = 1.2 and
vary the ellipticity parameter ¢, as defined in Sec. III C.
A value of ¢ > 1 corresponds to elongation along the
galactic disk (a prolate profile), while € < 1 corresponds to
elongation perpendicular to the disk (an oblate profile). We
find a mild preference for the GCE being elongated along
the galactic disk, compatible with a recent analysis by [16].
The difference in —2A In(L) between an € of 1.0 vs 1.4 for
the best fit models is <100. Such a difference in the
likelihood is small: for comparison, the best fit model with
a GCE is preferred to the best fit model without a GCE by
2.8 x 10%. Only background models that provide very poor
global fits to the observations show a strong preference for
GCE emission that is elongated along the disk. Moreover, a
GCE elongated along the galactic disk is degenerate with
the mask that we use. We explore the impact of variations
of the mask in Appendix A. There we find that if, rather
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FIG. 13. Testing the morphology of the GCE for all 80 diffuse galactic emission background models. The y-axis gives difference in the
quality of the fit between choices for the GCE morphology, defined as —2 In(L) for the alternative model minus —2 In(L) of the best fit
GCE from the entire sample. Colored lines show the resulting GCE using five specific galactic emission background models, while the
gray lines show the GCE under every single background model. Left: assuming spherical symmetry we change the NFW cuspiness
parameter y of Eq. (6), within the range of 0.8 and 1.4. Center: using y = 1.2 we change the ellipticity parameter e (see text for details).
We find some preference for a GCE being elongated either along the galactic disk, which we explore further in Appendix A. Right: we
compare the GCE with y = 1.2 and ¢ = 1.0 to the boxy bulge and the x-shaped bulge that have been suggested in [29,36] as alternative
morphologies for the GCE. The NFW with y = 1.2 is systematically preferred in our fits.
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The GCE, North/South Analysis
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FIG. 14. Fit values of the GCE including data from |¢| < 20° and 0 < b < 20° (“North”) or —20° < b < 0 (“South™). We allow the
GCE normalization to vary independently in each region and each energy bin. The magenta lines show the GCE for the five best fits in
the northern hemisphere, derived using Models XV, XLI, XLIX, L and LIII, with the magenta band giving their combined 2¢ ranges.
The cyan lines give the GCE for the five best fits in the southern hemisphere, derived using Models X, XLVII, XLVIII, LII and LIII, with

the cyan band showing their combined 2¢ ranges.

than masking |b| < 2° at all longitudes (|£]| < 20°), we
instead mask |b| < 2° only for a limited longitude range
such as |£] <5° or |¢] < 8° the preference for e~ 1
returns. By changing the mask, a subsequent absolute
change in the —2AIn(£) by O(10?) may be expected as
alternative masks remove ((10%) pixels in the inner
galaxy. We note the possibility that mask assumptions
may bias the extracted GCE ellipticity. Alternative masking
procedures will be interesting avenues for future work.
Finally, in the right panel of Fig. 13, we compare the
GCE fits obtained with our baseline assumptions of y = 1.2
and € = 1.0 to fits assuming two other morphologies that
have been suggested to correlate with the GCE. Thus,
instead of using the morphology described by the square of
the NFW profile from Eq. (6) defined by y and ¢, we repeat
the procedure of Sec. IV using the boxy bulge with its
nuclear bulge component and the x-shaped bulge templates
favored in [29,36], respectively, as alternative morpholo-
gies for the GCE. Some of the new diffuse models
produced in this work, which differ from the diffuse models
used in [29,36], lead to a preference for these alternative
templates, but these combinations of diffuse models and
alternative morphologies provide significantly poorer
overall fits to the data, and the spherical NFW profile with
y = 1.2 is globally preferred in our fits at the level of
—2A In(£) Z 1000. We conclude that these alternative
morphologies cannot accommodate the observations in
the 2° < |b] £20°, || <20° region of interest with as
good of a fit as the moderately contracted spherically
symmetric NFW profile when used with the diffuse

templates generated in this work. We also explore further
the possible contribution of the Stellar Bulge to the GCE in
the 2° < |b| < 20°, || < 20° region in Appendix C.

B. The GCE in the north and the south

In Fig. 14, we repeat the same analysis for all diffuse
models listed in Table VIII, assuming a spherical GCE
centered at the origin with inner slope y = 1.2, but now
restricting the fit only to either the northern or southern
hemisphere. As in Fig. 12, we show only the GCE
component of the fit, omitting the galactic diffuse emission
components, the bubbles, and the isotropic emission. For
clarity, we restrict to the five best models in each hemi-
sphere, although for completeness we again tested all 80
models for the north and the south independently and found
the GCE to be present in both hemispheres for all models.
The bands give the combined 2o fit ranges. As described
above, we allow the normalization of the GCE, cgcg j, to be
negative, although we require that the total counts, C; , as
defined in Eq. (11), is non-negative in each pixel.

The magenta lines in Fig. 14 show the results for the
GCE normalization in the northern sky only, using the five
best models for that region of the sky. The five best-fit
models in the north are Models XV, XLI, XLIX, L and LIIT
from Table VIII. The absolute best fit of these models
prefers a negative value for the GCE in the first bin, which
we graphically represent by dropping that data point. As
before, the fit strongly prefers positive values of the GCE at
all energies above 1 GeV.

The cyan lines give the equivalent information from the
southern sky only, using the five best models for that region

P
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TABLE IV. Fluxes of the GCE emission, as in Figs. 12 and 14. The central values are from the respective best fit models and the

1 o1

attached error bars are statistical error bars only, in units of 1077 GeVem™2s~! sr

ROI @, o, D, D, @5 @ D, N o ®y Dy Dy D3 Dy
40° x 40° 2.43});62 3.23?;5? 3.9f§;62 4.4t§;;7* 4.8f§j§ 7.81“6;% 8.5f§;§5‘ 8.4i§j§ 7.6f§;§£ 7.832;% 7.3:2;2 4.4i§§ 2.932;32 1.7:2;%
South 44712 4872 56708 57107 65102 89108 89102 79103 8.0%07 7.9%07 6.61°07 4.370% 22702 12102
North  0.01)§ 04705 08108 34108 3.6707 6870 7.9708 9.0705 74703 83707 87108 5310¢ 42704 24503

of the sky. The five best fit models in the south are Models
X, XLVII, XLVII, LI and LIII. The fit strongly prefers
positive values of the GCE up to the final energy bin in our
analysis, at which point the fit is compatible with zero GCE
at the 20 level.

For the bulk of the energy range we have tested, the
results from Fig. 14 are compatible with one another and
also with the results for the full 40° x 40° region shown in
Fig. 12. Below 1 GeV and above 10 GeV, however,
we begin to observe some differences in the fits: at low
(high) energies the preferred value of the GCE is roughly
half (twice) as bright in the north as it is in the south.
At high energies, the results from the north and the south
even appear to be in tension at the 2¢ level in our
penultimate energy bin. However, even at high energies,
they both remain compatible with the analysis of the
40° x 40° shown in Fig. 12. Across the whole energy
range, these differences do become meaningful—the GCE
has a softer spectrum in the southern sky than in the north,
which leads to evidently different outcomes in the fits to
different underlying models, which we discuss in Sec. VIIL.

For ease of reference, in Table IV we provide the central
values for the best fit model for the 40° x 40° window
analysis, the northern-hemisphere fit, and the southern-
hemisphere fit as well as their attached error bars. These are
statistical error bars, meaning they come from the statistical
error on evaluating the GCE normalization in the single
best fit model. For the 40° x 40° window the GCE errors
are evaluated using background model XLIX. For the
northern hemisphere they are evaluated using background
model XV and for the southern hemisphere using back-
ground model XLVIII. We discuss the systematic error bars
in the next section.

VI. SYSTEMATIC UNCERTAINTIES

Because the GCE is a subdominant component of the
total galactic gamma-ray emission, as shown in Fig. 11,
attaching a quantitative significance to a measurement of
the GCE spectrum is nontrivial. Moreover, any underlying
uncertainty in the astrophysical assumptions discussed in
Sec. III has an effect in several energy bins and across a
significant fraction of the pixels that we use to fit our
models to the observations. Thus, the significance of the
signal will be overestimated if each data point is taken to be
uncorrelated with its neighbors. In this section, we attempt
to quantify the impact these astrophysical systematic and

correlated uncertainties have. We remind the reader how-
ever that the GCE is present under all the 80 galactic diffuse
models that we use to probe these astrophysical uncertain-
ties. Furthermore, it is present both in the northern and
southern hemisphere with its spectrum and morphology
quite robustly quantified. For this reason, a systematic
uncertainty exploration is important to characterize the
significance, but not the existence, of the excess.

Because the template-based fits that we have produced
have incorporated energy and spatial information via the
underlying multimessenger-informed galactic diffuse emis-
sion maps, this can lead to correlated errors across energy
bins and pixels. If neglected, this could cause us to
overestimate the significance of the detection of the
GCE. In addition, two other poorly characterized extended
emission components are known to exist in lower-
background areas of the sky along the Galactic disk’
[17,80], potentially leading to concerns about the “look
elsewhere” effect incurred by template fitting.

With the goal of evaluating the correlated systematic
error bars needed to assess the significance of our findings,
in this section we estimate the impact of these consider-
ations by performing null analyses. We begin by perform-
ing the same fitting procedure as described in Sec. IV C,
over 28 nonindependent regions of interest (ROIs): before
masking, each is 40° x 40° in size and spans from —20° <
b < 20° in latitude. They differ by the longitude at which
they are centered, spanning from 5° < |£]| < 70° in 5° steps.
As before, we mask the Galactic disk and all 4FGL-DR2
point sources and test all 80 galactic diffuse emission
models described in Sec. III and Table VIII for the appro-
priate region. Also, we fit all 14 energy bins independently.
The GCE is the only template that is translated along the
disk; it is always taken at its “standard” choice of y = 1.2
and € = 1.0. Each ROI therefore contains a GCE-like fit
component for each of the 14 energy bins in Table III. We
allow the normalization of the GCE-like emission, cgcg
to be negative while requiring the total counts, C; , as
defined in Eq. (11), to be non-negative for each pixel.

