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We combine adaptive template fitting and pixel count statistics in order to assess the nature of the
Galactic Center excess in Fermi-LAT data. We reconstruct the flux distribution of point sources well below
the Fermi-LAT detection threshold, and measure their radial and longitudinal profiles in the inner Galaxy.
We find that all point sources and the bulge-correlated diffuse emission each contributes Oð10%Þ of the
total inner Galaxy emission, and disclose a potential subthreshold point-source contribution to the Galactic
Center excess.
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Introduction.—The Galactic Center excess (GCE) shows
up as an unexpected γ-ray component in the data of the
Large Area Telescope (LAT), aboard the Fermi satellite, at
GeV energies, from the inner degrees of the Galaxy [1–5].
Despite the great interest raised by the GCE discovery, its
nature is still unknown. While the GCE morphology has
been found to be consistent with a Navarro, Frenk, and
White (NFW) profile [6] for annihilating particle dark
matter (DM) in [1,4,7–10], it could also be due to a
population of millisecond pulsars, as proposed by [11].
Stellar distributions were used as tracers of point sources
(PS) emitting below threshold, and turned out to match
the morphological features of GCE photons better than
DM-inspired templates in [12–14]. All these results were
obtained by γ-ray analyses based on the, so-called, template
fitting. In parallel, complementary methods, based on
photon-count statistics and aimed at detecting new point
sources below the threshold of the Fermi catalogs were
developed. They initially revealed that the GCE can be
entirely due to a population of PS [15,16]. More recently,
the DM interpretation was brought back by [17], although
hampered by systematics affecting photon-count statistical
methods [18–22]. Techniques involving neural networks
have also been explored [23,24]. As a conclusive probe of
the PS nature of the GCE, a fully multiwavelength
approach has been proposed, from radio to gravitational
wave observations [25–27].
A major limitation to all these studies is the modeling of

the Galactic diffuse foreground, and the impact of resi-
dual mismodeled emission on the results’ robustness. As
for template fitting methods, the analysis of the diffuse
emission has been recently approached with the skyFACT
algorithm, which fits the γ-ray sky by combining methods
of image reconstruction and adaptive spatial and spectral
template regression [28]. The skyFACT method has been

tested in the inner Galaxy (IG) region, and probed to be
efficient in the removal of most residual emission for a
robust assessment of the GCE properties [12,28]. Another
source of uncertainty is the contribution of subthreshold
PSs. Photon-count statistical methods can discriminate
photons from γ-ray sources based on their statistical
properties [29]. In particular, the 1-point probability dis-
tribution function method [30] (1pPDF) fits the contribu-
tion of diffuse and PS components to the γ-ray 1-point
fluctuations histogram. Employing 1pPDF on Fermi-LAT
data, it was possible to measure the PS count distribution
per unit flux, dN=dS, below the LAT detection threshold at
high latitudes [30–32], and to set competitive bounds on
DM [33].
The scope of this Letter is to apply the 1pPDFmethod to

Fermi-LAT data from the IG to understand the role of
faint PS to the GCE, while minimizing the mismode-
ling of diffuse emission components. To this end, we
adopt a hybrid approach which combines, for the first
time, adaptive template fitting methods as implemented in
skyFACT, and 1pPDF techniques.
Rationale, data, and methodology.—We follow a two-

step procedure: first, we fit γ-ray data with skyFACT in
order to build a model for the emission in the region of
interest (ROI), maximally reducing residuals found to bias
photon-count statistical methods [20]. Second, we run
1pPDF fits with skyFACT-optimized diffuse models as
input, and assess the role of PS to the GCE.
We analyze 639 weeks of P8R3 ULTRACLEANVETO

