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Outline
•Dark Matter (DM)
•The GC excess 
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The Dark Matter Paradigm

Baryons: 4 % 
Dark Matter: 26 % 
Dark Energy: 70 % 
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• Evidence for DM is found at all 
cosmological scales.

• Matter-energy density of the Universe:
Baryons: 4%
Dark Matter: 26%
Dark Energy: 70%
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 Galactic Rotation Curves (M31 and M33)
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Detecting Dark Matter Detecting Dark Matter
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over the 15° × 15° region. The construction of each IEM
and its associated point-source list/model is a critical
improvement over earlier works because the residual
emission is strongly dependent on modeling both over
the region self-consistently.
The four distinct IEMs from Ref. [19] are labeled as

follows:
(i) Pulsars, intensity-scaled
(ii) Pulsars, index-scaled
(iii) OB stars, intensity-scaled
(iv) OB stars, index-scaled

The IEMs differ in the assumed distribution of the sources
of CRs as tracing either the distributions of pulsars or OB
stars; and in the procedure employed to scale the γ-ray
intensity of the fore/background components outside of the
15° × 15° region to the data, either by scaling the normali-
zation of the model templates for intensity-scaled IEMs, or
scaling the normalization and spectral index (the latter only
for gas-related templates interior to the solar circle) for the
index-scaled IEMs. Notably, it was found that the data are
compatible with a contribution from γ-rays from DM
annihilation, and that the agreement between the data
and the model significantly improves for all four IEMs
when an additional component with a DM annihilation
morphology is included in the fit.

C. Analysis procedure

We employ the procedure developed by the Fermi-LAT
Collaboration in [19], which performs a ML fit of a model
consisting of one of the four IEMs and its corresponding
list of point sources to the data in the 15° × 15° region. For
each model, we include a DM annihilation contribution
(described below) and perform the fit using the gtlike
package of the Fermi-LAT ScienceTools. The results of the
fit are the coefficients of the interstellar emission compo-
nents from within the innermost ∼1 kpc, as well as those
describing the DM model under consideration. All point
sources with a test statistic (defined as in [34]) TS > 9 are
included in the model. Their fluxes and spectra are
determined by iterative fits, with each iteration freeing
the spectral parameters for a subset of point sources in order
of decreasing TS.

III. MORPHOLOGY AND SPECTRAL
CHARACTERISTICS

The DM spatial distribution used in this paper is
described in this section. Because [19] tested spatial
templates fixed at the position of Sgr A* we investigate
the possibility of an offset from this location by refitting
the DM spatial distribution and scanning the ML grid
about the GC. If a large offset is found, it might
challenge a DM interpretation of the excess. For some
IEMs the DM spectrum obtained by [19] extended
beyond 10 GeV, but a dedicated study of the spatial

distribution > 10 GeV was not made; this is also
investigated in this section.

A. Dark matter component

The results of numerical simulations for galaxy forma-
tion can broadly be described by the Navarro, Frenk, and
White (NFW) profile [35]:
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For this analysis, we use a scale radius Rs ¼ 20 kpc and ρ0
corresponding to a local DM density ρ⊙ ¼ 0.4 GeV=cm3.
Two values for the inner slope γ of the DM distribution
are considered, γ ¼ 1, 1.2. The more cuspy distribution
γ ¼ 1.2 is motivated by the possibility of halo contraction
due to the influence of baryons, which are typically not
included in the simulations [36]. The square of the NFW
distribution is used as a template for DM annihilation, and
we refer to it as the “NFW profile” (for γ ¼ 1) or “NFW-c”
(for γ ¼ 1.2).

B. NFW centroid

The centroid of the Milky Way DM halo is convention-
ally centered at the location of Sgr A*. Because a large
offset from this location might disfavor a DM interpreta-
tion, we verify that the centroid of the excess is sufficiently
close. An offset between the centroid of the DM halo
and Sgr A* as large as approximately 2° is consistent with
numerical DM simulations, with the largest offsets tending
to correlate with flatter central profiles [37,38]. An offset in
the centroid position was previously reported in [14,39],
while other studies of the GC excess have found it to be
consistent with Sgr A*.
We investigate the centroid position of the excess by

scanning the ML for different locations near Sgr A*, for
each of the four IEMs. A power-law with exponential cutoff
is employed for the spectral model, following [19]. The
scan is performed by making the ML fit following Sec. II
with the DM template centered at each point of a grid with
spacing 0.2° centered on Sag A*. The results of the scan are
shown in Fig. 1, where the color scale shows the 2Δ log L
as a function of Galactic latitude and longitude. The
intersections of the dotted grid lines correspond to the
points where the likelihood is evaluated. The circle indi-
cates the position of Sgr A*, and the triangle is the most
likely position of the centroid for that IEM. We find that the
centroid position is offset from Sgr A* for all four IEMs,
with the Pulsars, index-scaled model displaying the largest
offset, both in longitude (0.6°) and latitude (0.2°). The other
three models prefer an offset only in longitude (within 0.4°
up to the grid accuracy). Based on the scan, Sgr A* is not
favored as the location of the NFW centroid for all four
IEMs, however its position is roughly consistent with a DM
interpretation for the GC excess and imperfections in the
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own right [48–56]. We leave exploration of such theories
for future work.
Both of our considered EFTs are chosen such that they

