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The nature of the GeV gamma-ray Galactic Center excess (GCE) in the data of Fermi-Large Area
Telescope (LAT) is still to be unveiled. We present a new analysis of the inner Galaxy Fermi-LAT data at
energies above 10 GeV, based on an innovative method which combines the skyFACT adaptive template
fittingwith and the1pPDF pixel-count statistics.We find a strong evidence for theGCE also at high energies,
σ > 5 regardless of the GCE spatial template. Remarkably, our fits prefer the bulge morphological model
over the darkmatter one at high significance, and show no evidence for an additional darkmatter template on
top of the bulge component. Through the1pPDF analysis, we find that themodel best describing the gamma-
ray data requires a smooth, diffuse GCE following a bulge morphology, together with sub-threshold point
sources. The 1pPDF fit reconstructs a consistent population of faint point sources down at least to
10−12 ph cm−2 s−1. Between 10−12 ph cm−2 s−1 and 10−11 ph cm−2 s−1 the 1pPDF measures a number of
point sources significantly higher than the ones in the Fermi 4FGL catalog. The robustness of our results
brings further support to the attempt of explaining, at least partially, the high-energy tail of the GCE in terms
of a population of point sources, likely corresponding to millisecond pulsars.
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I. INTRODUCTION

The nature of the GeV gamma-ray Galactic Center
excess (GCE) in the data the he Fermi-Large Area
Telescope (LAT) [1–10] is still to be unveiled. This
unexpected component, detected significantly on top of
the background coming from known sources, could
be hinting at GeV thermal relic dark matter particles
annihilating in the Galactic dark matter halo [5,9,11–14].
Albeit intriguing, the dark matter interpretation is currently
challenged by a growing corpus of evidence that the
morphology of the excess is better described by what
expected from a population of millisecond pulsar (MSP)-
like sources in the Galactic bulge [15–18]. While the GCE
photon flux is peaked at about few GeV, a high energy
component extending up to tens of GeV has been reported
by various studies. In particular, the high-energy tail is
found to be statistically significant no matter the nature of
the spatial template used to describe the GCE emission, i.e.,
either when using a dark matterlike or stellar bulgelike
excess template [8,14,16,17]. The GCE high-energy tail
has been further characterized in e.g., [10,11,19]. The
spectrum was found to be consistent among different the
inner Galaxy (IG) [11], but the reconstructed properties
resulted hampered by large systematic uncertainties, due to

the intrinsic lower statistics and diffuse emission modeling.
Recently, a few template-fitting analyses on updated Fermi-
LAT datasets found high-energy spectra consistent with
earlier results [14,20–22].
If confirmed, such high-energy photons could be natu-

rally explained by the inverse Compton scattering of
electrons and positrons emitted by a population of MSPs
in the Galactic bulge [23,24]. For this putative population
of unresolved MSPs, it would be crucial to know their
phenomenological characteristics, such as the luminosity
function, so to understand how many sources are expected
to shine at different photon fluxes [25]. Population studies
often rely on observational-driven quantities, such as the
source-count distribution dN=dS, i.e., the distribution of
the number of sources N as a function of their observed
gamma-ray flux S, where S is the detected flux integrated in
a given energy range [Emin, Emax]. As for the Fermi-LAT,
the number of detected sources typically decreases for
S≲ 10−11 ph cm−2 s−1, where the detection efficiency
drops below one [26,27].
The pioneering work of Ref. [28] indicated how to

measure the dN=dS below catalog flux threshold, and to
decompose the different contributions to the gamma-ray
sky by analyzing the statistics of gamma-ray photon counts
in a pixelized sky map. To date, two implementations of the
mathematical formalism introduced by Ref. [28] have been
developed and applied to the Fermi-LAT data; the so-called*manconi@lapth.cnrs.fr
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non-Poissonian template fitting (NPTF) [29,30] and the
1pPDF [31–33]. The main applications of the method have
led to measure the dN=dS of isotropic, extragalactic
sources [27,31,34,35], and to contextually constrain dark
matter annihilations at high latitudes [33].
When these methods are applied to low Galactic lat-

itudes, the modeling for the bright diffuse emissions could
bias the results, as demonstrated in Refs. [36–39], casting
doubts on early evidence for unresolved point sources to
explain the GCE [29]. In [40] (PaperI in what follows)
we pioneered a new approach combining 1pPDF and
the adaptive-constrained template fitting skyFACT algo-
rithm [16,41]. More specifically, we used photon-count
statistical methods within the 1pPDF framework to mea-
sure faint point sources,well below the Fermi-LATdetection
threshold in the IG, between2GeVand5GeV.We found that
all point sources and the bulge-correlated diffuse emission
each contributes O(10%) of the total IG emission, thus
disclosing a potential subthreshold point-source contribu-
tion to the GCE at low energies. In addition, we showed
that mismodeling of the Galactic diffuse emission causing
residual at low angular scales can lead to spurious evidence
for new components, such as point sources, and we
overcame this limitation by optimizing the background
models through adaptive template fitting with skyFACT.
Complementary approaches have been recently explored,
using spherical harmonics [39] andGaussian processes [42],
aswell as aiming at improving physics inputs relevant for the
computation, e.g., the reconstructed gas maps [20,43].
Moreover, new methodological developments have shown
that machine learning techniques can be very powerful
in discriminating a point-source vs. diffuse origin of the
GCE [42,44–46].
At the highest energies, the nature of the GCE is even

more challenging to probe. A recent dedicated analysis of
the high-energy tail of the GCE [47] analyzed seven years
of Pass8 Fermi-LAT data with template fitting and NPTF.
Using standard template fitting techniques, the authors find
a statistically significant high-energy tail at >10 GeV with
properties similar to the peak GCE emission at few GeV.
An emission correlated with a GCE template was detected
up to ∼50 GeV, even if above about 30 GeV the morphol-
ogy of the signal was found to be unconstrained. The NPTF
analysis captured a mild evidence for a point-source
explanation of the excess at energies above ∼5 GeV,
although hampered by the same systematic uncertainties
of the NPTF analysis in the 2–20 GeV energy bin [29], as
subsequently demonstrated in [36–38].
The goal of the current work is to assess the GCE

significance and measure the characteristics of IG gamma
rays at energies larger than 10 GeV. We explore the source-
count distribution of point-like sources and its spatial
morphology. We will do so by combining state-of-the-art
methods as pioneered in PaperI. Our investigation of the
GCE at high energies is novel in multiple aspects: (i) we

adopt adaptive-constrained template fitting to probe the
evidence of the GCE and reconstruct its morphology at the
highest energies; (ii) we combine this technique with pixel
count statistical methods in order to assess the role of
subthreshold point sources to the GCE at E > 10 GeV,
while minimizing the mismodeling of Galactic diffuse
emission backgrounds; (iii) we characterize the properties
of the gamma-ray emission in the IG at E > 10 GeV by
reconstructing the flux distribution of point sources well
below the Fermi-LAT detection threshold, and by estimat-
ing their spatial density as compared to other regions in
the sky.
The paper is organized as follows. The methodology is

introduced in Sec. II, followed by the definition of the
Fermi-LAT dataset and the region of interest used in
Sec. III. The results of the skyFACT and 1pPDF analysis
are illustrated in Secs. IV and V, before concluding in
Sec. VI. Additional systematic tests are summarized in the
Appendix.