We note that the spherically symmetric and translated
GCE may not model exactly the morphology of any
possible excess emission in regions further away from
the galactic center. That is to be anticipated, as any excess

3https://fermi. gsfc.nasa.gov/ssc/data/access/lat/Model_details/
Pass7_galactic.html.
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emission would be emission not fully accounted by the
galactic diffuse emission models. Such an emission may
have its own morphology, due to the details in the spatial
distribution of cosmic-ray sources located at the spiral
arms, or regions with dense ISM gases, or higher ISRF, or
stronger local magnetic fields. However, we expect that at
first order the translated GCE will absorb any mismodeling,
either by being positive (to account for genuine excesses) or
negative (to account for regions of higher-than-expected
gas densities, for example). More importantly in “looking
elsewhere,” an excess emission that has a very different
morphology to the one we have detected at the galactic
center would not qualify as a similar excess emission.

We show the results of our fits for all ROIs in Fig. 15. In
each frame of this figure, we show the results for ten energy
bins, dropping the four lowest energy bins for clarity. We
represent the central values from all 80 models as violin
plots, where each gray band is a probability density for a
given energy bin, giving equal weight to each model. The
colorful triangles in each energy bin show the central values
for the spectrum of the best fit model in that region, where
the best fit is considered to be the model that minimizes the
sum of the negative log likelihoods across all independent
energy bins, as before. The best fit flux values vary between
~—8 and ~ + 8 in units of 1077 GeV~2s~'sr~!. The
brightest (dimmest) best-fit flux values tend to occur at the
lowest (highest) energy levels, which is to be expected as
the overall flux decreases at higher energy, although the
sign of the bright low-energy emission is negative in some
portions of the sky and positive in others. The 2AIn £
values in each ROI give, for all 14 energy bins in that ROI,
double the negative log-likelihood of the best-fit model
with the GCE-like emission minus the negative log-like-
lihood of the best-fit model without the GCE-like emission.
More negative values correspond to a more significant
improvement of the fit with a GCE-like emission.

We show the GCE for reference in the central panel of
Fig. 15. We show the best fit spectrum with the same
symbols as for the other ROIs, we depict the +2¢ envelope
of the five best models in magenta (the same as the magenta
region of Fig. 12), and we show in green violin plots the
distribution of all 80 models. We reproduce the magenta
region in two other ROIs whose preferred GCE-like spectra
is relatively bright. It is clear from this figure that the GCE
is unique in two respects: it is brighter by more than a factor
of two at all pertinent energies, and it is substantially harder
than the spectrum preferred in any other ROI. The GCE at
¢ = 0° is not the most favored as measured by the 2A In £
values, being surpassed by values at £ = +65°, +-60°, and
+50° and equalled or nearly so at £ = +55° and —10°.
However, all of these significantly detected emissions have
a strong preference to be negative, and reflect over-
modeling errors rather than detections of novel emission
components. The GCE at #=0° is indeed uniquely
favored when restricting to positive excesses only.

Another point that becomes evident from Fig. 15 is the
extent in latitude of the emission that we refer to as the

GCE. For the windows centered at £ = +5°, the translated
GCE-like emission template spectra are a factor of 2—4
smaller than at Z =0° and at £ = £+10° it becomes
negative and the spectra are spectrally very soft. If the
emission centered at the galactic center that we refer to as
the GCE was significantly extended across galactic longi-
tudes, the translated analysis here would have given similar
spectra across the £ = [—10° +10°] region.

This procedure both serves as additional proof of the
unique properties of the excess found in the GC and, as
describe now in more detail, provides a way to evaluate its
significance.

In Fig. 16, we present a related perspective on the
distribution of fits to GCE-like emission in other regions of
the sky. To more closely reproduce the procedure followed
to generate the results in Fig. 12, and thus to ascertain
the possibility of systematic errors in those results, this
figure depicts the distribution of the best fits only. Thus, for
every region centered at values of latitude from £ = —70°
to £ = +70° in 5° increments, we only use the spectrum
of the translated GCE-like emission that is derived with
the galactic diffuse background model that best fits the
observations. In order to limit contamination from the GCE
whose significance we seek to evaluate, we omit the GCE
itself as well as the fits from the six regions centered at
¢ = +5° 4+10°, £15°. Thus, the results in Fig. 16 provide
the distributions of best-fit values with respect to the
remaining 22 ROIs centered at 20° < |£| < 70°. We show
these distributions across all 14 energy bins. For each
energy bin the violin plot is evaluated using the 22 flux
values from the 22 best fit GCE-like emission spectra of
the 22 translated ROIs. As anticipated from Fig. 15, the
average favored GCE-like emission is negative, which is
especially clear at the lowest energies.

A. Covariance matrix from different ROIs

The fits across the different ROIs show in Fig. 16 enable
the construction of a data covariance matrix. This allows us
to assess the impact of systematic astrophysical uncertain-
ties and bias in recovering GCE-like features along the
galactic disk, and therefore provides an estimate of the sys-
tematic error budget incurred by our template-fit procedure.

The data covariance matrix we construct is based on
the GCE-like fits performed in different regions. As for the
distributions shown in Fig. 16, we omit the GC and the
regions centered at £ = +5°, £10°, +15° and we restrict to
best-fit fluxes only. Thus, explicitly, we define the covari-

ance matrix as
d® do dod do
PP =(FE*——)—-(FE* E?—), 15
mod < dE; dEj> < dE,.>< dEj> (15)
where the notation (-) represents an average with respect to
the 22 different ROISs centered at 20° < |£| < 70° in steps of
5° and 42 is the best-fit GCE-like flux from the ith energy
bin, for each given ROI. Each entry is computed by taking
the difference of the average of the product and the product
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FIG. 15. Fits to the translated GCE template in 28 different ROIs, as well as at the galactic center. The triangular symbols give the
results with the best fit model in each ROL The gray regions are violin plots showcasing the distribution of allowed normalizations
across all models; the green shows the same for the galactic center only. The magenta region is the same as in Fig. 12, showing the
envelope of the +2¢ range of the five best models in the galactic center. The 2A In £ values in each ROI compare the best fit model with
the GCE-like template minus the best fit model without.
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FIG. 16. Violin plots (green) representing the probability
density distributions of GCE-like residual fluxes from the 22
ROIs, whose centers are translated on the galactic disk. The white
dots inside the violins represent the median values and the purple
bars represent the interval between the 1st and 3rd quartile. The
red line represents the mean. In yellow, we present + 1o standard
deviation.

of the averages for the flux of two energy bins. The matrix
is by construction symmetric and positive semi-definite, as
is expected. The units for each entry are the square of those
of the fluxes from Fig. 12.

For completeness, we also tested the results using all 80
models instead of the best-fits only, and we find that the
entries of X;; .4 increase by roughly a factor of 2.
Likewise, if we had used the best fits for all regions down
to £ = +5° the entries of X;; n,q would increase by
roughly 30%. These approaches will likely overestimate
the errors associated to the template-fitting procedure,
since many of these models can be discarded based on
their log-likelihoods.

B. Truncated covariance matrix

Once the covariance matrix is configured, we approxi-
mate it via a principal component analysis (PCA). We do
this to remove the small eigenvalues of the covariance
matrix, which are likely due to noise, thereby making its
inversion more robust. In fact, we want to ensure that we do
not count noise from other regions as a source of systematic
errors. In our analysis of the GCE spectrum, we include the
statistical noise of the best fit model in the central 40° x 40°
region. After doing the eigendecomposition of the covari-
ance matrix to obtain its eigenvalues A and orthonormal
eigenvectors v, we define

Wi = ii/zﬂiv

where the indices i and j each go over the 14 energy bins.
The matrix is recovered by Zji moa = > i, PCLPCy,
where T denotes the transpose. By “the ith principal
component” or “PC;”, we will mean the ith 14-entry vector

PC;; = \//Tivij»

(16)
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FIG. 17. The first three principal components from the singular
value decomposition of the covariance matrix.

given in Eq. (16). As is evident, the overall sign of each PC
is ambiguous, since only their product with themselves
is known.

We display the results of the PCA of the systematic error
covariance matrix in Fig. 17, where we plot the top 3 PCs in
units of residual flux, and we provide the values of first four
PC vectors in Table V. From Fig. 17, it is evident that PC 1
dominates the other two PCs, as should be expected. The
values of these first three principal components are very
close to those obtained in [17]. The stability of the data
covariance matrix despite increases in the quantity of (and
improvements in the quality of) the underlying data, the
new 4FGL-DR2 point source catalog, the entirely new set
of templates generated in this work, and various different
modeling choices adopted over time supports our claim that
this procedure captures real systematic limitations to the
template fit.

We find that 5/= w; ~ 0.99, so by using the first 3 PCs
our truncated matrix is able to represent the original matrix
with 99% accuracy. Thus, we take

3
Zjkmod = Zine = Z PCI.PC;. (17)
i=1

We note that our fits to the GCE in the following section are
robust to including three or more principal components, but
the fit quality degrades substantially in all cases if we use
two or fewer PCs of the systematic covariance matrix. For
reference, we provide the entries of the first four compo-
nents of the PCA in Table V. We use the first three of these
components, as in Eq. (17); we report the fourth to
demonstrate that it indeed makes a smaller contribution
to the covariance matrix.