mediate s-wave (velocity-unsuppressed) annihilation,
because a p-wave annihilation mechanism would require
such strong interactions to overcome the innate v2 ∼ 10−4

suppression that it is likely to already be ruled out by direct
and/or collider searches. We further restrict them to follow
the principle of minimal flavor violation (MFV) [57], such
that the most stringent constraints from flavor-violating
observables are mitigated by small Yukawa interactions.
We consider models containing either pseudoscalar or
vector Lorentz structures described by Lagrangians Lps

and Lvec (respectively, in the fermion mass basis),

Lps¼ χ̄γ5χ
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X
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where i ¼ 1, 2, 3 is the sum over fermion flavor with the
indicated relative weighting of mfi (1) for the pseudoscalar
(vector) interaction types, as dictated by the leading
terms consistent with MFV. The Λu;d;l are parameters with
dimensions of energy which specify the separate interaction
strengths between the DM and up-type quarks, down-type
quarks, and charged leptons. Together with the DM mass,
mχ , these coefficients specify the point in parameter space
for the DM model. They represent generalizations (in that
they allow the couplings of up-type and down-type quarks
and leptons to vary independently) of the commonly
considered interactions D4 and D5 used in DM searches
via direct detection and at colliders [43].

B. γ-ray flux from dark matter annihilation

The interactions in both the pseudoscalar and vector
models defined in Eqs. (2), (3) lead to cross sections for a
pair of DM particles to annihilate χχ̄ → ff̄ (where f is any
SM fermion):

hσfvips ¼
Nfm2
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where h·i indicates averaging over the DM velocity profile,
Nf ¼ 3 (1) for quarks (leptons) counts their color degrees

of freedom, and Λf is the appropriate Λu;d;l for the fermion
under consideration. The inclusive cross section for anni-
hilation into up-type quarks, down-type quarks, and
charged leptons is the sum of the individual cross sections
for all three flavors of each fermion type, and the total cross
section hσvi is the sum of the three inclusive cross sections.
In presenting results, we typically trade the three param-
eters Λu;d;l for hσvi and the fractional cross sections fu, fd,
and fl (with fu þ fd þ fl ¼ 1). It is easy to map these
back into the Λu;d;l parameters using the appropriate single
channel cross section from Eqs. (4) and (5).
The γ-ray intensity and spectrum from DM annihilation

is constructed by summing over all of the annihilation
channels:

dNγ
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where dNf
γ =dE is the number of γ rays per annihilation into

the ff̄ channel, generated from the PPPC 4 DM ID package
[58] based on fits to Pythia 8.1 [59], and η ¼ 2ð4Þ for
Majorana (Dirac) DM. The integral is the J-factor, obtained
by integrating the DM density ρ2ðxÞ corresponding to
either an NFWor NFW-c distribution, Eq. (1), over the line
of sight (los) in direction ψ .
To determine the preferred DM model parameters for

each IEM, we fix the DM mass in the range from
10–250 GeV in 10 GeV increments. For each mass
hypothesis the analysis procedure of Sec. II determines
the fitted values of the DM model parameters fu, fd, and
fl, along with the coefficients of the interstellar emission
components from within the innermost ∼1 kpc and point
sources, as usual. We repeat this scan for both NFW and
NFW-c annihilation morphologies and for both the pseu-
doscalar and vector models described above. We find that
the DM component is detected with high statistical sig-
nificance for all IEMs, and for pseudoscalar as well as
vector interactions. The likelihood values for pseudoscalar
interactions are summarized in Table III.

TABLE III. Likelihood (log L) values for all IEMs for pseu-
doscalar interactions and for NFW and NFW-c templates.