II. METHODOLOGY

The gamma-ray emission observed by Fermi-LAT is
usually separated in truly diffuse emissions and pointlike
(or extended) sources. Among diffuse emissions, the
one of our own Galaxy, i.e., the Galactic diffuse emission,
represents the dominant contribution to the observed
photons, in particular towards the Galactic plane. It origi-
nates from hadronic and leptonic cosmic rays interacting
with the interstellar gas and radiation fields. Other diffuse
structures extended few tens of degrees in the sky are the
Fermi bubbles [48,49] and the Loop I [50].
Individual sources of gamma rays, connected to e.g.,

compact Galactic objects such as pulsars, or distant active
galaxies are collected in the source catalogs compiled by the
LATCollaboration. The last catalog, the 4FGL-DR4 [51,52]
contains 7,194 sources significantly detected between ener-
gies of 50 MeV to 1 TeV with a significance larger than 5σ
over a data-taking period of about 14 years.At high latitudes,
sources that are too faint to be detected with a statistical
significance of 5σ during a given survey, together with a
residual cosmic-ray contamination, make up the diffuse
gamma ray background [53] (DGRB), which exhibits
anisotropies that could be used to characterize the different
populations of dim sources contributing to it [54]. These so-
called unresolved sources can also considerably contribute
to the gamma-ray sky in the inner part of the Galaxy.
The methods, based on the skyFACT and the 1pPDF

tools, both model diffuse and individual sources of gamma
rays using complementary approaches. They are based on
the use of templates, i.e., pixelized maps describing the
energetic characteristics of different sky components as a
function of the sky coordinates. To this, the photon-count
method adds a statistical description of bright and faint
point sources. While the methods and procedures generally
follow what introduced in PaperI for the energy bin
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2–5 GeV, we present here the developments that turned out
to be necessary to extend our analysis to higher energies.

A. Adaptive-constrained template fitting
with skyFACT

The skyFACT method was introduced in Ref. [41] and
applied to the GCE in Ref. [16]. By introducing a large
number of parameters, and using regularization condition
for the likelihood, it accounts for intrinsic uncertainties in
spectral and spatial predictions of the different templates
entering the fit of Fermi-LAT data.
The modeling of the gamma-ray sky and statistical

analysis closely follows Ref. [16] and PaperI. The
gamma-ray sky is interpreted as the combination of several
model components, each of which is characterized by a
spectral and a spatial (i.e., morphology) input template,
which are factorized in the skyFACT implementation. The
Galactic diffuse emission follows the implementation in
Ref. [16]; it is composed by an inverse Compton contri-
bution whose spectrum and morphology are computed for a
typical scenario of cosmic-ray sources and propagation
parameters with the DRAGON code [55], and a contribution
from neutral pion decay split into three different templates
for more flexibility. Each gas template corresponds, spa-
tially, to a different gas ring (0–3.5 kpc, 3.5–6.5 kpc,
6.5–19 kpc), and it is the sum of atomic and molecular
hydrogen distribution within that ring, as available in the
GALPROP public release [56].1 The gamma-ray input
spectrum of the gas component corresponds to the pion
decay spectrum, it is taken from Ref. [57], and it is the same
for the three rings. On top of the Galactic diffuse emission,
the model takes contribution from: An isotropic spatial
component with the best-fit DGRB spectrum from
Ref. [53] and a uniform spatial template; all point-like
and extended 4FGL sources; the Fermi bubbles with input
spectrum from Ref. [48] and a uniform geometrical
template input morphology. Finally, we consider, on top
of this background model, a template for the GCE.
As for all other components, we must specify the input

conditions of the spectral and spatial part of the GCE,
separately. In our setup, regardless of the spatial template,
the baseline choice for the GCE input spectrum is a power
law with index of -2.5. We will show that the choice of the
spectral index does not affect the final results since we leave
full freedom for spectral modulation, see below. In
PaperI baseline run’s configuration, the GCE input
spectral model was instead an MSP-motivated spectrum,
i.e., a power law with an exponential cutoff [58]. However,
this spectrum, being zero at high energies, cannot be
modulated such to account for additional flux at
E > 10 GeV, so that it is not adapted for studying the
presence of a high-energy tail of the GCE. We discuss
systematic uncertainties related to the GCE input spectrum

in Appendix A. As in PaperI, for different choices of
the input spectrum and independently on it, we test two
different morphologies of the GCE: (i) a dark matter
inspired template following a generalized Navarro-Frenk-
White dark matter density squared with inner slope 1.26
(NFW126); (ii) a bulge template, made up by a boxy-
bulge component from Ref. [59] and a nuclear bulge
as in Ref. [16]. While a more recent determination of the
bulge from Ref. [60] has been proposed to better fit the
data [61,62], we adopt the same bulge model as in
PaperI, for the sake of comparing fairly with our
previous results. We will nonetheless also test this new
bulge model in Appendix A. We refer to Refs. [16,40,41]
for more details about the gamma-ray model.
skyFACT implements adaptive-constrained template

fitting by enabling each model component to vary both
spectrally and spatially. Starting from the input spectra and
morphologies of each model component, as mentioned
above, skyFACT minimizes a penalized likelihood com-
posed by a standard Poissonian term and a regularization
term which is governed by hyperparameters preventing
overfitting and effectively constraining the modulation of
the different components. Modulation parameters for the
spectral and spatial parts of each component are therefore
adjusted in order to maximize the likelihood. The result of
the fit for each component is therefore a modulated, output
spectrum and spatial template. How much this output
differs from the input templates depends on the freedom
allowed during the fit. The minimization algorithm is the
limited memory BFGS with bound constraints (L-BFGS-B)
one. For more details about the technical implementation,
we refer the reader to Ref. [41]. For this work, the baseline
setup of hyperparameters follows run5 of Ref. [41] for all
components but the additional GCE. Similarly to what done
in PaperI, the GCE spectrum is allowed to fully vary in
each energy bin independently, while its morphology is
fixed to the input template, so that there is no additional
freedom enabled for spatial modulation parameters.
The statistical framework implemented by skyFACT is

purely frequentist. The output of the fit is the maximum
likelihood value of the specific model considered. As such,
we cannot properly do model comparison—which would
require a Bayesian approach—within skyFACT. On the
other hand, we can test the preference for additional model
components by considering a nested model, i.e., a model
which includes a new sky contribution (e.g., GCE) on top
of another, less complex, model. The augmented model
reduces to the other (i.e., to the null hypothesis) for some
choice of the additional component model parameters. For
nested models the calculation of the evidence for any
additional component is well defined, and follows the
modified δ − χ2 statistics as described in Ref. [16]. More
specifically, we start by fitting the gamma-ray sky without a
GCE diffuse template (sF-noGCE). We proceed adding a
GCE diffuse template following the bulge morphology1https://galprop.stanford.edu/.
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(sF-B) or the NFW126 (sF-NFW126) morphology, with
spectral properties defined above. Finally, we test the
evidence for a NFW126 on top of a bulge-GCE diffuse
template, and vice versa through nested-model comparison.
Errors are estimated from computing an approximated

covariance matrix as the inverse of the Fisher information
matrix from mock data of the best-fit model. See details
in Ref. [41].
We notice that the scope of this work is the robust

determination of the IG source-count above 10 GeV. To this
end, as demonstrated in PaperI, we do not need to
achieve a perfect description of the gamma-ray sky, rather
to reduce, effectively, the fit residuals. skyFACT can
satisfactorily reach this goal, by optimizing in a data-driven
way the gamma-ray diffuse model. While a better imple-
mentation of the Galactic emission is indeed possible (see
e.g., [20]), deriving the best Galactic diffuse gamma-ray
model is beyond our scope. We therefore refrain from
making model comparison statements, which are in any
case prevented by the limitations of the maximum like-
lihood approach.