Fermi-LAT data [34] until 2020-08-27. For the skyFACT
fit, we consider an ROI of 40° × 40° around the GC [35],
and the 0.3–300 GeVenergy range. We closely follow [12]
and update the analysis for the increased data set and 4FGL
catalog [36]. The emission model includes γ rays from
inverse Compton scattering, π0 decay, 4FGL pointlike and
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extended sources, the Fermi bubbles, the isotropic γ-ray
background (IGRB), and theGCE. For the latter, we consider
a template for the Galactic bulge emission as in [12], and one
for a generalized NFW DM distribution with slope 1.26
(NFW126) [3,4]. We refer to [37] for more details.
We operate the 1pPDF analysis in the energy range

2–5 GeV [31,33], restricting to events with best angular

reconstruction (evtype ¼ PSF3) and coming from the inner
20° × 20°, IG ROI hereafter. We cut at latitudes jbj > 0.5°
or 2° to check the stability of 1pPDF results. The 1pPDF-
fit model components are an IGRB template (free normali-
zation), a diffuse emission template (free normalization),
and an isotropic PS (IPS) [38] population with dN=dS
defined by a multiple broken power law:
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The free parameters are AS, the flux break positions, and the
broken power-law indices, ni [37]. The IPS dN=dS
measured by the 1pPDF fit should recover the dN=dS
of Fermi-LAT detected PS in the bright regime while
pushing the PS detection threshold down to lower fluxes
[30,31].
Our goal being to quantify the role of PS to the GCE

within the 1pPDF, we add a GCE smooth template in the
1pPDF fit. As a baseline, we use the best-fit skyFACT
bulge template in the 1pPDF fit (1pPDF-B), and we define
the sF-B diffuse model as the sum of best-fit inverse
Compton, π0 decay, Fermi bubbles, and extended sources,
thus subtracting the bulge emission. The normalization,
AB=NFW126 for the bulge=NFW126 template, refers to the
rescaling factor relative to the best-fit normalization from
skyFACT.
On the one hand, the use of skyFACT best-fit diffuse

model guarantees a robust characterization of GCE spec-
trum and morphology against systematics related to the
mismodeling of the diffuse emission [3,20], resolving
oversubtraction and undersubtraction issues by including
a large number of nuisance parameters. The limitations of
such a systematic uncertainty are indeed also relevant for
the reconstruction of faint PS with 1pPDF methods [37].
On the other hand, the skyFACT optimization procedure
mitigates possible systematics related to the mismodeling
of unaccounted components [18], by allowing spatial
remodulation in the fit templates. Also, we stress that this
is the first time the stellar distribution in the Galactic bulge
as tracer of GCE photons is used in pixel count statistical
analyses (except for brief cross-checks, as in, e.g., [17]).
Besides the bulge, we also consider NFW126 as smooth

GCE in the 1pPDF analysis (1pPDF-NFW126). In this
case, we construct the corresponding skyFACT-optimized
diffuse model (sF-NFW126) from the skyFACT
run adopting NFW126 as GCE, in analogy with the
sF-B model. Such a procedure guarantees maximal

consistency between GCE and diffuse models adopted as
input in the 1pPDF. Finally, to bracket the uncertainties
related to the optimization of the diffuse model, we also
build a skyFACT-optimized diffuse template from the
skyFACT run not including any GCE additional template
(sF-noGCE).
Results.—Our updated analysis of Fermi-LAT data with

skyFACT confirms previous findings from [12–14]. A
bulge distribution for GCE photons is strongly preferred by
data on top of the NFW126-only model (∼10σ), and there
is mild evidence for an additional NFW126 contribution on
top of the bulge-only model (∼4σ), cf. [37]. This implies
that the model maximally reducing the residuals is the
skyFACT best fit of the run with the bulge.
We then use skyFACT-optimized diffuse and smooth