IEM
log L

(null hypothesis)
log L
(NFW)

log L
(NFW-c)

Pulsars, index-scaled −82926 −82738 −82739
Pulsars,
intensity-scaled

−83292 −82965 −82956

OB stars,
index-scaled

−82993 −82779 −82806

OB stars,
intensity-scaled

−83429 −83081 −83117
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P.
• Historically, DM has been thought 

to likely be a particle.
• Discovering DM will require 

complementarity between different 
search methods and targets.  
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Overview of Dark Matter Searches

antiproton excess, Refs. [93,94] report detection contours,
whereas Ref. [95] takes a less optimistic view, reporting
upper limits (although the limits still clearly show an
anomaly around the signal region).
Another important constraint is the upper limits from the

MW dwarfs. Here too there is a fairly large uncertainty
range. Compared to the limits reported in Ref. [96], the
latest limits from Ref. [97] are less constraining. These
limits of course have a strong dependence on the assump-
tions made for the J-factors, and by employing semi-
analytic models of DM subhalos to derive realistic satellite
priors on the J-factor (for the ultrafaint dwarfs), Ref. [98]
has recently shown that the limits may be even weaker, by a
factor of ∼2–7. Correspondingly, if the halos are non-
spherical then the limits may be weakened as well, as
discussed in Refs. [99,100].
As can be seen in Fig. 7, the limits coming from M31’s

inner galaxy are competitive with the limits from the MW
dwarfs. In this case, however, the difficulty is in accurately
separating a DM signal from the standard astrophysical
emission. The limits shown in Fig. 7 are from Ref. [47], and
they are for themost conservative case, i.e., they assume that

all of the observed emission is from standard astrophysical
processes, and thus model it using a 0.4° disk, as determined
from the emission itself. Upper limits for a DM signal are
then calculated in addition to the disk. While this is
definitely a very conservative choice to make, it is by no
means preferred, as the γ-ray emission from M31’s inner
galaxy has actually been found to not correlate with regions
rich in gas and star formation.
The data points for M31’s outer halo have a large overlap

with the DM interpretations of both the GC excess and the
antiproton excess, while also being compatible with the
limits from the MW dwarfs. However, this requires that the
J-factor be toward the higher end of the uncertainty range.
Correspondingly, this has two main implications. First, the
minimum subhalo mass must be ≲10−6 M⊙. Second, the
signal must have some contribution from the MW’s DM
halo along the line of sight, i.e., the J-factor must
correspond to case I, as it cannot be due to M31 alone.

V. SUMMARY, DISCUSSION, AND CONCLUSION

An excess γ-ray signal toward the outer halo of M31 has
recently been reported [32]. In this work we interpret the

FIG. 7. DM parameter space. The red and coral data points are for M31’s outer halo. The red data point corresponds to case I, for
which J ¼ JMW þ JM31. The coral data point is for case 2, for which J ¼ JM31. The best-fit values for the three fit variations used in this
analysis are all very similar, so here we plot the mean, and the error bars show the full systematic uncertainty range. Note that the error
bars in the cross section assume that the minimum subhalo mass is 10−6 M⊙, and they include the uncertainty due to the halo geometry.
Contours for the GC excess are shown in black, and contours for the antiproton excess are shown in teal. Numerous limits from other
targets are also overlaid, including the MW satellites shown with purple curves, and M31’s inner galaxy shown with a red curve. See
Sec. IV for more details, as well as Appendix.
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Numerous dark matter searches with the LAT:
• Galactic center
• MW dwarf spheroidal galaxies
• LMC and SMC
• Dark matter sub-halos
• Milky Way halo
• M31 (center and halo)
• Extragalactic gamma-ray background
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Observing the GC

~1 kpc
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Observing the GC
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realistic DM models including up-type, down-type, and
lepton final states generally improve (for the same number
of free parameters) over the results in [19] based on a power
law with exponential cutoff spectrum.
Residual count (data-model) maps are shown in Fig. 6

for the energy bands 1–1.6, 1.6–10, and 10–100 GeV, for
each IEM. Structured excesses and deficits remain that
may be attributed to imperfect modeling of the interstellar
emission. Because of this, we do not rule out the DM
models corresponding to IEMs with larger fractional
residuals as these discrepancies might be explained by
limitations in the IEMs. There is better agreement with the
data when the DM spectrum is modeled with power law
functions in 10 independent energy bins as done in [19];
perhaps unsurprising given the larger number of free
parameters for the spectral model.
The differential flux from the total DM annihilation

component for both profiles (NFW, NFW-c) and all four
IEMs are summarized in Fig. 7. The bands represent the 1σ
fit uncertainty on the flux summing the up-type, down-type,
and lepton final states. For the index-scaled variants of
the IEMs, the spectrum peaks at a few GeV, while for the
intensity-scaled counterparts the peak shifts to higher
energies. This is consistent with the requirement that the
high energy tail in the spectrum for the intensity-scaled
IEMs, predominantly from annihilations into leptons, has
to cutoff at the same energy (corresponding to the DM
mass) as the contribution to the flux from annihilations into
up-type and down-type quarks, which dominate the DM
flux at lower energies. Finally, we note that the flux for
NFW-c profile is smaller compared to the NFW profile. As
a consequence, a simple rescaling based on J-factors when
comparing fit results obtained with different profiles is not
accurate, as the flux assigned to the DM component has a
dependence on the specific morphology.
We translate the DM template flux for each IEM into the

inclusive annihilation cross section, with the results shown

in Fig. 8. Also shown for comparison is the hσvi predicting
saturation the measured DM relic density for a standard
cosmology [62]. The results for the index-scaled models
are comparable to those found in most of the earlier studies
of the GeVexcess [5,7–16,18]. The intensity-scaled models
however are consistent with larger DM masses and cross
sections, as first discussed in [60], based on the spectra
from [19].