B. Photon count statistics technique

Our goal is to measure the flux distribution of point
sources in the IG at high energies, and compare their density
in different sky regions. The 1pPDF method [31–33]
measures this quantity by a statistical analysis of the

probability distribution pðpÞ
k of the photon counts kðpÞ in

each pixel p of a pixelized map. The core of the method is
based on the fact that different classes of photon sources are

expected to contribute to the pðpÞ
k with different statistics.

The pðpÞ
k of truly diffuse, isotropic emissions follows a

Poissonian distribution. Non-Poissonian contributions from
point sources and other complex diffuse structures can alter
the probability distribution pk, permitting to investigate
these components through the 1pPDF of the observed
gamma rays.
By exploiting the statistics of photon counts in the data,

the 1pPDF extracts the dN=dS in relation to the number of

k-photon sources xðpÞk in each pixel, see [31] for the details
of the mathematical formulation. The population of point
sources is modeled through a dN=dS shaped as a multiple
broken power law (MBPL),

dN
dS

¼AS ·

8
>>>>>>>>><

>>>>>>>>>:

�
S
S0

�
−n1 S>Sb1;

�
Sb1
S0

�
−n1þn2

�
S
S0

�
−n2 Sb2<S≤Sb1;

..

.

�
Sb1
S0

�
−n1þn2

�
Sb2
S0

�
−n2þn3 � � �

�
S
S0

�
−nNbþ1 S≤SbNb

;

ð1Þ

where the free parameters are the normalization AS, the
position of the flux break, the indices ni of the broken
power law, and we fix S0 ¼ 5 × 10−9 ph cm−2 s−1. We
utilize a MBPL with two free breaks Nb ¼ 2, by sampling
directly the parameters in Eq. (1). The minimal choice of
two breaks is based on our previous results in [40] (see
Supplemental Material there). Here, as described in
Appendix B, we explore the option of a further node at
fluxes below 10−12 ph cm−2 s−1, finding results compatible
with the MBPL fit with 2 breaks down to the methods’s
sensitivity. Since we do not mask the bright sources, the
measured dN=dS is expected to follow the one of Fermi-
LAT detected sources in the bright regime. Typically, the
1pPDFmeasures point sources down to (about one order of
magnitude) lower fluxes [31,32,40]. We remind the reader
that the 1pPDF method in its current implementation does
not allow us to include in the statistical fit the spatial
distribution of the point-source component. Thus, the
measured point sources are by construction isotropic in
the considered region of interest. In PaperI, we collected
insights on the spatial distribution of point sources by
subdividing our ROI in subregions, and computing the
source density as a function of the position in the sky. Given
the limited statistics of the gamma-ray sky at energies larger
than 10 GeV, we anticipate that there would not be enough
photons to constrain multiple source-count distributions in
different subregions.
Similarly to PaperI, we consider within the 1pPDF-fit

the following model components for the gamma-ray sky:
(i) A population of isotropic point sources, characterized by
their source-count distribution; (ii) An isotropic diffuse
emission (with free normalization); (iii) The Galactic
diffuse emission template (as derived by skyFACT or
from other existing models); (iv) A GCE smooth template
as derived by skyFACT and following the bulge or DM
morphology, both with free normalization. We give more
details on each component in what follows. The number of

counts in each map pixel xðpÞdiff coming from diffuse
templates (ii)–(iv) is defined as

xðpÞdiff ¼ Agalx
ðpÞ
gal þ AGCEx

ðpÞ
GCE þ

xðpÞiso

Fiso
Fiso: ð2Þ

The quantity Fiso represents the integral flux of the
isotropic diffuse emission, which we use directly as a
sampling parameter in the fit. The other diffuse templates
describe the Galactic diffuse emission and a GCE smooth
template. As for the GCE smooth template, they correspond
to the best fits obtained within each skyFACT run (see
Sec. II A) for the bulge and DM components. We allow for
a rescaling factor AGCE relative to the best-fit normalization
found by skyFACT. Similarly, when we employ the
Galactic diffuse emission templates as optimized by
skyFACT, we allow for a Agal normalization factor with
respect to the best fit. To demonstrate the effect of diffuse
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emission model systematics, we employ other widely used
templates, also entering with a Agal normalization factor.
Specifically, the official spatial and spectral template
released by the Fermi-LAT Collaboration for Pass 8 data
(Official P8) (gll_iem_v06.fits [63]), and the model
labeled A (modA) optimized for the study of the DGRB in
Ref. [53] are tested. We note that in modA the Fermi
bubbles are not modeled.
We fit the gamma-ray sky using the pixel-dependent

likelihood functionLðΘÞ as definedwithin the L2method in
Ref. [31], thus taking into account the spatial morphology of
the diffuse templates. The free parameters Θ, together with
their prior intervals are summarized in Appendix B. The
posterior distribution is defined as PðΘÞ ¼ LðΘÞπðΘÞ=Z,
where πðΘÞ is the prior andZ is the Bayesian evidence. The
PðΘÞ is sampled using MultiNest [64] in its standard
configuration, setting 800 live points with a tolerance
criterion of 0.2. To get prior-independent frequentist maxi-
mum likelihood parameter estimates [65], we build one-
dimensional profile likelihood functions for each parameter
using the final posterior sample. To performBayesianmodel
comparison, the Bayes factors are computed by using the
nested sampling global log-evidence lnðZÞ provided by
MultiNest.

C. Combining skyFACT and photon-count
statistics insights

Our hybrid approach, already presented in PaperI,
relies on a two-step procedure. First, we perform an
adaptive-constrained template fit of the gamma-ray IG
with skyFACT. Second, for each skyFACT run, the
corresponding skyFACT-optimized output models are
used as input for the 1pPDF fit. By using the Galactic
diffuse emission models as optimized through a skyFACT
fit, in PaperI, indeed, we demonstrated that the residuals
are reduced and the results of the 1pPDF are more stable
against diffuse mismodeling. We adopt the skyFACT-
optimized components for the Galactic emission, and also
for the GCE template, modeled either as the bulge or
NFW126 model. We then proceed with the 1pPDF fit to
Fermi-LAT data using the different skyFACT-optimized
Galactic diffuse emission models, the GCE diffuse tem-
plates, consistently for each case. We extract the Bayesian
evidence Z and compute the Bayes factors between each
model i and j as Bij ¼ expðlnZi − lnZjÞ, since the
compared models are not nested anymore.
The interpretation of the results, and specifically the

statistical statements about the GCE morphology are thus
based on (i) the nested model comparison done within the
skyFACT optimization and (ii) the Bayesian model com-
parison done fitting again the skyFACT-optimized tem-
plates with the 1pPDFmethod, which adds the modeling of
faint point sources. Furthermore, the measure of the dN=dS
is extracted within the main ROI, and its characteristics

compared to the source count distribution found at high
latitudes and in the outer Galactic disk.