GCE templates as input for 1pPDF fits, testing 0.5° and 2°
latitude cuts. Our results are summarized in Fig. 1, where
we show the best-fit dN=dS for the IPS in the IG ROI for
several 1pPDF fit configurations. First, we notice that
whatever GCE template is added to the 1pPDF fit compo-
nents (bulge or NFW126), its normalization never con-
verges toward the lower bound of its prior interval,
regardless of the skyFACT diffuse template adopted.
The same is valid for the IPS normalization. In all fit
setups shown, an IPS population is recovered below the
LAT flux threshold. The reconstructed IPS dN=dS is stable
against systematics related to the choice of skyFACT-
optimized diffuse template, and latitude cut. Moreover, it
does not present any spurious effect at the Fermi-LAT
threshold (∼10−10 ph cm−2 s−1), and IPS are resolved down
to ∼10−11 ph cm−2 s−1 for jbj > 0.5°, depending on the
modeling of the smooth GCE component. This holds true
even when no GCE smooth template is included neither in
the skyFACT fit nor in the 1pPDF one, contrary to
what happens using nonoptimized diffuse models
[18,20]. We therefore demonstrate, also in the context of
1pPDF methods, that reducing large-scale residuals from
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mismodeling of the diffuse emission improves the
reconstruction of PS dN=dS (see also [37]). The recon-
structed dN=dS has a normalization decreasing with
increasing latitude cuts, suggesting that PS are more
numerous toward the very GC. When an NFW126 template
is included in the 1pPDF fit, the IPS dN=dS is compatible
with the 1pPDF-noGCE case. In both cases, the second
break in the dN=dS—in addition to the one set in the bright
regime—is recovered close to the LAT flux threshold.
Instead, the 1pPDF-B reconstructs PS down to lower
fluxes, regardless of sF-noGCE or sF-B diffuse models.
For these setups, the second flux break is found at ∼2 ×
10−11ð8 × 10−12Þ ph cm−2 s−1 for jbj > 0.5°ð2°Þ. Going
from jbj > 0.5° to jbj > 2°, the dN=dS is resolved down
to even lower fluxes. A posteriori, we associate such a

better sensitivity to IPS to the ability of the fitted diffuse
components to further reduce fit residuals.
We quantify now the evidence for models with an

additional smooth GCE template. To this end, we compare
the global evidence, lnZ, for the 1pPDF-noGCE,
1pPDF-B, and 1pPDF-NFW126 setups, with different
skyFACT diffuse model inputs. For each model combi-
nation, we compute the Bayes factor between model i and
j, Bij ¼ expðlnZi − lnZjÞ, and assess the strength of
evidence of model i with respect to model j. Our results
are presented in Table I. Regardless of the skyFACT-
optimized diffuse template adopted, data always more
strongly support models which include an additional
smooth template for the bulge with respect to models
without GCE in the skyFACT and/or 1pPDF fits

FIG. 1. IPS source count distribution in the IG ROI from the 1pPDF fit for jbj > 0.5° (left) or 2° (right). Solid (dashed) lines
correspond to sF-noGCE (sF-B) diffuse template. The black line illustrates the 1pPDF-noGCE case. The blue (red) line refers to the
1pPDF-B (1pPDF-NFW126) case. The colored areas correspond to 1σ uncertainty bands. The black (gray) points represent the count
distribution of 4FGL sources (without any analysis flag, see [36]).

TABLE I. Results for the 1pPDF analysis of the IG LAT data. First four columns: setup of the analysis and latitude mask of the IG.
The lnðZÞ is the nested sampling global log evidence extracted from Multinest [30]. Last two columns: flux percentage of different
model components with respect to the total emission in the ROI (for S < 10−8 ph cm−2 s−1, see [37]), and normalization of smooth GCE
template in the 1pPDF. Flux percentage always sum to unity within errors.