VII. INTERPRETATIONS

In this section, we consider possible interpretations
of the GCE as characterized in the preceding sections,
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TABLE V. The first four principal components of the systematic uncertainty contribution to the covariance matrix, defined as in

Eq. (16), in units of 1077 GeVem™2s~ sl

PCi (Dl (DZ (D3 (1)4 (DS (I)6 (1)7 (DS q>9 (DIO q>ll ¢'12 (I)13 (I)14
PC, 252 237 247 243 219 235 208 1.83 165 169 138 1.09 067 034
PC, -170 -107 -016 0.4 054 042 040 031 058 041 056 048 041 033
PC; 027 006 -053 -022 -021 -0.18 —0.08 025 004 045 023 024 020 024
PC, 020 -015 015 -014 006 —0.04 —0.04 —027 008 —025 011 025 027 0.17

emphasizing two possibilities: a population of millisecond
pulsars (MSPs) and the annihilation of dark matter (DM)
particles, as well as the combination of these two under-
lying explanations. There are also other possibilities: for
instance, cosmic-ray burst activity from the region around
the supermassive black hole. However, the MSPs inter-
pretation comes with a relatively well measured spectrum
from gamma-ray observations toward known galactic
MSPs from other regions on the sky. Also, the DM prompt
emission spectrum can be modeled once the DM mass and
annihilation channels are fixed. Thus these two interpre-
tations provide spectra that we can easily test. With cosmic-
ray bursts from the inner galaxy there is no independent
observation or theory that can give us a probable gamma-
ray spectrum that could then be tested in the fit. One would
have to perform multiple simulations of bursts that each
would give its own suggested spectrum and morphology in
the inner galaxy which would then be fit to the residual
GCE spectra obtained in Figs. 12 and 14 in this work. As a
general pattern we expect cosmic-ray bursts to give a
gamma-ray emission spectrum described by either a simple
power-law, or one power-law at low gamma-ray energies
that transitions to a softer spectrum at higher gamma-ray
energies [32-34]. These can be modeled phenomenologi-
cally using a broken power-law or a single power law with
an exponential cutoff.

For each model which has a predicted spectrum deter-
mined by some free parameters 6, we will define a y? test
statistic,

=

<GCEl~ - Zk: fik(ek)> ;' <GCE = z;f jf(ef)> .
(18)

The values GCE; are the ones depicted in Figs. 12 and 14,
which have been given in Table IV for reference. The
covariance matrix is C;; = 676;; + Z;; moa> Where Z;; 1o
is defined in Eq. (17). We clarify again, that the covariance
matrix is evaluated by studying the systematic galactic
diffuse emission modeling uncertainties as described in
Sec. VI. Those are calculated by using the 40° x 40°
regions of interest along the galactic disk excluding the
central one the as shown in Fig. 16; and by using the
entirety of our 80 galactic diffuse emission models. We test
the DM, MSP and phenomenological burst-like spectra on

ij

the data from the 40° x 40° region and also from the north
or south only regions. We will define X;; o4 in the north
(south) to be 0.552(0.45)% as large as X;; noq in the full sky,
since the north (south) accounts for roughly 55%(45%) of
the total log-likelihood of the 40° x 40° window. Because
we use 14 energy bins to characterize the GCE, the indices i
and j run from 1 to 14. The indices k and ¢ run from 1 to
the number of free parameters for each model, N, fps which
ranges from 1 to 4 for the spectra we consider. For the MSP
explanation, since we fix its spectrum we take only one free
parameter, its normalization. For DM we have two param-
eters, the mass and the annihilation channel, which we
assume is to only a single species of Standard Model
particle. The power-law plus exponential spectrum has a
normalization, power-law index, and cutoff energy, while
the broken power-law spectrum has a normalization, two
power-law indices, and the location of a break.

The best fit point for a given model is the one that
minimizes the y*>. We will use 7° to refer to the value of
Eq. (18) at this best fit point. We will also use a p-value to
describe the goodness of the fit at this point. This is

p=1-CDFp 4y, (7). (19)

where CDF 2|14 _y, is the cumulative distribution function

of the y? distribution with 14 — Ny, degrees of freedom.
A p-value p =z 0.1 is suggestive of a good fit.

We present results separately for the full 40° x 40° region
of interest, the southern sky only, and the northern sky only.
The p-value of every model that we consider is very small
when we consider the 40° x 40° region as the region of
interest; it is even worse when restricting to the northern
hemisphere. However, in some of the scenarios we con-
sider, the value of p is larger than 0.1 when considering
the southern hemisphere only. The northern hemisphere
within the 40° x 40° window is relatively brighter than the
southern one. This is mostly due to diffuse emission from
dense ISM gases. Compared to the south, even a small
fractional error in the model prediction of the diffuse
emission in the north can lead to systematic errors on
interpretations of GCE emission in that region. This has
been anticipated by, and lends credence to, claims in
[22,70]. For these reasons, we suggest that interpretation
based on the results from analysis of the southern hemi-
sphere on its own is likely valid. The results for all of
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TABLE VI.  Best fit summary statistics for various hypothetical origins of the GCE. We report the value of the 7* at the best fit point
and the p-value of this 72 value given the number of degrees of freedom in the fit. For the parameters of the “power-law + exponential”
and “broken power-law” models, we report 50% and 68% interval values.

Model 7?/dof p-value ROI Notes
MSPs 76.6/13 <1076 40° x 40°
345/13  1.0x 1073  Southern sky
194.5/13 <1076 Northern sky
DM DM — bb 50.5/12 1.1x 107 40° x 40° See Fig. 18
17.1/12 0.15 Southern sky See Fig. 18
88.0/12 < 107 Northern sky See Fig. 18
DM DM — ZZ 107.7/12 < 107° 40° x 40°
62.7/12 <107 Southern sky
80.7/12 <1076 Northern sky
DM DM — hh 74.8/12 <107 40° x 40°
39.6/12 8.5x 107>  Southern sky
74.0/12 < 107° Northern sky
MSPs + DM DM — bb 50.5/11 <107° 40° x 40° Fusp < 0; see Figs. 18 and 21
16.7/11 0.12 Southern sky Fusp = 0.82; see Figs. 18 and 21
60.2/11 <107° Northern sky Fusp = 0.61; see Figs. 18 and 21
MSPs + DM DM — ZZ 53.5/11 <10°° 40° x 40° Fusp = 0.69; see Fig. 22
15.5/11 0.16 Southern sky Tusp = 0.76; see Fig. 22
53.3/11 <107° Northern sky Fumsp = 0.53; see Fig. 22
MSPs + DM DM — hh 60.9/11 < 107° 40° x 40° Fusp = 0.61 see; Fig. 22
175/]1 0.09 Southern sky ‘?MSP = 0.74; see Fig. 22
65.9/11 <1076 northern sky Fusp = 0.36; see Fig. 22
Power-law + exponential 58.3/11 < 10°° 40° x 40° a= 0.0jgf, Eoy = 1.3f8:2 GeV
23.1/11 0.02 Southern sky a=13+02, Ey = 3.5 Gev
109.4/11 <10°  Northern sky a=0.157, E, = 1.6 £ 0.4 GeV
Broken power-law 22.5/10 0.01 40° x 40° ay = 05703, ay = 257708, Epe = 1.66 £0.09 GeV
18.0/10 0.05 Southern sky ay = 1597, ay =287, E,, =2.3+0.6 GeV
23.7/10 83 x 10  Northern sky @, = 0.57 +0.28, a, = 2.48 £ 0.04, E,, = 1.75°007 GeV

the models fit to the data in the full sky, the southern
hemisphere, and the northern hemisphere are collected for
easy comparison in Table VI.

A. Millisecond pulsars

MSPs have been suggested as an explanation for the
GCE previously [9,23,25,26,28,29,31,161-163], although
their suitability as an explanation for the entirety of the
GCE has been subject to various criticisms [24,27,68] *The
qualitative reason that MSPs are believed to be a good
explanation for the GCE is because their energy spectrum
is known to peak near a few GeV [67,165] and they may
have TeV halos (e.g., [166—-168]). Since this would be a

*New methods based on photon statistics have been developed,
e.g., [73,74,164].

new population of sources, its morphology is not well
constrained [9,23,29]. We expect it to follow the morphol-
ogy of dense stellar environments such as the bulge. Dense
stellar regions are environments that are known to host
MSPs and may also be the places where most MSPs form.
Given that in Fig. 13 we tested the spherically symmetric
GCE against known bulge alternatives as the boxy bulge
and the x-shaped bulge and found it to be preferable by
more than 2A In(£) Z 1000 adds significant tension to the
MSP interpretation, purely from morphological arguments.

We may nevertheless utilize the spectral fit of Eq. (18),
which takes the results of Fig. 12 and thus is tantamount to
assuming that the MSP morphology is spherically sym-
metric and falls off with galactocentric radius like r=2*12,
We model the MSP spectrum as

dq)MSP(Ey>/dEy & EY_aMSP X exp(_E;'/Ecut)' (20)
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We fix aysp = 1.57 and E, = 3.78 GeV, which were
derived in Ref. [67] by stacking the gamma-ray emission
from known MSPs, and which agree with those obtained in
[163]. The only free parameter when we fit a population of
MSPs to the GCE is the overall normalization in front of the
proportionality in Eq. (20). If an astrophysically novel
population of MSPs has a very different energy spectrum
compared to Eq. (20) which describes known MSPs, such a
population will be more aptly characterized by one of the
phenomenological fitting functions with more parametric
freedom considered below.