III. FERMI-LAT DATA

Consistently with the dataset analyzed in PaperI, we
consider 639 weeks of Fermi-LAT data [66] until 2020-08-
27 and apply standard quality cuts. For the skyFACT fit,
we employ all FRONTþ BACK P8R3 ULTRACLEANVETO
events (evtype ¼ 3) in order to maximize the statistics
against the huge number of free parameters in the fit. Our
main region of interest (ROI) is the so-called IG defined as
40° × 40° around the Galactic center. We binned the map
into 0.5° pixels. No mask is applied neither on point
sources, nor on the Galactic plane. The full energy range
(0.2–500 GeV) is divided into 30 logarithmically spaced
bins. The fit is performed either in the energy range
0.3–300 GeV (27 bins), similarly to PaperI, or in the
high-energy range 10–300 GeV (13 bins).
The benchmark choice for the 1pPDF fit is to consider

all P8R3 CLEAN events and focusing in a single bin
covering the 10–300 GeV energy range. Given the limited
number of photons in the considered high-energy range,
this choice increases the statistics of photon counts with
which the 1pPDF can measure the dN=dS down to low
fluxes. Since the point spread function (PSF) of Fermi-LAT
at these energies is expected to be of the order of 0.1–0.5°,
i.e., smaller or comparable to the pixel size, we consider all
PSF quartile events. The 1pPDF performance has been
tested using CLEAN Fermi-LAT high-energy events else-
where [27]. Even less stringent quality cuts (SOURCE
events) have been used in past analysis of the IG to increase
the sensitivity of photon-count statistical methods [47].
Nevertheless, to test the stability of our conclusions against
the event selection, we discuss results using P8R3
ULTRACLEANVETO events with and without further select-
ing the quartile of best angular resolution (PSF3), see
Appendix B. All the components entering the 1pPDF fits
are corrected for the PSF effect as detailed in Ref. [31]. The
photon events are binned spatially using the HEALPix
equal-area pixelation scheme [67] with resolution parameter
κ ¼ 7 [67].
Different ROIs in the sky are considered in this work.

The IG ROI is shared by both the skyFACT and 1pPDF
analysis. Cuts at latitudes jbj > 0.5° or 1° are introduced to
check the stability of 1pPDF results. We note that, in an
effort to maximize the statistics for the high-energy fit, we
increased the ROI for the 1pPDF analysis with respect to
the 20° × 20° IG region used in PaperI. We tested that the
main results are unchanged when reducing the ROI to the
one of PaperI. As in PaperI, two control regions are
introduced to compare the source density with respect to
the IG: the outer Galaxy (OG, jbj < 20°, 60° < jlj < 90°,
cutting the inner jbj < 1°) and the extragalactic region (EG,
jbj > 40°, jlj > 90°). Figure 1 shows the Fermi-LAT data
counts map for the IG, OG, EG ROI (left to right) in the
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energy bin 10–300 GeV. The total number of counts within
each region for CLEAN events is 92529 (IG), 50619 (OG)
and 52324 (EG).

IV. RESULTS: EXCESS SIGNIFICANCE
AND MORPHOLOGY WITH SKYFACT

In this section, we discuss the results of the fits to the
gamma-ray sky with skyFACTwith the aim of determining
the excess significance and its morphology at high energies.
First, we run the fit in the OG ROI in the 10–300 GeV

energy range to serve as a control region. We check the
evidence for an additional GCE component on top on the
SF-noGCE model. For the GCE, we consider either an
NFW126 or a bulge template. In none of the two cases,
we find significant evidence for the GCE (σ ∼ 0). This
result is consistent with the fit in the full energy range,
0.3–300 GeV, performed in PaperI. Therefore, the base-
line skyFACT model in the OG results from the optimi-
zation of the sky components without GCE and it will be
used as input for the subsequent 1pPDF fit.
Second, we analyze the IG ROI. We first consider the full

energy range, 0.3–300 GeV, and test the evidence for an
additional GCE component, as explained in Sec. II A. The
GCE spatial template is fixed and assumed to follow either
NFW126 or bulge. The input spectrum is a power law with

index -2.5, and it is allowed to freely vary energy bin by
energy bin. No matter what GCE template is considered,
we found strong evidence for this additional component;
σ ∼ 13 (9.9) for the additional bulge (NFW126) template.
We then check the preference for bulge on top of NFW126
and, viceversa, of NFW126 on top of bulge. Analogously to
PaperI, we find that it is necessary to add bulge on top of
NFW126 (σ ¼ 9.1), while there is no need for an additional
NFW126 on top of the bulge (σ < 4). We notice that in the
full energy range and adopting a power-law input spectrum
for the GCE, the evidence for the GCE and the preference
of the bulge on top of NFW126 is consistent with the
results found in PaperI for a MSP-like input spectrum,
i.e., a power law (index -1.46) with exponential cutoff at
3.6 GeV, see also discussion in Appendix A. We can
understand these results by considering that, in the full
energy range, the fit is driven by the low-energy data
(1–5 GeV). Therefore the possible high-energy tail of the
excess, if there, does not strongly weight in determining
the evidence for the GCE and the bulge. In Fig. 2, we report
the best-fit spectra of the SF-B run (i.e., including the
bulge GCE) in the full energy range 0.3–300 GeV. The
best-fit spectrum for the bulge (run with power-law input
spectrum) is consistent with the one in PaperI (run using
an input MSP-like spectrum for the bulge) for energies

FIG. 1. The Fermi-LAT counts per pixel in the energy bin [10, 300] GeV for CLEAN events as measured within the region of interest
for the 1pPDF analysis in the inner Galaxy (upper left panel), outer Galaxy (upper right) and extragalactic sky (lower panel). All maps
are in Mollweide projection and using HEALPix resolution parameter κ ¼ 7.
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below 10 GeV, while at higher energies the bulge shows
significant emission, see also discussion in Appendix A.
Since the best-fit results in the full energy range are

driven by the low-energy data, in order to properly test the
presence of the GCE at higher energies we need to run the
fit in a narrower energy range and evaluate the significance
of additional components therein. We therefore consider
the 10–300 GeVenergy range with same setup as above for
the different sky components. We summarize the results in
Table I; The first result is that we find strong evidence for
the GCE (either modeled with a bulge or an NFW126
template) also at high energies, σ > 5 regardless of the
GCE spatial template. Secondly, our fit prefers the bulge
model over the NFW126 at high significance (σ ¼ 5.5).
While the evidence is lower than the one found in the full
energy range, it still strongly indicates the need of the GCE
when fitting the high-energy Fermi sky. Similarly, at high
energies, there is no evidence for an additional NFW126
template on top of the bulge component (σ ¼ 0.8). The
integrated flux of the bulge component in this case is about
a factor of two higher than the best-fit integrated flux of the

bulge above 10 GeV from the fit in the full energy range.
Wewill demonstrate that this difference does not impact the
1pPDF results which are stable against variation of the
overall bulge input intensity. In Appendix A, we discuss
further systematics that may affect the evidence of the GCE
in the high-energy interval, and show that this evidence is
robust against them. Specifically, the influence on the
results of the modeling of the Fermi bubbles is scrutinized.
We find a strong evidence for the GCE at high energies in
all the model variations inspected. We stress that all our
Fermi bubbles templates possess a low-latitude component.
We therefore find strong evidence for the GCE at high
energy in the presence of the Fermi bubbles at low latitudes.
We remind the reader that our scope is not to find the

overall best-fit gamma-ray sky model, rather to provide an
input model for the 1pPDF analysis which maximally
reduces residuals in an effective way and allows us to derive
robust conclusions on the source-count distribution.
The skyFACT fit results for the SF-B model in the
10–300 GeV energy interval will be used as input for
the 1pPDF analysis in Sec. V. The baseline templates are
shown in Fig. 3.