D. Results for vector interactions

The analysis for the vector-type DM interactions pro-
ceeds very similarly to the analysis of the pseudoscalar
interactions described above. For each IEM and both NFW

FIG. 7. Differential flux integrated over the 15° × 15° region for the DM component for pseudoscalar interactions, NFW and NFW-c
profiles, for all four IEMs, as indicated. The bands represent the fit uncertainties on the normalization.

FIG. 8. Masses and cross sections for pseudoscalar interaction
models (including one and two sigma uncertainties as the tick
marks) for NFW and NFW-c DM profiles, and the four IEMs, as
indicated. Also shown are the cross sections saturating the
standard thermal relic density (grey dashed line) and the
Fermi-LAT 95% C.L. bounds from dwarf spheroidal galaxies,
for Pass-7 as well as Pass-8 data, assuming 100% annihilation
into bb̄.
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• An excess above model predictions has been observed, although with 
significant systematic uncertainties. 

• Leading explanations include:
1. Mis-modelling of the Galactic diffuse along the line of sight.
2. An unresolved point source population, i.e. millisecond pulsars.
3. DM annihilation.

Karwin+2017
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The GC Excess Spectrum
Ajello+16

Ackermann+17

negative, i.e., one needs to subtract the background-like
spectrum from the left quadrant to minimize differences with
the bottom quadrant, and the GC excess spectrum in the four
quadrants is mostly positive with respect to this “corrected”
zero level.

Figure 17 shows the spectra of the four quadrants once the
all-sky bubble template derived in Section 5 is included in the
fit. Similarly to Figure 13, the spectrum of the quadrant
templates changes dramatically, and emission remains sig-
nificant only below 10 GeV. The spectra in the four quadrants
are closer to each other, but not yet consistent within the
statistical uncertainties. This inconsistency, however, may be
due to an imperfect derivation of the Fermi bubble template.

In summary, we find that establishing whether the GC excess
has spherical morphology is challenging, due to uncertainties in
the contribution from low-latitude emission from the Fermi
bubbles. However, at present we cannot exclude that a
component with spherical morphology is present in addition
to a continuation of the Fermi bubbles.

8.2. Longitude, Latitude, and Radial Profiles

In Section 5.2, we derived templates for the emission near
the GC correlated with the Fermi bubble spectrum at high
latitudes and with an average MSP spectrum. Longitude and
latitude profiles for the component with a bubble-like spectrum
(Figure 11 middle) are presented in Figure 18. The profiles are
shown at a reference energy of 2 GeV. The latitude profiles are
relatively flat for b10 50 ,  ∣ ∣ but the intensity increases
by a factor of ∼5 near the GP. One can also see that the

emission associated with the Fermi bubbles in this model is
shifted to the right (negative longitudes) relative to the GC.
Similarly, longitude and latitude profiles of the MSP-like

component (Figure 11, right panel) are shown in Figure 19. The
latitude and longitude profiles of this component are symmetric
with respect to the GC, with a possible enhancement along the
GP, which can be expected as a contribution from millisecond
and regular pulsars in the Galactic disk (e.g., Faucher-Giguère
& Loeb 2010; Grégoire & Knödlseder 2013).
Finally, in Figure 20 we compare the profile as a function of

radial distance from the GC at 2 GeV for the MSP-like spectral
component with the total gamma-ray data and the gNFW
profiles in the Sample Model, as well as for a standard NFW
annihilation profile. The MSP-like profile is similar to the DM
annihilation profiles (gNFW with γ=1.25 in the Sample
Model and the NFW profile) within ∼5° of the GC, but it
flattens at a higher intensity than the gNFW profile, which is
likely related to the positive values of the MSP-like component
along the disk; cf., the longitude profile in the right panel of
Figure 19.
We also checked that using alternative PS templates within

10° from the GC derived for UltraCleanVeto data with
pointlike and Fermipy tools (Section 6.2) does not significantly
affect any of the profiles for the MSP-like component.
In summary, the profiles in latitude, longitude, and radial

distance from the GC corroborate the hypothesis that the excess
is not obviously consistent with expectations from DM
annihilation with gNFW/NFW density profiles, but such a
component may exist in addition to emission from the Fermi
bubbles and from sources in the Galactic disk/bulge such
as MSPs.