Because of the relatively low-energy of the exponential
cutoff in Eq. (20) and the relatively robust high-energy tail
of the GCE as shown in Figs. 12 and 14, we find that MSPs
do not offer a good fit to the GCE in any region of interest.
This statement holds solely due to the energy spectrum of
the GCE and particularly to its high-energy tail. This is
independent of the morphological details related to the
MSP spatial distribution. Also, our fit is independent of the
manner in which MSP pulsars are distributed with respect
to their luminosity or other astrophysical characteristics.
The fact that known MSPs provide a bad fit to the GCE
spectrum further strengthens the results from our morpho-
logical analysis which disfavor MSPs as the source of the
entirety of the GCE emission.

B. Dark matter

Dark matter annihilation has been previously suggested as
an explanation for the GCE [6,7,9,10,17-20,23,169-179].
The qualitative reason that DM annihilation is believed to
be a good explanation for the GCE is because the
spherical morphology at the galactic center is a natural

DM DM —s bb

North: ¥? = 88.0 —
South: 2 =171 —
3] 40°x40°: ¥* =505 — .

70 80 90 100

FIG. 18.

consequence of DM structure formation. Moreover the
GCE emission is very suggestive of a thermal relic dark
matter particle. These DM annihilation models have two
fit parameters: mpy;, which determines the photon energy
spectrum, and the annihilation cross section (o4 v), which
determines the brightness of the signal. Because of the
high-energy tail that we detect at high confidence, we
consider three simple annihilation channels to bb, hh, and
ZZ in this work, leaving a more comprehensive analysis
on the possible DM particle couplings to known Standard
Model particles to future work.

First, we consider dark matter annihilation to bb. As
shown in Table VI, the p-value of the dark matter models
that we test is not good across the 40° x 40° window nor in
the northern hemisphere alone. Restricting only to the
southern sky, the p-value is as large as 0.15, which is
among the best fits for any model we have tested. We note
again that the northern sky has more galactic diffuse
background emission compared to the south. This makes
the northern sky a region where characterizing the GCE
is more challenging. We feel that the fit in the cleaner
southern sky provides some evidence in favor of the
possibility that the GCE is due to DM annihilation to bb.

We show the results in the DM parameter space for
DM DM — bb in Fig. 18 (left) for all three ROIs. As is
clear, the preferred parameter space for the 40° x 40°
window and the southern-hemisphere analyses are compat-
ible, and prefer dark matter parameter values near mpy; ~
40 GeV and (o4v) in the range (1 —2)x 1072 cm?/s.
In Fig. 19, we also show the best fit choices for the DM
and MSP spectra from performing the fit to Eq. (18).
We note that compared to the earlier estimation of the

MSPs + DM DM — bb

8

g North : 2 =60.2 — ,’C
T 5 South : 2 =16.7 — .
o 44 40°x40°: =505 — 7
5
g 9
o
= 24
=
\b/ .

14.

40 60 80 100 200
mpym  [GeV]

Left: preferred parameter space for DM DM — bb. The 72 value is the best value of Eq. (18) for each model. The solid

(dashed) [dotted] contours show values of Ay? = 2.30 (6.18) [11.83], suitable for 1(2)[3] & limits for two fit parameters. Right: preferred
parameter space for DM DM — bb when allowing a freely floating contribution from MSPs. The 72 value is the value of Eq. (18) at the
maximum-a-posteriori parameter point for each ROI. The solid (dashed) [dotted] contours show the 50%(68%)[95%] credible intervals.
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FIG. 19. The GCE statistical and correlated systematic errors
for the 40° x 40° window, centered at the best fit normalizations
of the best fit background model XLIX. For the correlated
systematic errors we used a first three principal components
of Table V. We also show -in solid back and dashed blue
respectively- the best fit DM model and MSP spectra for the
same window. For the DM model the best fit in the 40° x 40°
window is achieved for mpy = 40 GeV annihilating to bb with
(640) = 1.45 x 10726 cm3/s, while for the MSP spectrum,
we take parametrization of Ref. [67], with a normalization of
6.22 x 1077 GeVem™2s~!sr~! at 1.96 GeV.

statistical and correlated systematic errors of [11] in the
same window, the statistical errors have been reduced by
about 40%, while the systematic errors have been reduced
in the < 2 GeV range but have not substantially changed
above that energy. We also note that the overall GCE
spectrum in the 40° x 40° window is similar to those of
[11,16] in the same region. The preferred parameter space
when analyzing the northern sky only is in tension with
these values, tending to a larger mass and correspondingly
larger cross section. The values in the southern-hemisphere
and in the 40° x 40° window analysis are compatible with
previous fits [10,17,18].

The fits to hh and ZZ alone do not result in large
p-values, even restricting to the southern sky. The reason
for this is because these models generically under-predict
the gamma-ray flux at low energies, where the GCE in fact
reaches its peak.

C. Dark matter plus millisecond pulsars

Here, we explore the possibility that a combination of
dark matter and MSPs can explain the GCE. MSPs may
account for part of the low-energy portion of the GCE
spectrum while DM annihilation accounts for the emission
at higher energies.

To study this possibility, we have three fit parameters: the
dark matter mass and annihilation cross section (c,v) as
well as the normalization of the MSP spectrum as given in
Eq. (20). We use the dynamic nested sampler dynesty
[180-184] and we visualize results with getdist [185].
We take a linear-flat prior on the dark matter mass with
maximum value of 200 GeV and minimum value of
30 GeV, my, and m;, for the case of annihilation to bb,
ZZ, and hh, respectively; a linear-flat prior on

(64v) €020 x 10726 cm?s~!; and a log-flat prior on
the magnitude of the differential flux of the MSP compo-
nent at a GeV ranging from 107°-1 GeV~'cm™2s~!sr!,
which is necessarily positive. We co-vary all three param-
eters and present our results in the two-dimensional
DM parameter space by marginalizing over the MSP
contribution.

We show the results for MSPs + DM DM — bb in the
right panel of Fig. 18. We show the corner plot of the full
parameter space in Fig. 21 of Appendix B. We find that for
annihilation to bb, the addition of MSPs does not mean-
ingfully improve the quality of the fit as measured by the
value of 7°. The addition of one more fit parameter,
describing the normalization of the MSP spectrum, does
not change the p-value for the 40° x 40° window, nor does
it have a major impact in the southern hemisphere. Only for
the northern hemisphere that provided the poorest fit is
there a substantive change, as is clear from a comparison of
the left and right panels of Fig. 18. As we show, the
preferred mass parameter space in the northern hemisphere
shift considerably. In the high-mass parameter space, MSPs
provide a significant fraction of the GCE, particularly at
low energy. Given the complexity of the northern hemi-
sphere, we believe that the additional model complexity is
not justified if dark matter annihilates to bb. We take this
opportunity to point out that, because our analysis only
accounts for gamma rays with energies up to 50 GeV, fitting
to higher-mass DM than the values shown here is not
appropriate.

Because MSPs can “soak up” low-energy emission
where the excess peaks, the addition of MSPs does lead
to a significantly improved fit when considering DM
annihilation to hh or ZZ. The largest value of p found
in any of our analyses is obtained when fitting the model
DM DM — ZZ plus MSPs to the data in the southern
hemisphere. In Appendix B we show the full results
of adding an MSP component to the DM DM — ZZ
and DM DM — hh channels. Because MSPs are respon-
sible for the low-energy GCE flux, they contribute an order
one fraction to the total GCE at the best-fit point for a given
model: at the best-fit point in the full-sky (southern hemi-
sphere) fit for MSPs plus DM DM — ZZ, the MSPs
contribute 69.1% (75.1%) of the flux. Very similar values
are found for the analysis for MSPs plus DM DM — hh.
These ratios are calculated after finding the maximum
a posteriori point from our parameter-space exploration.
In this way, we can define the fraction of the energy flux
due to MSPs,

[ [ dE Ed®ysp/dE
MSP [ dE Ed®ysp/dE + [ dE Ed®py/dE’

(1)

The integration in energy E is carried between 0.275 GeV
to 51.9 GeV since this is the range of gamma-ray energies
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that we use throughout the analysis.We provide values of
Fusp in Table VI.

D. Bursts of matter from the inner galaxy

The GCE may be the result of relatively recent activity
in the central region of the Milky Way, either directly
related to baryon accretion by the supermassive black hole
or a period of stellar activity in the inner galaxy environ-
ment. If so, and the GCE is due to cosmic ray electrons,
then its age is only of the order of Myr [32,34]. We
consider this possibility by fitting the spectrum with two
parametric forms: a power-law plus an exponential cutoff,
or a broken power-law. The power-law + exponential cut-
off has a spectrum of dN/dE «x E=* - exp(—E/E.y). The
broken power-law has a spectrum of dN/dE «x E~* for
E <E,.and dN/dE «x E~* for E > E,,. These parametric
forms may also be suitable for describing the spectra of
other classes of astrophysical emitters. For example, a
central population of young and middle-aged pulsars that
are more powerful sources than MSPs and emit significant
amounts of high-energy cosmic-ray electrons and posi-
trons, can result in high-energy gamma rays via ICS as
well [186—-189]. As cosmic-ray electrons and positrons
diffuse away from the center we expect that ICS emission
to be less concentrated than the GCE profile. The exact
gamma-ray morphology from such a population would
require further study.

These do not provide particularly good global fit to
the GCE obtained here, although the broken power law
spectrum actually provides the lowest 7> and the largest
p-value for the analysis of the 40° x 40° window, but this
p-value is only 0.01 which is nevertheless rather small. In
the southern-sky analysis, the power-law + exponential
cutoff and the broken power-law fits allow for p-values of
0.02 and 0.05 respectively, which are moderately worse
than the fit of DM DM — bb or MSPs combined with DM
annihilation.