V. RESULTS: SOURCE-COUNT
DISTRIBUTION

In this section we discuss the results for the source–count
distribution dN=dS as obtained analyzing Fermi-LAT data
with the 1pPDF.

FIG. 2. skyFACT best-fit spectral components. Results of the
IG analysis in the 0.3–300 GeV energy range, for the preferred
SF-B model composed by the background model, and an
additional GCE bulge component (i.e., BBþ NB). See Sec. II
A for more details on the model components.

TABLE I. Excess evidence in the IG. Results of the skyFACT
gamma-ray fit in the IG in the high-energy interval, showing the
evidence (in units of σ) of the GCE itself, and of the bulge and
NFW126 templates on top of the baseline background model. In
all runs, the GCE morphology is fixed, while the spectrum is
allowed to freely vary energy bin by energy bin. The input GCE
spectrum is a power law with index -2.5.

GCE bulge
(NFW126)

Bulge over
NFW126

NFW126 over
bulge

Evidence (σ) 8.1 (5.6) 5.5 0.8

FIG. 3. The skyFACT-optimized templates for the Galactic diffuse emission (left), the sum of nuclear and boxy stellar bulge (the
bulge, center), and NFW126 dark matter as integrated in the 10–300 GeV energy bin. Note the different scales in each panel.
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A. Extragalactic and outer
Galaxy sky regions

The result for the dN=dS of the EG (OG) sky is illustrated
in the left (right) panel of Fig. 4.We report the result obtained
with the 1pPDF analysis of CLEAN all PSF events in the
10–300 GeV energy range when using the Official Pass8
diffuse emission template (blue) and the modA (magenta).
As for the OG ROI, we also show the results obtained using
an optimized skyFACT diffuse template (yellow) without
including a GCE template. The best-fit results are reported
together with the 1σ uncertainty bands. The source-count
distribution from the sources in the 4FGL is shown for
reference with black points, where uncertainties include
statistical uncertainties on the source count only. As
expected, the 1pPDF recovers the dN=dS of bright sources
in agreement with the 4FGL number counts down to
fluxes of about S ∼ 10−11 ph cm−2 s−1. For lower fluxes,
the dN=dS of 4FGL sources decreases quickly, while the
1pPDF measures the collective contribution of faint point
sources down to at least one order of magnitude at
S ∼ 10−12 ph cm−2 s−1. At even lower fluxes, the 1σ uncer-
tainty band increases significantly, and themeasureddN=dS
becomes fully degeneratewith the diffuse isotropic emission
(in other words, the position of the second break of the
dN=dS and the normalization of the diffuse isotropic
emission are highly correlated). This measurement of the
dN=dS is robust against possible systematics coming from
the dN=dS parametrization as MBPL or using the hybrid
approach, as well as the event selection, see the appendix B.
In the EG ROI, consistent dN=dS are measured when

using the Official Pass8 and the modA diffuse models,
confirming the robustness of the results against diffuse
emission mismodeling at high latitudes, similarly to what
was observed in the 2–5 GeVenergy range in PaperI. The
measured dN=dS is in overall agreement with previous

1pPDF results obtained within a similar event selection,
energy bin, and region of interest in the high-latitude
sky [32]. As expected, it becomes unconstrained below
about 6 × 10−13 ph cm−2 s−1.
Using the Official P8 diffuse model and the skyFACT

optimized one, the dN=dS of the OG is found to be well
described by a power law of index n2 ¼ 2.05þ0.17

−0.08 , from
5 × 10−10 ph cm−2 s−1 down to 5 × 10−12 ph cm−2 s−1,
where the uncertainty band opens by few orders of
magnitude. These dN=dS results are compatible with the
source counts of bright sources within the 4FGL catalog,
and reveal unresolved sources down to at least
5 × 10−12 ph cm−2 s−1. Instead, we observe effects of mis-
modeling the diffuse emission when using modA, while the
results using the skyFACT and the Official P8 model are
consistent within statistical uncertainties. Similarly to what
was observed in PaperI, in this scenario the 1pPDF loses
its sensitivity and fails to measure faint sources at fluxes
lower than about 10−11 ph cm−2 s−1. The dN=dS measured
by the 1pPDF with modA suggests that residuals in the
fitted gamma-ray sky are interpreted as bright point sources
around the sensitivity threshold of the 4FGL catalog. The
measure of the dN=dS of gamma-ray sources in the OG
ROI in the 10–300 GeV energy range is a novel result of
this work.

B. Inner Galaxy

We proceed to measure the source count distribution
of bright and faint point sources within the IG ROI in the
10–300 GeVenergy bin, and considering different Galactic
diffuse emission models and GCE diffuse models as
obtained in the dedicated skyFACT fit described in
Sec. II. When using the skyFACT-optimized diffuse
models, we consistently include in the 1pPDF fit the

FIG. 4. Extragalactic and outer Galaxy dN=dS. Source-count distribution of the EG ROI (left panel) and of the OG (right panel) as
obtained from the 1pPDF analysis. The dN=dS result using the Official P8 (blue lines) model, modA (magenta lines). and the skyFACT
Galactic diffuse emission model without any component modeling the GCE (yellow line, only right panel) are reported. The 1σ
uncertainty bands are indicated with colored areas. The count distribution of 4FGL sources is illustrated with black points for
comparison in the bright flux regime.
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GCE diffuse model following a NFW126 or a bulge
morphology, with a free overall normalization, apart for
the noGCE setup. This permits us to evaluate again, this
time with Bayesian statistics as detailed in Sec. II C, which
model is preferred when fitting the IG including also faint
point sources. The results for the 1pPDF fits using the
diffuse models obtained within the SF-noGCE, SF-
NFW126 and SF-B fits are summarized in Table II for
the 1pPDF fits of CLEAN allPSF data. The columns
illustrate the latitude cut, the Bayesian log-evidence, the
point source fluxes for S < 10−10 ph cm−2 s−1 and the
normalization of the diffuse GCE for the different con-
figuration explored. Regardless of the latitude cut, we find
that the model best describing the gamma ray data is the
one in which the Galactic diffuse emission corresponds to
the skyFACT fit and that also include a smooth, diffuse
GCE following a bulge morphology with Bayes factor
lnBij ≳ 30. Adding a diffuse GCE template is also

preferred with respect to the SF-noGCE case with similar
Bayes factor. Both the Galactic diffuse emission and the
GCE smooth templates are found in the 1pPDF fit with
normalizations consistent with one. We tested that similar
results are obtained using UCV allPSF and PSF3 data
selections. This corroborates the result obtained within
skyFACT: The IG gamma-ray sky at energies larger than
10 GeV is best described when a smooth GCE following a
bulge morphology is included in the model, also when
modeling the faint point sources.
The PS flux is found to be consistent among the different