8.3. Position and Index of the Generalized NFW Profile

In this section, we assess the relative likelihoods of models
in which we vary the centroid position of the gNFW
annihilation template around the GC, as well as its radial
index γ. Results from the scan in the position of the center of
the gNFW template are shown in Figure 21. The spectra of the
excess for cases with the component centered at b=0° and
with various longitudes are presented in the left panel of
Figure 21, while the 2 log- D values for different locations
around the GC are shown in the right panel of Figure 21. The
best-fit position is at l≈−1°. The spectrum of the excess
depends on the location of the centroid. The spectra for the
center at positive longitudes look similar to the GC excess in
the left quadrant in the left panel of Figure 16, while the spectra
for negative longitudes resemble more the spectrum of the
Fermi bubbles with a less pronounced bump at a few GeV and
the spectrum extending to lower energies. These findings are
consistent with the possibility that the GC excess to the right
(negative longitudes) from the GC is mixed with a contribution
from low-latitude emission of the Fermi bubbles above
10 GeV. This is also consistent with the observation by Calore
et al. (2015) that the best-fit longitude of the gNFW profile is at
l≈−1° below 10 GeV and shifts to l−2° above 10 GeV.
The 2 log- D values for the variations of the gNFW center

when the model includes the all-sky bubble template (i.e.,
including the component at low latitudes) are shown in
Figure 22. In the left panel we show results for all-sky gNFW
templates, while in the right panel we truncate the gNFW
template at 10° from its center to test whether the difference in
the best-fit location of the center is due to residuals away from

Figure 15. Spectrum of the GC excess. Points are derived using the Sample
Model described in Section 2.2. The systematic uncertainty band is derived
from taking the envelope of the GC excess fluxes for different analysis
configurations and different models of diffuse gamma-ray emission and sources
in Sections 3–6. Our results are compared to previous determinations of the GC
excess spectrum from the literature. Note that the area of integration varies in
different cases. In this analysis we mask some bright PSs, which effectively
masks the GC within about 2° radius. Gordon & Macías (2013) have a 7°×7°
square around the GC. The flux from Calore et al. (2015) is obtained by taking
the intensity in Figure14 and multiplying by the area of the ROI
( b2 20 < < ∣ ∣ and ℓ 20< ∣ ∣ ) in their analysis. The ROI in Ajello et al.
(2016) is a 15°×15° square around the GC. The two cases that we consider
here correspond to the model with the CR sources traced by the distribution of
pulsars (Yusifov & Küçük 2004), where either only overall intensity (“fit
intensity”) or both intensity and index (“fit index”) for the diffuse components
spectra are fit to the data (cf. Figure13 of Ajello et al. 2016).
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the LP (PLE) SED, is 380. Reference [5] also found a
preference for the fit with a LP with a roughly similar value
for the spectral and curvature indexes. We display in Fig. 8
the comparison between the data and the LP best fit. A LP
shape is able to reproduce the GCE spectrum between
0.1–10 GeV but is not able to properly capture the high-
energy tail. However, this tail is not significant for all the
IEMs (see Fig. 8, where the convolution of the results
obtained for all the IEMs is displayed).
Possible interpretations of the GCE are associated with

the γ-ray emission from cosmic-ray protons and/or elec-
trons and positrons injected from the galactic center. We
test these possibilities using the CMZ 4 kpc, CMZ 8 kpc,
and IC bulge models. We also run the analysis for the case
without the presence of the low-latitude bubbles component
(No low-lat Bubbles). The results obtained with these
models are presented in Fig. 9. The case No low-lat
Bubbles, as expected, provides a 20–30% larger SED
because the GCE absorbs part of the low-latitude bubble
emission. This model fits much worse than the ROI giving a
LogL lower by 2100 with respect to the Baseline model. In
the cases CMZ 4 kpc, CMZ 8 kpc, and IC bulge, we
measure a smaller GCE flux since the additional cosmic-
ray components take part of, but not all of, the GCE
emission. The GCE SED changes significantly with these
latter models, but an excess peaked at a few GeV still
remains with a high significance. In particular, the model
for which the GCE spectrum decreases the most, roughly
by a factor of two, is the IC bulge case. This model
represents the possible flux of a population of pulsars

located around the bulge of our Galaxy. This result
demonstrates the viability of the millisecond pulsar inter-
pretation for the GCE [15,16].
Since the cases CMZ 4 kpc, CMZ 8 kpc, and IC bulge