Description 1pPDF setup skyFACT diffuse jbj cut [°] lnðZÞ Point sources/diffuse/GCE% AB=NFW126

No GCE (both) 1pPDF-noGCE sF-noGCE 2 −6113 12=89=− � � �
Bulge (1pPDF only) 1pPDF-B sF-noGCE 2 −6076 13=81=7 0.8� 0.1
DM (1pPDF only) 1pPDF-NFW126 sF-noGCE 2 −6084 10=84=6 1.8þ0.4

−0.2
Bulge (skyFACT only) 1pPDF-noGCE sF-B 2 −6169 11=89=− � � �
Bulge (both) 1pPDF-B sF-B 2 −6074 13=77=10 1.1� 0.1
DM (both) 1pPDF-NFW126 sF-NFW126 2 −6084 11=82=7 2.3� 0.3
No GCE (both) 1pPDF-noGCE sF-noGCE 0.5 −7822 13=86=− � � �
Bulge (1pPDF only) 1pPDF-B sF-noGCE 0.5 −7802 14=83=3 0.3� 0.1
DM (1pPDF only) 1pPDF-NFW126 sF-noGCE 0.5 −7818 14=85=1 0.3� 0.1
Bulge (skyFACT only) 1pPDF-noGCE sF-B 0.5 −7907 15=85=− � � �
Bulge (both) 1pPDF-B sF-B 0.5 −7796 14=79=7 0.8� 0.1
DM (both) 1pPDF-NFW126 sF-NFW126 0.5 −7820 14=84=2 0.6� 0.2
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(lnBij > 20), and models with an additional smooth
NFW126 component in the skyFACT and/or 1pPDF fits
(lnBij > 7). Whenever a bulge template is included in our
analysis, this is preferred even with respect to additional
smooth DM templates. As for our baseline model, sF-B,
and jbj > 2°, the evidence for an additional bulge template
(1pPDF-B), with respect to 1pPDF-noGCE is lnB ∼ 95.
Moreover, in this case the normalization of the bulge
template is AB ¼ 1.1� 0.1, supporting the consistency
between GCE and diffuse model adopted. This evidence
is as strong also for jbj > 0.5°, lnB ∼ 110.
We note that, when we use the sF-noGCE diffuse model

in the 1pPDF fit including the bulge (1pPDF-B), we find
comparable evidence to the 1pPDF-B, sF-B setup.
Indeed, skyFACT is able to reabsorb part of the photons
from the bulge by remodulating (spatially) other diffuse
templates, and so, partially reduces the residuals also in the
sF-noGCE case. This is perfectly consistent with the fact
that AB ¼ 0.8� 0.1. Models with PS and a smooth bulge
component are therefore strongly preferred by data, regard-
less of the optimized diffuse model employed. On the
contrary, the evidence for an additional smooth NFW126
template with respect to models without GCE in the
skyFACT fit and/or 1pPDF fits depends on the choice
of the skyFACT-optimized diffuse template adopted, as
well as on the latitude cut.
We have tested our results against a number of system-

atic effects, which are detailed in [37].
The flux percentages reported in Table I illustrate that

1pPDF fits to Fermi-LAT data find non-null (and even
comparable) emission from both the IPS population and
the smooth GCE template, in most cases each contributing
about 10% of the total emission in the ROI. Since 4FGL
sources (2° cut, without analysis flag, see Fig. 1) account
for 7% (10% including flagged sources) of the total IG
emission, the remaining flux comes from subthreshold IPS.
We have verified [37] that our results are not driven by PS

in the ultrafaint regime [19], where the sensitivity of the
1pPDF method drops (as quantified by the magnitude of
uncertainty bands in Fig. 1), and an IPS population may
become degenerate with a truly diffuse emission.
We also measure the IPS dN=dS in two control

regions: the outer Galaxy (OG, jbj<20°, 60° < jlj < 90°)
and the extra-Galactic region (EG, jbj > 40°, jlj > 90°).
The reconstructed dN=dS in both OG and EG ROIs
does not present any spurious threshold effect and
can identify IPS down to the statistical limit of the
method around ∼10−11 ph cm−2 s−1 [30]. We compute
the source density dN=dΩ in the flux interval
½10−11 − 10−9� ph cm−2 s−1, finding ∼0.6 sources=deg2