optimized Galactic diffuse models employed, and slightly
higher when cutting only the inner 0.5°, see next section for
further discussion on the source density. By integrating all
the PS fluxes below S < 10−10 ph cm−2 s−1 (and thus in an
intermediate regime between bright and faint), we obtain a
total PS flux which is comparable to the total flux measured
by skyFACT in the full IG ROI within the fit for
E > 10 GeV, equal to 2.37 × 10−8 ph cm−2 s−1.
In addition, we find that a consistent population of faint

point sources is reconstructed no matter the skyFACT-
optimized Galactic diffuse emission model. This is
illustrated in the left panel of Fig. 5. The dN=dS as
measured by the 1pPDF and cutting the inner jbj < 1° is
reported for the SF-noGCE, SF-NFW126, and SF-B
setups with different colors, together with the 1σ uncer-
tainty band. No matter the setup of diffuse templates used,
the 1pPDF consistently measures faint point sources
down at least to 10−12 ph cm−2 s−1. At brighter fluxes
and up to 10−11 ph cm−2 s−1, the reconstructed dN=dS is
found compatible with the source count in the 4FGL, in
particular when flagged sources are excluded. Between
10−12 ph cm−2 s−1 and 10−11 ph cm−2 s−1 the 1pPDF
measures a number of point sources significantly higher
than the ones in the 4FGL. Between 10−9 ph cm−2 s−1 and
10−12 ph cm−2 s−1, the dN=dS follows a power law with

TABLE II. Results for the 1pPDF analysis of the IG LAT data,
CLEAN, all PSF. First three columns: Setup of the analysis and
latitude mask of the IG. The lnðZÞ is the nested sampling global
log-evidence extracted from Multinest. Last two columns:
flux from IG point sources (in units of 10−8 ph cm−2 s−1 and for
S < 10−10 ph cm−2 s−1), and normalization of smooth GCE
template in the 1pPDF fit when relevant.

Description jbj cut [°] lnðZÞ PS flux AB=NFW126

No GCE 0.5 −19056.81 3.42þ0.78
−1.58 � � �

NFW126 0.5 −19060.14 3.76þ0.41
−1.75 0.84þ0.10

−0.16
Bulge 0.5 −19027.22 3.94þ3.89

−1.98 0.97þ0.06
−0.08

No GCE 1 −18085.2 2.75þ0.76
−1.39 � � �

NFW126 1 −18072.6 2.84þ0.7
−1.3 1.45þ0.05

−0.15
Bulge 1 −18054.34 2.68þ1.07

−1.08 1.02þ0.08
−0.04

FIG. 5. Inner Galaxy dN=dS. Source-count distribution of the IG ROI measured by the 1pPDF using different skyFACT-optimized
diffuse models (left panel, for jbj > 1°) and compared to nonoptimized models from the literature (right panel, for jbj > 0.5°). The 1σ
uncertainty bands are indicated with colored areas. The count distribution of 4FGL sources is illustrated with black points for
comparison in the bright flux regime. Gray points represent the count distribution of 4FGL sources without any analysis flag, see [68].
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index n2 ∼ 2. At fluxes lower than 10−12 ph cm−2 s−1 the
uncertainty band opens significantly and the second break
in the dN=dS becomes fully degenerate with the isotropic
diffuse background normalization.
In the right panel of Fig. 5 we illustrate the effect of

Galactic diffuse emissionmismodeling for jbj < 0.5°.When
using nonoptimized Galactic diffuse emission models such
as the Official P8 (blue line) or the modA (magenta), the
1pPDF method is not able to reconstruct bright point
sources even at high fluxes of 10−10 ph cm−2 s−1, and
spurious peaks in the dN=dS are found with high signifi-
cance. We attribute this effect to the residuals left when
analyzing gamma rays at low latitudes, which are misat-
tributed by the 1pPDF to a bright population of point
sources.

C. Spatial distribution: Source density

In order to characterize the spatial distribution of the
point source population measured by the 1pPDF we
compute the source density in the different ROIs analyzed.
We remind that, in the current implementation, the 1pPDF
method measures an isotropic population of point sources
in the region of interest, and thus is not sensitive to the
pixel-by-pixel spatial distribution of sources. Thus the
measured dN=dS, and in turn the source density are to
be considered as average quantities within the ROI. We
compute the source density by integrating the measured
dN=dS (and the corresponding 1σ uncertainty) in the flux
interval ½3 × 10−12; 1 × 10−11� ph cm−2 s−1. This flux inter-
val corresponds to the regime in which the 4FGL is
incomplete for the source counts, and thus characterizes
the unresolved point sources collectively measured by the
1pPDF. The source density obtained integrating the dN=dS
as measured in the EG ROI is of ∼0.12þ0.02

−0.01 sources=deg2.
The OG source density is found to be slightly higher, at the
level of 0.20þ0.09

−0.03 sources=deg2, suggesting that Galactic
sources contribute to the dN=dS in addition to the extra-
galactic sources measured in the EG.
The source density in the full IG ROI is 0.31þ0.11

−0.09
sources=deg2 when cutting the inner jbj< 1 degree, and
0.28þ0.10

−0.09 sources=deg2 when cutting the inner jbj < 0.5
degree. Both results are compatible within errors, and
reveal a source density higher with respect to the EG
and OG. However, the reduced photon statistics in the
10–300 GeV energy bin prevents to robustly measure
the radial and longitude profiles of point sources
using multiple regions as done in PaperI. We thus
provide the source density within the North and South
hemispheres, corresponding to 0.35þ0.20

−0.24 sources=deg2 and
0.33þ0.22

−0.29 sources=deg2 respectively, as well as for positive
and negative longitudes, equal to 0.47þ0.30

−0.32 sources=deg2

and 0.18þ0.15
−0.15 sources=deg2. The source density is found to

be slightly higher than the OG and the average IG level
within positive longitudes. We note that, if the GCE

consists of MSPs within the stellar bulge of the
Milky Way, and if they contribute to the unresolved
point sources in the considered flux interval, an asym-
metry among negative and positive longitudes is indeed
expected [16,59,60], being the stellar bulge more luminous
at positive longitudes, see e.g., Fig. 3. However, we leave
the interpretation of these measurements to forthcom-
ing work.