absorb a significant fraction of the GCE and they have been
considered in the past as possible interpretations to the
GCE (see, e.g., [23–25]), we have tested these model
without including the DM template. Therefore, we try to
fully explain the GCE with the γ-ray emission produced for
inverse Compton scattering, bremsstrahlung, or π0 decays,
by cosmic rays injected from the galactic center during
recent outbursts. The fits provide differences of likelihood
with respect to the Baseline that areþ420 andþ540 for the
models CMZ 4 kpc, CMZ 8 kpc, (the fit improves) and
−230 for the model IC bulge (the fit worsens). The models
labeled as CMZ 4 kpc and CMZ 8 kpc consider two more
components with respect to Baseline because they sub-
stitute the DM component with three templates associated
to the γ-ray emission for inverse Compton, Bremsstrahlung,
and π0 decay. Therefore, it is difficult to compare the
improved values of the LogðLÞ obtained with the CMZ
4 kpc and CMZ 8 kpc with respect to the Baseline model
that uses the DM template. Moreover, the additional
components present in the CMZ 4 kpc and CMZ 8 kpc,
associated with the Bremsstrahlung and π0 decay emis-
sions, follow the distribution of interstellar gas that is not
spherically symmetric around the galactic center but rather
elongated on the galactic plane. However, as we will see in
the next sections, the GCE is spherically symmetric. So, we
think the improvement in the LogðLÞ with these models is
due to fitting better the emission from the galactic plane
rather than accounting better for the GCE emission. We
tested different scenario for the IC bulge model by
assuming different sizes for the diffusive halo with the
vertical size z varied between 4 to 10 kpc and the radius R

FIG. 9. GCE SED obtained in case we use the Baseline, CMZ
4 kpc, CMZ 8 kpc, IC bulge, and No low-lat Bubbles IEMs.

FIG. 8. Comparison between the results for the GCE SED
obtained in our analysis and in [9,11]. The bands represent the
variation of the GCE SED obtained by using all the IEMs and
analysis techniques shown in Fig. 7 and the results found in
[9,11] when using different IEMs. See the text for further details
on the conversion of the GCE SED found in our analysis and in
[9,11] into flux per solid angle (i.e., in units of MeV=cm2=s=sr).
We also display the best fit to the GCE SED, obtained with the
Baseline IEM, by using a log-parabola function.

THE CHARACTERISTICS OF THE GALACTIC CENTER EXCESS … PHYS. REV. D 103, 063029 (2021)

063029-11

Di Mauro 21

100 101 102

E [GeV]

10�8

10�7

10�6

10�5

E
2
d
N
/d

E
[G

eV
cm

�
2
s�

1
sr

�
1
]

60 GDE models
GC excess spectrum with
stat. and corr. syst. errors

Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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Figure 15. Geometry of the ten GCE
segments used in our morphology anal-
ysis, see table 3.

#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization

– 30 –
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4

FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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Goodenough & Hooper 2009

• It’s generally agreed that there exists a systematic excess towards the GC.
• The uncertainty in the spectrum is dominated by systematics relating to the Galactic diffuse model.

intensity-scaled IEM fitted without the residual component
gives the maximal “enhanced” flux for IC annulus1. The
average CR electron intensity5 GeV in the Galactic plane
within ∼1 kpc of the GC for this IEM is∼9.4±0.1×
10−4 cm−2 s−1 sr−1.

Measurements of the interstellar emission at hard X-ray
energies to MeV γ-rays by INTEGRAL/SPI (Bouchet et al.
2011) show that the majority is due to IC scattering by ∼GeV
energy CR electrons off the infrared component of the ISRF.85

The GALPROP calculations, which follow the same “conven-
tional” model normalization condition to local CR measure-
ments as used in this paper, made to interpret the SPI
measurements indicate that IEMs with at least factor of two
higher CR densities toward the inner Galaxy are a plausible
explanation for the data. Another possible explanation is a
higher intensity for the radiation field energy density in the
inner Galaxy than used in the standard ISRF model of Porter
et al. (2008); these possibilities are not tested here because they
require detailed investigations that are beyond the scope of the
current work. The higher CR electron densities obtained from
this analysis are plausible given the same electrons are IC
scattering different components of the ISRF to produce the
interstellar emission1 GeV and at SPI energies.

The purpose for fitting the baseline IEMs to the data was to
obtain estimates for the interstellar emission fore-/background.
However, the fit results for the individual rings for each IEM
potentially give some information on the large-scale distribu-
tion of CRs througout the Galaxy. Tables 5 and 6 in
AppendixA.1 give the fit coefficients and fluxes for the scaled
IEMs, while Figure 15 shows the integrated fluxes for the 1–10
(top) and 10–100 GeV (bottom) energy ranges, respectively,
over the 15°× 15° region for the GALPROP-predicted and

scaled version of each IEM for the Pulsars (left) and OBstars
(right) source distributions.
The fitting procedure generally increases the intensity of