In Table VI, we provide the best fit values for the
parametric fits we describe in this section. If indeed the
GCE is the result of cosmic-ray burst activity in the past
history of the inner galaxy, there is no reason that both
hemispheres would have the exact same spectra. That could
explain why the GCE spectrum is not the same in the north
and south.

E. Summary

No single explanation provides a good fit (with a p-value
much greater than 0.1) to the GCE across the entire
40° x 40° region we have analyzed. This appears to be
in contrast with previous works [10,17], which found
p-values closer to 0.5 for some models. There are two
basic reasons for the degradation in fit. One is that we have
fewer energy bins than past analyses, which means that our

statistical errors are smaller throughout and we account for
a smaller number of data points when we report 7 /dof and
its associated p-value. The principal components of the
covariance matrix that we show in Fig. 17, which dominate
the combined error budget, are similar to those of [17],
which leads us to believe that with more energy bins the
p-values would be larger: the statistical error bars would
shrink with fewer energy bins, but the systematic error bars,
which dominate the y? value in Eq. (18), would not change
significantly, so the overall 7> would remian a similar size
but the p-value would increase. Also, since we use about
twice the photons as compared to past analyses, the
detection of the high-energy tail of the GCE, where the
systematic errors are lower, is now much more significant
than in the earlier works of Refs. [11,13]. The high-energy
tail is most dominant on the northern hemisphere, though it
is still plainly evident in the southern sky despite being
somewhat softer. Given the brightness of the diffuse
emission in the northern sky which makes any fit of a
subdominant emission components challenging, we
endorse fits to the GCE that rely solely on data from the
relatively cleaner southern sky.

The best 7? value for the analysis in the 40° x 40° ROl is
a broken power law model which has four free parameters,
but it has a p?/dof >2 and a correspondingly small
p ~0.01. In the southern sky only, DM DM — bb can
provide a good fit on its own, with p = 0.15, as can the
combination of MSPs with DM DM — ZZ, which has
p =0.16 and is the overall best p-value found in this
analysis. Qualitatively, the combination of MSPs with
DM DM — hhis similarly good, with p = 0.09. For these
reasons, we believe that our results provide some evidence
in favor of the possibility that the GCE is due to DM
annihilation. We provide a summary of our statistical fit
results in Table VI for all interpretations for the GCE that
we tested.

VIII. CONCLUSIONS

In this work, we have produced an entirely new set
of high-resolution galactic diffuse emission templates.
We started by making use of the new local cosmic-ray
measurements by AMS-02 that inform us about the
Milky Way conditions within few kpc from us. We then
allowed for additional degrees of freedom to account for the
fact that the ISM conditions and sources in the inner galaxy
may be different. This has allowed us to revisit the Galactic
center gamma-ray excess, which we explore and character-
ize in great depth.

The templates generated in this work provide excellent
fits to the local cosmic-ray spectra. However, the “inverse
problem” of understanding the conditions at the center of
the galaxy is still much more challenging. Many different
global distributions of cosmic-rays are consistent with the
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high-precision local observations we have access to.
Because each of these cosmic-ray distributions will lead
to a unique gamma-ray map, cosmic-ray observations
alone are not enough to predict gamma-ray observations at
high precision.

We test a wide range of galactic diffuse model
assumptions. These account for the possible spatial dis-
tribution of cosmic-ray sources and cosmic-ray injection
spectral assumptions in the inner galaxy. Our models also
account for a wide range of assumptions on how these
cosmic rays propagate away from their sources through
diffusion and convection. We test how cosmic rays at low
energies can be reaccelerated and how electrons at initially
high energies can lose their energy to photons due to
interactions with the galactic magnetic field, with the ISM
gas, and the ISRF. We test different profiles for the spatial
distribution of the magnetic field, ISM gas and the ISRF.
All these varying assumptions lead to distinctively differ-
ent morphologies for the resulting Pi0, bremsstrahlung
and ICS diffuse emission template components and the
energy evolution of those morphologies. We test 80
different models for the conditions of the inner galaxy
by fitting the linear combination of the Pi0, bremesstrah-
lung, ICS, isotropic, Fermi bubbles and GCE templates to
the Fermi-LAT data. We use MCMC to explore the
likelihood of these models. A large template normaliza-
tion deviation from the original values of the Pi0,
bremsstrahlung and ICS templates would suggest differ-
ent physical assumptions than those used to produce them.
To avoid that, we restrict the template fits to ranges where
the best-fit normalization values correspond to minor
perturbations to the input spectra.

Here, we have performed these fits across several
regions of interest near the galactic center and along
the galactic disk. Our primary results, fitting to gamma-
ray data in the region defined by galactic latitudes
—20° < b <£20° and longitudes —20° < ¢ < 20°, reveal
strong evidence in favor of a spherically symmetric excess
of gamma rays centered at the galactic center, which rises
inversely with galactocentric radius as expected from the
annihilation of dark matter particles distributed according
to a slightly adiabatically contracted NFW profile. The
preference for this specific profile is robust against small
perturbations away from spherical symmetry or from the
precise inner profile. Moreover, the preference for this
specific template is also robust against more dramatic
deviations that would follow various stellar-mass and star-
forming regions.

We repeated this fitting procedure in a number of
different subregions near the galactic center. First, we
separately tested the northern galactic hemisphere defined
by 2°< b <20° and —20° < £ <20° and the southern
galactic hemisphere defined by —-20°< b < -2° and
—20° < ¢ < 20°. The excess is robustly identified in both

regions, with a very similar normalization but with a subtly
different spectrum: compared to the analysis of the full
—20° < b <20° and —20° < ¢ < 20° region, the fit in the
north (south) is spectrally harder (softer).

We also tested 28 additional test regions along the
galactic disk, translating the favored excess template in
steps of 5°. This test was designed to give a quantitative
estimate of the possibility that the galactic center excess
is due to systematic mismodeling, and to give a way of
prescribing systematic error bars. In all regions tested,
the normalization of the fitted excess was lower by more
than a factor of 2, the spectrum in an absolute sense
was always substantially softer, and the statistical pref-
erence for the GCE-like emission in these other regions
was smaller than the statistical preference for the GCE
itself as long as we restrict to excesses with positive
normalization.

Finally, we tested various possibilities that could be
ultimately responsible for the excess. We find that no
explanation on its own gives an especially high-quality fit
to the excess across the full —20° < b <20° and —20° <
¢ <20° region of interest. Furthermore, we find that
millisecond pulsars on their own give a very poor fit
to the excess centered at the galactic origin, regardless of
region of interest. This is largely due to the high-energy
tail of the excess detected at high confidence in this
work. In contrast, dark matter annihilation to bb is a
decent fit to the excess in the southern-hemisphere-only
analysis, as is a combination of dark matter annihilation
along with millisecond pulsars. In the case that milli-
second pulsars are added to the dark matter fits, the
preferred dark matter cross section does not change
significantly, but higher-mass dark matter becomes an
acceptable contributor to the emission. We also note that
a broken power-law that could be the result of recent
cosmic-ray burst activity in the inner galaxy provides a
relatively good fit to the data.

The galactic center excess has confounded physicists for
over a decade. Even after more than 12.5 years of Fermi-
LAT observations and several improvements in our under-
standing of cosmic rays in the Milky Way, it remains true
that the GCE has a unique spectrum and amplitude along
the galactic disk.
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APPENDIX A: TESTING THE IMPACT OF
DIFFERENT MASK ASSUMPTIONS ON THE
GCE ELLIPTICITY

One of the most challenging aspects of our analysis
has been to constrain the morphology of the GCE. This
is because low latitudes where the excess may be
brightest are removed by the galactic disk mask of
|b| <2° and the 4FGL-DR2 point sources. Moreover,
low latitudes are where remaining bright subthreshold
point sources may lay, as such latitudes are both where
the point source detection threshold is the highest [157]
and where the galactic background emission peaks. Of
the GCE morphological parameters that we constrain,
the ellipticity ¢ proves to be the most sensitive to the
mask choice.

In this Appendix, we test the GCE ellipticity parameter
for alternative masks to the one we use in the main text in
Figs. 12, 13, and 14. We provide the description of these
masks in Table VIIL.

The 4FGL-DR2 Fermi point source catalogue [146] is
an update on previous Fermi point-source catalogs.
We mask all relevant point sources with a circular disk
centered at their best fit location (provided by
Ref. [146]). The radius of that disk depends on energy,
which accounts for Fermi-LAT’s energy-dependent PSF,
as described in Sec. IV B and in Table III. The extended
sources and bright point sources that have a detection
test statistic (TS) of 49 or more are masked with a
circular disk of larger radius as described in Table III.
In Fig. 9, we compare the standard mask choice to
option 2 that uses the 4FGL-DRI1 catalogue instead (left
versus right panels).

In Fig. 20 we present the impact of the alternative masks
on the ellipticity of the GCE. Following the main text

TABLE VII. The four options for the mask that removes the
galactic disk and the known point sources. The last column
shows the fraction of masked pixels for each mask option at
1.02-1.32 GeV with respect to the total number of pixels in the
inner 20° Galactic center region (1.6 x 10° pixels).

Galactic disk Point source Masked
Mask mask catalogue fraction
Standard |b] <2° |¢] <180°  4FGL-DR2 23.4%
Option 2 |b] <2° |¢£] <180°  4FGL-DRI 20.8%
Option 3 |b| <2° |£] < 8° 4FGL-DR2 19.7%
Option 4 |b| <2° |£] <5° 4FGL-DR2 18.8%

discussion in Sec. VA, we show the difference in
—2A In(L) between the best fit choice and all others.
For the top two rows we keep the range of —2A In(L)
values from 0 to 8 x 10? as this is already a very wide one.
In the bottom panels, we provide zoomed-in versions for
our results with 4FGL-DR2 and 4FGL-DR1, showcasing
only the change in the likelihood for the four best models.
For certain choices of masks, many galactic diffuse
emission models give fits that fall outside the plotted
range, which suggests highly excluded options.