VI. CONCLUSION AND OUTLOOK

In this work, we presented a new study of the IG Fermi-
LAT data at energies above 10 GeV with the goal of
investigating the robustness of the high-energy tail of the
GCE, and assessing the role of subthreshold point sources.
Our analysis is based on an innovative method which
combines adaptive template fitting and pixel count stat-
istical methods, while minimizing the mismodeling of
Galactic diffuse emission backgrounds. The present paper
extends our previous results of PaperI focused on the
2–5 GeV energy bin, where the GCE is prominent.
We performed adaptive-constrained template fits with

skyFACT, firstly in the full energy 0.3–300 GeV, and then
in the high-energy range 10–300 GeV. The gamma-ray sky
was interpreted as the combination of several components,
each one modeled by a specific spectral and morphological
input template. In particular, we considered a NFW126 or a
bulge template for the GCE.We found a strong evidence for
the GCE also at high energies, σ > 5 regardless of the GCE
spatial template. Remarkably, our fit preferred the bulge
model over the NFW126 at high significance (σ ¼ 5.5) and
showed no evidence for an additional NFW126 template on
top of the bulge component (σ ¼ 0.8). We find strong
evidence for the GCE at high energy in the presence of the
Fermi bubbles at low latitudes.
The skyFACT fit results, which maximally reduce

residuals in an effective way, were then employed as input
model for the 1pPDF analysis. After measuring the dN=dS
in the OG and EG control regions, we proceeded to
measure the source count distribution of bright and faint
point sources within the IG ROI in the 10–300 GeVenergy
bin, and considered different Galactic diffuse emission
models and GCE diffuse models as obtained in the
dedicated skyFACT fit. We found that the model best
describing the gamma-ray data is the one that contains the
skyFACT fit for the Galactic diffuse emission with the
inclusion of a smooth, diffuse GCE following a bulge
morphology. Adding a diffuse GCE template is also
preferred with respect to the SF-noGCE case. Both the
Galactic diffuse emission and the GCE smooth templates
are found in the 1pPDF fit with normalizations consistent
with one. Notwithstanding the low statistics characterizing
the emission at energies >10 GeV, the IG gamma-ray sky
at energies larger than 10 GeV is best described when a
smooth GCE following a bulge morphology is included in
the model, also when modeling the faint point sources.
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A further result reached by the 1pPDF is that a consistent
population of faint point sources is reconstructed. No
matter the skyFACT-optimized Galactic diffuse emission
model, the 1pPDF consistently measures faint point
sources down at least to 10−12 ph cm−2 s−1. Between
10−12 ph cm−2 s−1 and 10−11 ph cm−2 s−1 the 1pPDF mea-
sures a number of point sources significantly higher than
the ones in the 4FGL.
In the current implementation, the 1pPDF method is not

sensitive to the pixel-by-pixel spatial distribution of
sources. In an attempt to characterize the spatial distribu-
tion of the point-source population measured by the
1pPDF, we computed the source density in the EG, OG,
and IG ROIs by integrating the measured dN=dS in the flux
interval ½3 × 10−12; 1 × 10−11� ph cm−2 s−1. We found an
IG source density higher with respect to the EG and OG.
Similar source densities are found within the North and
South hemispheres, while a higher density was found for
positive longitudes with respect to negative ones. If GCE
were explained by point sources such as MSPs, one would
expect an asymmetry among negative and positive longi-
tudes, being the stellar bulge indeed more luminous at
positive longitudes.
The spectrum of the GCE as found in our skyFACT fit

to the Fermi-LAT data at energies above 10 GeV is reported
in Fig. 6, along with earlier results. The linear x-axis
emphasizes the high-energy tail of the GCE, where we
confirm and support the existence of a significant high-
energy tail in the GCE spectrum at energies of
E > 10 GeV, consistently with the results from template

fitting by e.g., Refs. [11]. For illustrative purpose, we
overlay twomodel interpretations picked from the literature.
Dark matter annihilation of weakly interacting massive
particles with mDM ¼ 40 GeV in the bb̄ channel [21]
(yellow dot-dashed line, rescaled by a factor 1.5 to match
the normalization of GCE spectrum found in Ref. [11])
can explain the peak of the GCE at around few GeV, but
fails to explain the high-energy tail. Annihilation into a
combination of different final states as suggested by
specific dark matter models could explain the spectrum
until few tens of GeV, but they are subject by other
constraints, see e.g., [69–72]. Conversely, the cumulative
flux from MSPs in the Galactic bulge, including the
prompt (purple dotted) and inverse Compton (IC, dashed)
emissions as modeled by Ref. [24] have a spectrum
compatible with both the GCE peak and the high-energy
tail, depending on the spectral properties of the e�
population emitted [23].
The robustness of our results confirming the existence of

a GCE at high energies, demonstrating the preference of the
Fermi-LAT data for a bulge morphology and measuring a
population of point sources below the detector threshold,
motivates further studies towards the understanding of the
GCE in terms of point sources and specifically of MSPs.
This exploration, along with other viable and complemen-
tary interpretations, are left for future study.
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APPENDIX A: skyFACT FITS:
SYSTEMATICS AND FIT RANGES

In this section, we test our skyFACT fit results against a
number of systematics.
First, we consider the fit in the 0.3–300 GeV. In Fig. 7

(left), we show the best-fit spectra of the GCE bulge
component resulting from the skyFACT when assuming
different GCE input spectra: (i) a power law with index
α ¼ −2.5 (baseline of this work); a power law with
exponential cutoff with parameters; (ii) α ¼ −1.46 and
E0 ¼ 3.6 GeV (as assumed in previous analyses as a proxy
for the cumulative MSP spectrum, and also adopted in
PaperI) or (iii) α ¼ −2 and E0 ¼ 50 GeV. The latter

FIG. 6. The GCE energy spectrum is illustrated in linear scale
to highlight the E > 10 GeV tail. Our results obtained with
skyFACT for energies larger than 10 GeVare shown in magenta.
The measured spectra from the template-based analysis of
Ref. [11] is reported with blue points, where the shaded band
encloses the systematic uncertainties on the GCE spectra when
varying the Galactic diffuse emission modeling. Model inter-
pretations assuming dark matter annihilations (Ref. [21], yellow
dot-dashed line, rescaled by a factor 1.5) or MSP prompt (purple
dotted) plus IC emission (dashed) from Ref. [24] are overlaid for
comparison.
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input spectrum is meant to provide significant input flux at
high energies so to mimic the behavior of the pure power
law. From Fig. 7 (left), we can conclude that the GCE
spectral behavior is consistent regardless of the assumed
input spectrum up to E ∼ 10 GeV. At higher energies, the
(ii) input spectrum is basically zero and cannot be properly
modulated despite the full spectral freedom. Instead, input
spectra with nonzero high-energy values, i.e., like (i) and
(iii), can be modulated also at higher energies. The best-fit
GCE spectra we find for (i) and (iii) are compatible above
10 GeV, showing that, as long as the input spectrum is non-
zero in the energy range of interest skyFACT successfully
modulates it providing robust results against the choice of
the input spectral parametrization. At this point, we recall
that the spectral and spatial terms of each model component
are factorized in the fit to the data. We studied the same
variations of the input spectrum also for the case of an
NFW126 GCE morphology, finding very analogous energy
behaviors of the best-fit GCE spectrum. For all spectral
choices, there is strong evidence for the GCE, and the bulge
is needed on top of the NFW126 component.
Secondly, we consider the high-energy interval