each annulus relative to the nominal model. The coefficients for
the intensity-scaled Pulsars and OBstars IEMs are mostly
higher than the GALPROP predictions toward the inner Galaxy
(annuli 2–3). Those for the OBstars IEM are higher than the
Pulsars, which reflects the fact that the spatial distribution for
the CR sources in this model cuts off within ∼2 kpc of the GC.
The cut off in the OBstars source spatial distribution produces a
predicted CR intensity that is lower compared to the Pulsars
IEM over this region. The fitting procedure adjusts the OBstars
predictions upward more than the Pulsars to compensate. This
indicates that a Pulsars-style spatial source distribution is closer
to the real spatial distribution of sources within ∼2 kpc of the
GC. But, even the Pulsars spatial source distribution is scaled
up by the fit over this region, indicating that even more
“peaked” source models, or some modification to the
propagation model, is required to describe the distribution of
CRs toward the inner Galaxy. Meanwhile, there is more
similarity in the scaling coefficients for annuli4–6. This
reflects that the CR source distributions and propagation
conditions for both IEMs are not significantly different in their
Galactocentric radial distributions in these annuli.
The spectral parameters for the annuli interior to the solar

circle for the index-scaled variants give results that are strongly
dependent on the IEM being fit. For the Pulsars IEM the
spectrum of the CR nuclei/gas interstellar emission is
consistently harder across annuli2–4 for both CO and H I

components than the intensity-scaled IEMs. For the OBstars
IEM only the H I component has a hardening to the spectrum
across annuli2–4. For this IEM the fits for annuli 2–3 were
unstable when fitting both CO and H I components. Because
the size of the regions are small, the low flux of the annuli 2–3
components in comparison to those that are already-determined
from fitting to the outer longitude ranges means that the data
are insufficiently constraining. However, a convergent fit is
obtained if the CO-related π0-decay templates is set to the
GALPROP prediction. The motivation for allowing the
additional freedom to fit the spectrum for the gas-related
interstellar emission interior to the solar circle is solely to
improve the fit residuals. But, the harder index for the H I and
CO component when fitting the Pulsars IEM can be an
indication that the assumption of a uniform CR source
spectrum across the Galaxy is insufficient, or that the diffusive
propagation of CRs is non-uniform.
Generally, the fitting results can be interpreted as a

reconfirmation that the CR gradient in the Galaxy is flatter
than expected based on current knowledge of the Galacto-
centric radial distribution of CR sources, which has been
known since the SAS-2 (Stecker & Jones 1977), COS-B
(Bloemen et al. 1986; Strong et al. 1988), and EGRET (Hunter
et al. 1997; Digel et al. 2001) all-sky surveys. The explanation
is not clear. Bloemen et al. (1993) suggested that the radial
distribution of CR sources derived from observations may be
biased and their real distribution is flatter or the diffusion
parameters derived from the local CR measurements are not the
same throughout the Galaxy. Solutions to this issue in terms of
CR propagation phenomenology have been proposed: CR–
driven Galactic winds and anisotropic diffusion (Breitschwerdt
et al. 2002), or non-uniform diffusion coefficient that increases

Figure 13. Differential fluxes for the 15° × 15° region about the GC of the
NFW component with spectrum modeled with an exponential cut-off power
law. The envelopes include the fit uncertainties for the normalization and
spectral index. Hatch styles: Pulsars, intensity-scaled (red, vertical); Pulsars,
index-scaled (black, horizontal); OBstars, intensity-scaled (blue, diagonal-
right); OBstars, index-scaled (green, diagonal-left). Results from selected other
works are overlaid. Filled symbols: Hooper & Slatyer (2013), different symbols
bracket the results obtained when different regions of the sky are considered in
the fit; Angled crosses: Gordon & Macías (2013); Open symbols: Abazajian
et al. (2014), front-converting events shown with triangles, front- and back-
converting events shown with squares and circles, depending on the modeling
of the fore-/background. Stars: Calore et al. (2015a). Note: the overlaid results
are rescaled to the DM content over the 15° × 15° region for an NFW profile
with index γ = 1.

85 The majority of the IC γ-rays in the energy range of this study are produced
by scattering off the optical component of the ISRF.
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realistic DM models including up-type, down-type, and
lepton final states generally improve (for the same number
of free parameters) over the results in [19] based on a power
law with exponential cutoff spectrum.
Residual count (data-model) maps are shown in Fig. 6

for the energy bands 1–1.6, 1.6–10, and 10–100 GeV, for
each IEM. Structured excesses and deficits remain that
may be attributed to imperfect modeling of the interstellar
emission. Because of this, we do not rule out the DM
models corresponding to IEMs with larger fractional
residuals as these discrepancies might be explained by
limitations in the IEMs. There is better agreement with the
data when the DM spectrum is modeled with power law
functions in 10 independent energy bins as done in [19];
perhaps unsurprising given the larger number of free
parameters for the spectral model.
The differential flux from the total DM annihilation