in the OG, and ∼0.3 sources=deg2 in the EG, see Fig. 2.
Since the spatial distribution of PS is isotropic by

construction, we test the PS spatial behavior by dissect-
ing the IG ROI into three concentric annuli, masked
for latitudes jbj < 0.5°. We extract the dN=dS separately
in each ring, and integrate it over the flux interval
½10−11 − 10−9� ph cm2 s−1. The result is reported in Fig. 2
as a function of the mean ΘGC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ l2

p
in each ring, for

our baseline 1pPDF-B, sF-B setup. We observe a
decreasing trend of the dN=dΩ in the IG with ΘGC.
Also, the dN=dΩ in the innermost ring is about a factor
of three higher than 4FGL sources, as well as than in OG
and EG. For the most external ring, the source density is
instead comparable with the catalog, OG and EG ones. This
corroborates the evidence that the IG PS population is not
purely isotropic nor extragalactic in origin, but rather it
peaks toward the GC. Similarly, we build the longitude
profile of IG PS, Fig. 2. The dN=dS has been fitted in six
longitude slices from the GC bound at jlj ¼ 6°, 12°, and
20°. The derived dN=dΩ shows again a distribution peaked
around the GC, and compatible with OG (and partially with
4FGL and EG) sources only in the most external longitude
interval. This result adds a piece of evidence that the GCE
(defined as an excess of photons above traditionally

FIG. 2. Radial (left) and longitude (right) source density dN=dΩ profiles, as reconstructed by the 1pPDF-B fit using the sF-B diffuse
model. We also display source density profiles for 4FGL sources (black points), and average source densities in the OG and EG ROIs.
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adopted foreground and background astrophysical models)
is contributed by faint PS on lines-of-sight toward the
Galactic Center, and, perhaps, in the Galactic bulge,
supporting their Galactic origin.
Conclusions.—For the first time, we analyzed the IG

Fermi-LAT sky by means of the 1pPDF photon-count
statistics technique in order to understand the role of PS to
the GCE. To minimize the systematic effects inherent the
modeling of the γ-ray sky, we introduced important
methodological novelties. First, we implemented within
the 1pPDF new, optimized, models for the diffuse emission
from skyFACT adaptive template fits, developing a self-
consistent procedure which effectively reduces diffuse
mismodeling. Second, besides PS, in the 1pPDF fit we
included an additional smooth GCE template which traces
the stellar distribution in the Galactic bulge.
The updated skyFACT analysis of the IG confirms that

the GCE is better described by a bulge template than an
NFW126 model at high significance. Moreover, we find
that the 1pPDF method, supplied with skyFACT diffuse
emission templates, always recovers an IPS population
well below the Fermi-LAT flux threshold, down to
∼10−11 ph cm−2 s−1 for jbj > 0.5°. The reconstructed IPS
dN=dS is stable against a number of systematics, in
particular related to the choice of skyFACT-optimized
diffuse template and latitude cut. Regardless of the
skyFACT-optimized diffuse template, data always prefer
models which include an additional smooth template for
the bulge with respect to both models without it and models
with an additional NFW126 template, in the skyFACT
and/or 1pPDF fits.
Our results show that, within the statistical validity of the

1pPDF and the setups tested, IPS and diffuse bulge each
contributes about Oð10%Þ to the γ-ray emission along the
lines of sight toward the GC. In particular, within our
baseline model the 1pPDF founds that PS (bulge) con-
tribute 13% (10%) of the total emission of the IG.
Subtracting the contribution from cataloged sources, a
non-negligible fraction of the IG emission is accounted
by subthreshold PS. This further corroborates a possible, at
least partial, stellar origin of the GCE.
We also verified that this IPS population is not purely

isotropic nor extragalactic in origin, rather it peaks toward
the very GC. Although the final confirmation of the PS
nature of the GCE will most likely come from multi-
wavelength future observations, we undoubtedly got one
step closer to the understanding of the mysterious nature of
the GCE emission.
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