10–300 GeV, and perform skyFACT fits therein. As
mentioned in Sec. IV, the evidence of the GCE at higher
energies is still strong, and a bulge component is still
required on top of NFW126. We here perform a series of
runs to test different systematics. First, we noticed that the
innermost gas ring (gas I) resulted to be strongly sup-
pressed with respect to the best-fit in the 0.3–300 GeV
skyFACT run. We can explain that because of the fact that
the higher-energy data possess less constraining power on
this component given the reduced statistics and the fact that

the gas emission is the stronger at low energies, where the
gamma-ray production from neutral pion decay is peaked.
We setup a run in which the gas I component is therefore
initialized to same best-fit value of the 0.3–300 GeV
skyFACT run. The spectral behavior of the GCE compo-
nent is stable against this variation, and the evidence for
GCE and preference for bulge at high energies are
unaffected. We display the high-energy GCE bulge best-
fit spectrum in Fig. 7 (right).
The modeling of the Fermi bubbles [49] was found to

represent an important source of systematic uncertainty in
the evidence of a high-energy tail of the GCE. In particular,
Ref. [19] found that whenever a low-latitude Fermi bubbles
template was added to the fit, the GCE high-energy tail
(E > 10 GeV) disappeared, see their Fig. 9, right panel. We
would like to stress here that the Fermi bubbles are an
effective gamma-ray model component, defined in
skyFACT through their spectrum. We constrain the spec-
trum to be compatible with the best-fit spectral behavior at
high-latitude found in Ref. [48], which is approximately
∝ E−1.9, and allow it to vary only mildly. On the other hand,
the spatial morphology is completely reconstructed by
skyFACT through modulation of the spatial coefficients
which are fully free to vary, see details in Ref. [40,41].
Therefore, by construction, for all skyFACT runs the
Fermi bubbles do possess a low-latitude component.
Nevertheless, given the possible strong degenerancies

between Fermi bubbles and GCE, we test some possible
systematics related to modeling of the Fermi bubbles. In
our framework, given the degenerancies at play, we cannot
obtain convergent fit if both Fermi bubbles and GCE are
left free spatially and spectrally, so that we need to

FIG. 7. Systematic tests on GCE spectrum. Left: GCE best-fit spectra (BBþ NB components) reconstructed with the skyFACT fit in
the range 0.3–300 GeV, adopting different input spectra: a power law with index -2.5 (deep pink solid, baseline choice), a power law
with exponential cutoff with parameters α ¼ −1.46 and E0 ¼ 3.6 GeV (purple, typical MSP-like ‘prompt’ spectrum), or α ¼ −2 and
E0 ¼ 50 GeV (violet). Dotted lines correspond to the input spectra. Right: GCE best-fit spectra (BBþ NB components) reconstructed
with the skyFACT fit in the range 10–300 GeV (orange solid, baseline), testing uncertainties related to the input spectrum of the
innermost gas ring (green, gas I); spectral freedom on the Fermi bubbles (royal blue, 25% and navy, 50%); spatial morphology of the
Fermi bubbles (teal, structured morphology). We also show the GCE bulge spectrum when the new BB determination in Ref. [60] is
adopted (red line, BB Coleman).
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constrain partly their model in order to get meaningful
results. We therefore test the following setups: (a) We
progressively increase the spectral freedom of the Fermi
bubbles from the 1% variation in the baseline setup to 25%
and 50%; (b) Instead of leaving the morphology of the
Fermi bubbles free to readjust during the fit, we fix their
spatial part to the best-fit structured template from Ref. [18]
and allow full spectral freedom. In Fig. 7 (right), we show
that the high-energy GCE spectrum is stable against
variations of Fermi bubbles spectrum and morphology.
The evidence for GCE is always present for these model
variations, albeit slightly reduced (to 5.3σ) when using a
fixed, structured Fermi bubbles morphology, which how-
ever provides overall a worse fit than our baseline setup.
The skyFACT-optimized templates for the FB, corre-
sponding to the fit performed in the full energy range
(left) and for E > 10 GeV (right) are shown for reference
in Fig. 8.
Finally, we also test a more recent model of the stellar

bulge [60], which has been found to better fit the gamma-
ray data in the full energy range [61,62]. The best-fit bulge
spectrum at high energy is fully consistent when different
bulge templates are used.

APPENDIX B: 1pPDF FITS: SYSTEMATICS
AND FIT RANGES

To demonstrate that the most crucial systematics on the
skyFACT fit explored in the previous section have no
impact on the 1pPDF results in the IG, we show in Fig. 9
the dN=dS reconstructed for various cases. The results of
the Baseline fit obtained in the 10–300 GeVare found to be
consistent with the ones obtained using the skyFACT
diffuse models fitted to the full energy range (magenta
dashed), as well as the ones using the structured FB
template (blue dotted), no matter the latitude cut.
Additionally, the lnðZÞ for the fit using the skyFACT
diffuse models obtained in the full 0.3–300 GeV range are
respectively -19118.29 and -18119.29 for the latitude cut at

0.5° and 1°, indicating that the skyFACT diffuse models
optimized for the high-energy fit better describe the
gamma-ray sky fitted by the 1pPDF.
The panels in Fig. 10 illustrate further systematics test

performed on the reconstructed dN=dS within the 1pPDF
fits. The upper, middle, and lower rows depict the results
for the EG, OG, and IG ROI, respectively. In each row, the
left panel shows that the 1pPDF results presented in the
main text are robust with respect of the modeling of faint
point sources in the unresolved regime. Indeed, modeling
the dN=dS within the hybrid method [31], thus adding
nodes at fluxes < 10−12 ph cm−2 s−1 leaves the dN=dS
results compatible with the MBPL fit down to the meth-
ods’s sensitivity. The right panels of Fig. 10 show instead

FIG. 8. The skyFACT-optimized templates for the FB as integrated in the 10–300 GeVenergy bin and obtained from the fit in the full
energy range (left) and at high energies (right).

FIG. 9. Systematic tests for the IG dN=dS reconstruction using
different skyFACT diffuse emission models. The source count
distribution of the IG (masking b < j1j°) as obtained from the
1pPDF analysis is measured varying various ingredients of the
skyFACT Galactic diffuse emission derivation. The ‘E range’
(magenta dashed) corresponds to the case in which all the diffuse
templates are taken from the skyFACT fit in the 0.3–300 GeV
interval. See the right panel of Fig. 7 and text for more details.
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FIG. 10. Systematic tests on dN=dS reconstruction. Source count distribution of the extragalactic ROI (upper panels), of the outer
Galaxy (center panels) and of the IG (masking b < j1j°, and using the SF-BB setup) as obtained from the 1pPDF analysis varying the
1pPDF fit method (left) and the Fermi-LAT event selection (right). Consistent results are obtained in all ROIs for all explored
configurations.
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how the dN=dS results are robust against the choice of the
Fermi-LAT event selection. The measured dN=dS is fully
consistent within 1σ uncertainties among CLEAN and UCV
events, and also restricting to the best quartile of PSF
events (PSF3). The only observable effect is an increased
1σ uncertainty band for event types including less pho-
tons, specifically in small ROIs such as the OG and
the IG.
We summarize in Table III the parameter priors for the

1pPDF analysis of the IG. The table contains three
blocks: in the first, parameters in common with all the
fit setups are given, such as the normalization of the
diffuse emission templates and of the isotropic emission.
The second block refers to the parameters for the dN=dS
fit when using the MBPL approach, specifically the
normalization of the dN=dS the break positions and
indexes, see Eq. (1). The last block refers to the hybrid
approach, where the MBPL is extended with a node. The
normalizations AS; And1 are in units of s cm2 sr−1, and the
break positions Sbn;snd1 are in units of ph cm−2 s−1.
Finally, Fiso is given in units of cm2 s−1sr−1. All other
parameters are dimensionless.
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