We find that upon removing the galactic disk mask of
|b] <2° the fit is dominated by low latitudes. At these
latitudes the GCE is still subdominant. The central pixels
where the GCE is anticipated to peak are always removed
by the presence of the many point sources there. We also
note that the exact mask cut has a major impact on the fits,
as the number of bright pixels included in the |b| < 2°
region significantly increases. This makes the differences
in the likelihood between galactic diffuse models more
prominent, as can be seen by the middle row panels
of Fig. 20.

As a general tendency, we note that for all alternative
options where we impose less strong mask cuts than the
standard mask, the preferred ellipticity decreases, from its
maximum of € = 1.4 to values closer to ¢ = 1.0. This
suggests that the values of ¢ = 1.0-1.4 that we get for the
best fit models from our standard mask are likely a result
of the fact that once masking the entire disk the templates
with € = 1.0-1.4 become difficult to distinguish with our
fit procedure. If the GCE had a genuinely prolate emission
morphology, it would have showed up consistently in the
alternative options that we test here. As a final point we
note that are a few models where a slight preference for
an oblate ¢ < 1 profile exists. This is seen for masks
where part of the disk is included, but the statistical
preference is very weak. Recent cosmic-ray burst activity
in the inner galaxy could naturally give an oblate GCE.
More advanced masking procedures that would allow us
to selectively remove possible point sources below the
Fermi detection threshold will be interesting to pursue in
future work.

103023-29



CHOLIS, ZHONG, MCDERMOTT, and SURDUTOVICH

PHYS. REV. D 105, 103023 (2022)

8000 T X7 T T 8000
L —— Model | E
F ——— Model VI
F Model X 1
6000 - ——— Model XV 16000
E ——— Model XLIX T
g 5
C
5 4000 14000
~ L J
|
2000 =2000
0 0
2.0
€
8000 L 8000
L ——— Model XLI i
F ——— Model XLIII
r Model LV 1
6000 —— Model XV -16000
B ~——— Model XLII 1
8 L ]
C
5 4000 -14000
2000 - -12000
o= % 0]
0.5 1.0 1.5 2.0
€
1000 N\ 7 T 1000
Model X 1
[ Model XV ]
800 Model XLIX 4800
r Model LIl 1
~ 600 600
3 b |
c -
g
N F ]
' 400t 400
200 200
0 L U T o= R ] 0
0.5 1.0 1.5 2.0

—24In(£)

—2AIn(£)

—2AIn(2)

8000

6000 -

4000 -

2000

8000

6000

4000

2000

1000

800

600

400

200

L — 8000
Model | 4
Model- Vi E
r Model X 1
- Model XV -16000
r —— Model XLIX 7
I —4000
2000
0
2.0
€
— — T 8000
L Model XLI 4
F Model XLIII E
r Model LV E
- Model XV -16000
[ ~——— Model XLIX 1
~ -14000
r 12000
\.\ \% 0
0.5 1.0 1.5 2.0
€
T T T T 1000
r Model X 1
[ Model XV ]
. Model XLIX 4800
r Model LIl 1
r 1600
r 400
r 200
L - I 1 ] 0
0.5 1.0 1.5 2.0

FIG. 20. We show the impact that a changing mask has on the ellipticity of the GCE. Like with Fig. 13, we show the difference in
—2A In(L) between the best fit choice and all others. Top left: our standard choice using as a mask the 4FGL-DR2 catalogue and
masking the entire galactic disk within |b| < 2°. This is also shown in Fig. 13. Top right: option 2, using as a mask the 4FGL-DR1
catalogue and masking also the entire galactic disk within |b| < 2°. Middle left: option 3, using as a mask the 4FGL-DR?2 catalogue
but masking out the disk only within |»| < 2° and |/| < 8°. Middle right: option 4, using as a mask the 4FGL-DR2 catalogue and
masking out the disk only within || < 2° and |/| < 5°. Bottom left: zooming in for our standard choice and plotting our four best
models, using as a mask the 4FGL-DR2 catalogue and masking the entire galactic disk within |b| < 2°. Bottom right: zooming in for
our standard choice and plotting our four best models for option 2 (4FGL-DR1 catalogue and masking also the entire galactic disk
within |b| < 2°). The exact mask cut has a major impact on the fits. The ellipticity gets its maximum value of ¢ = 1.4 for our standard
choice, while any mask that includes pixels from the lower latitudes, or even just the 4FGL-DRI1 catalogue mask prefers values for

the ellipticity closer to € = 1.
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APPENDIX B: CORNER PLOTS FOR DARK
MATTER PLUS MILLISECOND PULSARS

For completeness, in this Appendix we provide corner
plots for three models in which MSPs combine with DM
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FIG.21. Corner plot for MSPs + DM DM — bb, as discussed

in Sec. VII C. The flux d®ysp/dE is in units of (GeV cm? s sr)~!
normalized at 1 GeV.
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annihilation to account for the GCE. This provides a
somewhat different perspective on the results in Sec. VIIC.

In Fig. 21, we show the results for MSPs + DM DM —
bb. The conventional two-dimensional dark matter param-
eter space is the middle panel of the left column. We see
that the 40° x 40° analysis is peaked at the smallest allowed
values of the MSP flux, as expected from Sec. VIIC. The
southern-hemisphere analysis results in a bimodal posterior
on log;o ®ysp. The northern-hemisphere analysis strongly
prefers a nonzero MSP flux, due to the hard GCE emission
there which must be accounted for by relatively heavy DM.
We note that we cannot refer to fixed values of the
parameter f defined in Eq. (21) since this is a function
of both (6,v) and @ysp, so it is only well-defined if (6,v)
is fixed, which is not true when all parameters are freely
varying.

In Fig. 22, we show the results for MSPs + DM DM —
ZZ and those for MSPs + DM DM — hh. The results for
MSPs + DM DM — ZZ are as follows: the dark matter
mass is peaked toward the high-mpy; parameter space,
and the favored values of (o,v) are ordered such that the
flux due to DM annihilation is brightest in the northern
hemisphere and dimmest in the southern hemisphere.
The parameter space for MSPs + DM DM — hh has some
interesting features: the preferred values of mpy, are
bimodal in the northern-hemisphere analysis and the
analysis of the full 40° x 40° ROI. The posterior volume
is concentrated in the high-mpy; limit, with the same
ordering of values of (64v) as in the MSPs + DM DM —
ZZ scenario which was just discussed. For further analysis
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FIG. 22. Corner plots for MSPs + DM DM — ZZ and MSPs + DM DM — hh, as discussed in Sec. VII C. The flux d®ysp/dE is in

units of (GeV cm?ssr)~! normalized at 1 GeV.
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of these scenarios of DM annihilating to heavy Standard
Model particles, additional energy bins may be required
in the fit.

A full exploration of these possibilities, as well as
more complex dark sectors which may lead to broader
photon spectra [190], will be a very interesting topic for
future work.

APPENDIX C: FURTHER TESTS FOR THE
CONTRIBUTION OF THE STELLAR
BULGE TO THE GCE

Here we expand our discussion on the possible contri-
bution of the stellar bulge to the GCE within the region of
2° < |b| £20°, |¢| < 20° that was discussed in the Sec. VA
and Fig. 13 (right panel). Of special interest is the possible
impact of the dense nuclear bulge. The nuclear bulge is
composed of the nuclear stellar disk, which has a disk-like
morphology with a characteristic scale height of 45 pc, and
the nuclear stellar cluster, which is spherical and peaks at
the Galactic center as observed in radio and microwaves
[191]. We follow Refs. [29,191] in modeling these two
components of the nuclear bulge and combine them with
the boxy bulge, which extends to several degrees in
latitude. We normalize the luminosity ratio of the boxy
bulge relative to the nuclear bulge to a value of 1.5 within
the 40° x 40° window (including the disk). We note that
because we mask the galactic disk, most of the nuclear
bulge’s emission is removed especially at the higher
energies. The fact that the GCE is seen at high latitudes
at high energies clearly suggests that the GCE is due to
more than just the emission from the nuclear bulge. We also
test the boxy bulge without its nuclear bulge component, as
it is most effectively probed by our analysis. If most of the
luminosity of the GCE comes from a less concentrated
population of sources as e.g. MSPs from disrupted globular

8000 i T T 8000
- Model | -
Model VI
r Model X
6000 Model XV -6000
[ Model XLIX
g L
C
5 4000~ -14000
N L
|
2000 ~2000
O \1: ‘ 0
Boxy Bulge BB+NB  BB+NB+NFW y=1.2 NFW y=1.2 X-shoped Bulge
Profile
FIG. 23.

clusters [162], then the contribution of the boxy bulge may
be more dominant than its mass would suggest and testing
it by itself is a worthwhile.

We show in Fig. 23 a comparison in the quality of fit
between the boxy bulge template alone, the template
containing the boxy bulge and the nuclear bulge
(BB +NB), the NFW with y =1.2 DM annihilation
profile, and the X-shaped bulge. This is an expanded
version of the right panel of Fig. 13. Moreover, we test
the combination of the NFW with y = 1.2 and the stellar
bulge i.e., BB + NB, where we allow for the relative
normalization of the DM-like component and the stellar
bulge component to be free.

Allowing for both a component of DM annihilation
following a profile of NFW with y = 1.2 and a stellar bulge
(BB + NB) provides a marginally better fit to the obser-
vations than the NFW with y = 1.2 alone. However,
compared to any of the known stellar populations either
the NFW with y = 1.2 alone or in combination with the
stellar bulge performs much better. Only for background
models that provide a poor fit to the Fermi data we see a
significant difference between the NFW with y = 1.2 alone
and its combination with the stellar bulge. This clearly
shows that most of the GCE is still described best by the
DM annihilation morphology coming from a NFW with
y = 1.2 profile (squared). This becomes more clear when
we show the relevant spectra from the NFW with y = 1.2
component and that from the stellar bulge in Fig. 24 (top
panel). We use model XLIX that provides the best fit to
the data. Only at the low energies does the stellar bulge
absorb the GCE emission. Instead above 0.7 GeV the NFW
with y = 1.2 annihilation component becomes dominant
and above 2 GeV it is at least four times brighter to the
BB + NB (Bulges). This result is robust to the exact
galactic diffuse model used as long as we stay within
the best fit models. In Fig. 24 (bottom panel) we test the

2000 T T T 2000
r Model X 1
Model XV
L Model XLVIII
1500 Model XLIX 1500
s ]
C
= 1000 1000
~ F {
I
500 500
0 L 1 1 ] 0

Boxy Bulge BB+NB BB+NB+NFW y=1.2 NFW y=1.2 X-shaped Bulge

Profile

As with Fig 13, we show the quality of fit for five different options for the GCE over the 80 galactic diffuse emission models.

Left: models within a —2A In(£) of 8.0 x 103 from the best fit model (XLIX). Right: zooming in the four best model assumptions.
Allowing for both a component of DM annihilation following a profile of NFW with y = 1.2 and a stellar bulge (BB 4 NB) provides for
the best background models a marginally better fit to the observations than the NFW with y = 1.2 alone.
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FIG. 24. Top: using the best fit model we show the flux spectra
from the two separate morphological components averaged over
the 40° x 40° masking just the galactic disk (as we did in Figs. 12
and 14). Bottom: testing all 80 models, we show the relative flux
of the GCE absorbed by the NFW with y = 1.2 annihilation
component.

TABLE VIII.

relative flux contribution that is in the NFW with y = 1.2
annihilation. Above 0.7 GeV most of the flux is in the NFW
with y = 1.2 (gNFW) annihilation component and above
2 GeV at least 80% of the GCE comes from the DM
annihilation component.

APPENDIX D: THE ENSEMBLE OF DIFFUSE
GAMMA-RAY EMISSION MODELS FOR
THE INNER GALAXY

In this Appendix, we give the description for all 80
models that we use in this analysis. The model parameters
relevant for the production of the galactic diffuse model
templates are described in Sec. III. In the main paper we
only gave the model parameters for a small number of
representative models in Table II. Table VIII provides the
full information and continues to Table IX to include all 80
models. These model parameters are the inputs into the
GALPROP code [95,97,98]. The gamma-ray template maps
were created through the “WebRun” mode [95,192] which
is based on GALPROP version 54. We remind the reader that
the cosmic-ray analysis and comparison to the AMS-02 data
was done using the somewhat more recent version 56.
Version 54, accessible through the “WebRun” mode, is a
more efficient way to scan the wider parameter space (in
number of relevant varying parameters) needed for the
gamma-ray analysis. The full description of each of these
parameters and the range covered is given in Sec. III A and
Sec. III B. We do not repeat it here. We describe here the
numbering scheme for the last three columns that repre-
sents alternative choices for the ISM molecular, atomic and

Galactic diffuse model parameters z; is in kpc, Dy is in x10% cm?/s, v, is in km/s, dv,/d|z| is in km/s/kpc. N” and N¢

are the cosmic-ray proton and electron differential flux dN/dE normalizations at the galactocentric distance of 8.5 kpc. They are
defined at 100 GeV and 34.5 GeV for the protons and electrons respectively and are in units of x10™ cm™2s~! sr=! MeV~!. For full

details see Sec. III B.

Name zz Dy 6wy dv./dlz] SN/S¢ al /ol a/as  NP/N¢ B-field ISRF H2 HI HII
I 40 50 033 327 55 Pul/Pul  1.35/2.33 1.5/2.25 4.13/3.33 200030050 1.36,1.36,1.0 9 5 1
1T 6.0 7.1 0.33 50.0 0 Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2* 1 1
il 5.6 4.85 0.40 40.0 0 Pul/Pul  1.50/1.90 1.5/2.25 2.40/1.55 200050040 1.4,14,1.0 9 4 1
v 6.0 6.0 0.33 10.0 50 Pul/SNR 1.60/2.30 1.6/2.26 1.7/4.1 200030050 1.4,14,1.0 9 5 1
v 10.0 10.0 0.33 322 0 Pul/SNR 1.70/2.39 1.6/2.33 1.0/2.66 200040050 1.4,14,10 0 5 2
VI 6.0 20 033 0 200 Pul/SNR 1.60/2.10 1.6/2.30 2.32/5.70 200030050 1.4,1.4,1.0 9 5 1
Vil 100 80 033 0 0 Pul/SNR 1.40/1.80 1.4/2.30 1.3/3.33 200040050 1.4,14,10 0 5 2
VI 5.6 4.85 0.40 24.0 1 SNR/SNR 2.00/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 2 1
IX 5.6 4.85 0.40 24.0 1 SNR/SNR 2.00/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 3 1
X 10.0 8.0 0.33 322 50 Pul/SNR 1.40/1.80 1.4/2.35 1.90/3.20 200040050 1.4,14,10 0 5 2
XI 5.6 4.85 040 24.0 1 SNR/SNR 2.00/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 3
XII 5.6 485 040 240 1 SNR/SNR 2.00/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 10 4 1
XIII 5.6 4.85 0.40 24.0 1 Pul/Pul 2.00/2.25 1.6/2.30 5.8/2.00 050100020 1.5,1.5,1.0 9 4 1
X1V 5.6 4.85 0.40 24.0 1 Pul/Pul 2.00/2.25 1.6/2.30 5.8/2.00 050100020 0.7,0.7,1.0 9 4 1
XV 6.0 7.1 0.33 50.0 0 Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 0 5 2
XVI 5.6 4.85 040 24.0 1 Pul/Pul  2.00/2.25 1.6/2.30 5.8/2.00 100050020 1.0,1.0,1.0 9 4 1
XVl 5.6 4.85 040 24.0 1 Pul/Pul 2.00/2.25 1.6/2.30 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
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TABLE VIIL (Continued)

Name zz Dy 6wy dv./dlz] SN/S¢ al /ol as/as  NP/N¢ B-field ISRF H2 HI HII
XVIII 6.0 6.5 0.33 30.0 0 SNR/Pul 2.04/2.41 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 1
XIX 6.0 6.5 033 300 0 Pul/Pul 2.04/2.41 1.6/2.43 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
XX 55 55 037 30.0 2.5 Pul/Pul  2.00/2.38 1.6/2.43 5.8/2.00 050100020 1.0,1.0,1.0 9 4 1
XXI 55 55 037 30.0 2.5 SNR/Pul 2.00/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 1
XXII 55 55 037 300 2.5 Pul/Pul  2.00/2.38 1.6/2.43 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
XXIIT 57 3.9 045 25.7 6.0 Pul/Pul  1.99/2.36 1.6/2.43 5.8/2.00 050100020 1.0,1.0,1.0 9 4 1
XXIV 57 3.9 045 25.7 6.0 SNR/Pul 1.99/2.36 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 1
XXV 57 39 045 257 6.0 Pul/Pul  1.99/2.36 1.6/2.43 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
XXVI 6.0 3.1 0.0 23.0 9.0 SNR/Pul 2.02/2.38 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 1
XXVII 6.0 3.1 050 23.0 9.0 Pul/Pul  2.02/2.38 1.6/2.43 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
XXVII 3.0 2.67 040 22.0 3.0 Pul/Pul 2.08/2.41 1.6/2.43 5.8/2.00 050100020 1.0,1.0,1.0 9 4 1
XXIX 3.0 2.67 040 220 3.0 SNR/Pul 2.08/2.41 1.6/2.43 5.8/2.00 090050020 1.36,1.36,1.0 9 4 1
XXX 3.0 2.67 040 22.0 3.0 Pul/Pul 2.08/2.41 1.6/2.43 5.8/2.00 025200010 0.7,0.7,1.0 9 4 1
XXXI 56 80 040 24.0 1.0 Pul/Pul  2.00/2.10 1.6/2.25 5.8/2.00 200050040 1.4,1.4,1.0 9 4 1
XXXII 56 4.85 040 24.0 50.0 Pul/Pul  2.00/2.10 1.6/2.25 5.8/2.00 200050040 1.4,1.4,1.0 9 4 1
XXXIIT 56 3.0 040 240 0 Pul/Pul  1.60/1.80 1.6/2.25 3.3/1.75 200050040 1.4,1.4,1.0 9 4 1
XXXIV 6.0 3.1 050 10.0 9 Pul/Pul  1.50/1.80 1.6/2.25 2.4/3.9 200030050 1.4,14,1.0 9 4 1
XXXV 60 24 050 O 9 Pul/Pul 1.50/1.80 1.6/2.25 2.1/3.9 200030050 1.4,1.4,1.0 9 4 1
XXXVI 6.0 3.1 0.50 23.0 30 Pul/Pul 1.50/1.80 1.6/2.25 2.4/3.9 200030050 1.4,1.4,1.0 9 4 1
XXXVII 6.0 24 0.50 23.0 40 Pul/Pul  1.50/1.80 1.6/2.25 2.1/4.2 200030050 1.4,1.4,1.0 9 4 1
XXXVIII 40 5.0 0.33 32.7 50 Pul/Pul  1.89/2.47 1.6/2.42 7.52/2.0 090050020 1.36,1.36,1.0 9 5 1
XXXIX 6.0 83 033 327 50 Pul/SNR 1.89/2.39 1.6/2.42 4.8/0.49 050100020 1.0,1.0,1.0 9 5 1
XL 40 8.0 0.33 32.7 50 Pul/Pul 1.89/2.47 1.6/2.42 7.52/2.0 090050020 1.36,1.36,1.0 9 5 1
XLI 10.0 12.0 0.33 32.2 0 Pul/SNR 1.89/2.39 1.6/2.44 4.8/0.49 090050020 1.0,1.0,1.0 0o 5 2
XLII 10.0 10.3 0.33 20.0 0 Pul/SNR 1.89/2.39 1.6/2.44 4.8/0.49 050100020 1.0,1.0,1.0 0o 5 2
XLIIT 10.0 15.0 0.33 322 0 Pul/SNR 1.89/2.39 1.6/2.44 4.8/0.49 050100020 1.0,1.0,1.0 0o 5 2
XLIV 60 7.1 033 319 0 Pul/Pul  1.89/2.39 1.6/2.44 4.9/0.50 050100020 0.8,0.8,1.0 0O 5 2
XLV 6.0 7.1 033 31.9 0 Pul/Pul 1.89/2.39 1.6/2.44 4.9/0.50 050100020 14,1.4,1.0 0 5 2
XLVI 6.0 10.0 0.33 319 0 Pul/Pul  1.89/2.39 1.6/2.44 4.9/0.50 050100020 1.0,1.0,1.0 0 5 2
XLVII 6.0 83 0.33 32.7 50 Pul/SNR 1.80/2.39 1.6/2.26 2.0/4.8 200030050 1.4,1.4,1.0 9 5 1
XLVIIT 6.0 12.0 0.33 32.7 50 Pul/SNR 1.60/2.39 1.6/2.26 2.0/4.8 200030050 1.4,1.4,1.0 9 5 1
XLIX 100 7.0 0.33 322 0 Pul/SNR 1.70/2.39 1.6/2.44 2.0/1.27 050100020 1.0,1.0,1.0 0o 5 2
L 10.0 8.0 0.33 40.0 0 Pul/SNR 1.70/2.39 1.6/2.33 2.0/1.27 050100020 1.0,1.0,1.0 0O 5 2
LI 60 20 033 0 60 Pul/SNR 1.60/2.30 1.6/2.26 1.5/5.9 200030050 14,1410 9 5 1
LII 60 20 033 0 100 Pul/SNR 1.60/2.30 1.6/2.26 1.5/5.9 200030050 1.4,1.4,1.0 9 5 1
LIIT 10.0 8.0 0.33 32.2 100 Pul/SNR 1.40/1.80 1.4/2.30 1.3/3.33 200040050 1.4,1.4,1.0 0o 5 2
LIV 6.0 4.0 0.33 50.0 0 Pul/SNR 1.89/2.30 1.4/2.10 2.4/2.20 050100020 1.0,1.0,1.0 0o 5 2
LV 6.0 120 033 0 0 Pul/SNR 1.89/2.10 1.4/2.10 2.0/1.10 050100020 1.0,1.0,1.0 0o 5 2
LVI 6.0 400 033 0 0 Pul/SNR 1.89/2.10 1.4/2.10 2.0/1.10 050100020 1.0,1.0,1.0 0 5 2
ionized hydrogen gases. We follow the same numbering Choice “2” represents the case of Xco=Xy+A-

scheme as used in the GALPROP “WebRun”. With this our

(r/1kpc)+ B x 10€071k) 'wwhere we take X, = 1.8 x 102,

information, our template maps (which we make public)
should be relatively easy to reproduce or perturb around.

The spatial distribution of the molecular hydrogen gas H2
is known to follow well that of CO, which is traced though its
2.6 mm rotational transition line [193]. The conversion
from CO maps to H2 is done though the X (r) parameter,
where r is the galactocentric radius and Xco = N/ Weo
with Wq the velocity integrated radiation temperature
[194]. Thus Xco does not need to be a constant
throughout the Milky Way. For the H2 gas the numbers
“07, “27, “37, “9” and “10” represent alternative choices
for the Xco(r) parameter profile. Choice “0” is the case
of a constant X (r) = 1.9 x 10?° molecules/(Kkms™).

A =1 x 10* molecules/(Kkms™') and B = C = 0. Only
for model IT we tested A = 2 x 10** molecules/(K kms™!)
that proved to give a very poor fit to the data. Choice “3”,
uses a tabulated profile for Xc(r), while choice “9” used
the profile of [195]. Finally, choice “10” used Xco=1 %
1020 x 10(=0:4+0.0667) molecules/ (Kkms™") for r < 15 kpc
and Xco = 1 x 1020 x 10(-04+0.066-15) molecules/(Kkms™")
for r > 15 kpc. For the H2 gas, the intermediate number
choices that we did not mention here are not used.

The spatial distribution of atomic (neutral) hydrogen HI
is derived from the 21 cm hyperfine transition line, where
assumptions need to be made on the spin temperature 7'g
that corrects for the opacity of the Milky Way to that line.
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TABLEIX. Continuing Table VIII. Galactic diffuse model parameters z; is in kpc, Dy is in x10% ¢cm?/s, v, is in km/s, dv,/d|z] is in
km/s/kpc. NP and N° are the cosmic-ray proton and electron differential flux dN/dE normalizations at the galactocentric distance of
8.5 kpc. They are defined at 100 GeV and 34.5 GeV for the protons and electrons respectively and are in units of
x10™ em™2s~! sr=! MeV~!. For full details see Sec. III B.

Name z;, Dy 6 w, dv/dlz| SV/se /b a/as  NP/N°  B-field ISRF H2 HI HI
LVII 60 20 033 500 0  Pul/SNR 1.89/1.90 14/2.15 22/0.80 050100020 1.0,1.0,1.0 0 5 2
LVI 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 9 5 2
LIX 60 7.1 033 500 0  Pul/SNR 1.89/230 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 10 5 2
LX 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2 5 2
LXI 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2 4 1
LXII 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 10 1 1
LXIOI 6.0 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 9 1 1
LXIV 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2 1 1
LXV 60 7.1 033 500 O  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 9 4 3
LXVI 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 0 3 3
LXVIL 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 10 2 3
LXVII 60 7.1 033 500 0  Pul/SNR 1.89/230 1.40/2.10 2.40/220 050100020 1.0,1.0,1.0 9 2 3
LXIX 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 10 1 3
LXX 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 9 1 3
LXXI 60 7.1 033 500 0  Pul/SNR 1.89/2.30 1.40/2.10 2.40/2.20 050100020 1.0,1.0,1.0 2 1 3
LXXII 56 485 040 400 0 Pul/Pul  1.50/1.90 1.5/225 2.40/1.55 200050040 1.4,14,1.0 10 4 1
LXXII 5.6 485 040 400 0 Pul/Pul 1.50/1.90 1.5/225 2.40/1.55 200050040 14,1410 0 4 1
LXXIV 56 485 040 400 0 Pul/Pul  1.50/1.90 1.5/225 2.40/1.55 200050040 1.4,14,1.0 10 3 1
LXXV 5.6 485 040 400 0 Pul/Pul  1.50/1.90 1.5/225 2.40/1.55 200050040 14,1410 9 3 1
LXXVI 56 485 040 400 0 Pul/Pul  1.50/1.90 1.5/2.25 2.40/1.55 200050040 14,1410 2 3 1|
LXXVII 56 485 040 400 0 Pul/Pul  1.50/1.90 1.5/2.25 2.40/1.55 200050040 14,1410 2 2 1
LXXVII 5.6 485 040 400 0 Pul/Pul 1.50/1.90 1.5/225 2.40/1.55 200050040 1.4,14,1.0 10 4 3
LXXIX 5.6 485 040 400 0 Pul/Pul 1.50/1.90 1.5/225 2.40/1.55 200050040 1.4,14,1.0 2 4 3
LXXX 56 485 040 400 0 Pul/Pul  1.50/1.90 1.5/225 2.40/1.55 200050040 14,1410 0 4 3

The conventional assumption is for 7T ~ 150 K and the
most extreme ones go up to Tg = 10° K. Also, dust maps
can be used as alternative tracers of HI. Within GALPROP we
tested in our models the two alternative magnitude cuts
(2 or 5) on the E(B-V) reddening maps of Ref. [196].
Choice “1” takes T'g = 125 K without using the dust maps.
Choice “2” takes Ts = 10° K and an E(B-V) magnitude
cut of 2. Choice “3” takes Ty = 10° K and an E(B-V)
magnitude cut of 5. Choice “4” takes Ty = 150 K and an
E(B-V) magnitude cut of 2 and choice “5” takes Ty =
150 K and an E(B-V) magnitude cut of 5.

Finally, the less significant component in terms of total
mass is the ionized hydrogen HII gas. However, in the

inner galaxy and along the line of sight toward this region
there may be an appreciable HII contribution. We use
three alternatives for the HII gas. Option “1” follows the
gas density model of Ref. [197]. Option “2” follows the
model of Ref. [198]. Option “3” takes the most recent HII
model of Ref. [199]. As we show, we test a variety of
combinations for the H2, HI and HII gases. We have tried
an even wider range of combinations than those presented
here but find that many of them are strongly excluded by
the data.

We clarify that the inclusion of all these maps within
GALPROP is a standard feature of the “WebRun” [95,192],
and not our original contribution.
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