component for both profiles (NFW, NFW-c) and all four
IEMs are summarized in Fig. 7. The bands represent the 1σ
fit uncertainty on the flux summing the up-type, down-type,
and lepton final states. For the index-scaled variants of
the IEMs, the spectrum peaks at a few GeV, while for the
intensity-scaled counterparts the peak shifts to higher
energies. This is consistent with the requirement that the
high energy tail in the spectrum for the intensity-scaled
IEMs, predominantly from annihilations into leptons, has
to cutoff at the same energy (corresponding to the DM
mass) as the contribution to the flux from annihilations into
up-type and down-type quarks, which dominate the DM
flux at lower energies. Finally, we note that the flux for
NFW-c profile is smaller compared to the NFW profile. As
a consequence, a simple rescaling based on J-factors when
comparing fit results obtained with different profiles is not
accurate, as the flux assigned to the DM component has a
dependence on the specific morphology.
We translate the DM template flux for each IEM into the

inclusive annihilation cross section, with the results shown

in Fig. 8. Also shown for comparison is the hσvi predicting
saturation the measured DM relic density for a standard
cosmology [62]. The results for the index-scaled models
are comparable to those found in most of the earlier studies
of the GeVexcess [5,7–16,18]. The intensity-scaled models
however are consistent with larger DM masses and cross
sections, as first discussed in [60], based on the spectra
from [19].

D. Results for vector interactions

The analysis for the vector-type DM interactions pro-
ceeds very similarly to the analysis of the pseudoscalar
interactions described above. For each IEM and both NFW

FIG. 7. Differential flux integrated over the 15° × 15° region for the DM component for pseudoscalar interactions, NFW and NFW-c
profiles, for all four IEMs, as indicated. The bands represent the fit uncertainties on the normalization.

FIG. 8. Masses and cross sections for pseudoscalar interaction
models (including one and two sigma uncertainties as the tick
marks) for NFW and NFW-c DM profiles, and the four IEMs, as
indicated. Also shown are the cross sections saturating the
standard thermal relic density (grey dashed line) and the
Fermi-LAT 95% C.L. bounds from dwarf spheroidal galaxies,
for Pass-7 as well as Pass-8 data, assuming 100% annihilation
into bb̄.
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from 10 to 20 kpc. However, the result is very similar for all
the tested cases: The IC bulge model performs always
worse than the Baseline model with the DM template with a
difference of LogðLÞ between −250 and −230. The two
main reasons for this result are the following. First, γ rays
produced from electrons and positrons injected from the
galactic bulge (this is the component that in the IC bulge
model absorbs the GCE) have a much flatter dependence
with the angular distance from the galactic center in the
inner few degrees with respect to the GCE (see Sec. III C
and Fig. 10). Second, the inverse Compton emission from
the galactic bulge does not have a spherically symmetric
morphology as we measure for the GCE (see Fig. 1 and also
the model used in [13]). To conclude, the IC bulge model
can fit reasonably well the GCE but with a worse overall fit
compared to a DM profile generated with a NFW density
with γ ∼ 1.25.

C. Spatial morphology

In this paper, we apply several methods to study the
spatial morphology of the GCE. In this section, we employ
a model dependent and a model independent technique.
In the model independent technique, we substitute the

DM template with concentric and uniform annuli. Then, we
fit the annuli to the data, using the pipeline presented in
Sec. II C, and we extract the energy flux of each annulus.
Finally, we divide the annulus energy fluxes for the solid
angles, and we obtain the surface brightness (dN=dΩÞ) of

the GCE. As demonstrated in [26] with simulated data, the
optimal annulus size is between 0.75°–1.5°. Indeed, angular
widths of these orders are similar to the angular resolution
of the LAT for E ∼ 1 GeV,14 and they are small enough to
capture the right spatial distribution of the GCE. We show
here the results for an annulus size of 1°, but our
conclusions do not change by using 0.75° or 1.5°.
In Fig. 10, we show the surface brightness data obtained

with an analysis in the energy range 1–10 GeV using the
Baseline IEM. The surface brightness data are very precise
in the inner 10°, where the annuli are detected with at least
10σ significance, and the precision of the data is between
2–10%. The GCE extends with a significant flux roughly
up to 12°. This demonstrates that our choice of an ROI with
a size of 40° × 40° is appropriate. We can fit well these data
with a NFW DM profile with γ ¼ 1.27 (see Eq. (1).
References [5,8,9,11] found similar best-fit values for γ.
However, most of those references only provide the value
of γ and not the data for the flux of the GCE as a function of
angular distance from the galactic center as we do. The
main new result of this paper is that we provide the spatial
distribution of the GCE for a wide region and with a
method that does not depend on the specific DMmodel. We
report the surface brightness data that can be used to find
which astrophysical interpretation is more suitable to
explain the GCE spatial distribution. References [8,50]
are the only two publications that published results in a
similar way as ours. However, Ref. [8] provided the results
for a limited region between 2.5°–10°, with data that are not
as precise as ours and tested only one IEM that was not
designed for the galactic center region. We compare our
results with those obtained in [8] at 2.67 GeV in Fig. 10.
The surface brightness data are compatible between 2°–7°,
while smaller angular distances are not considered by
Ref. [8], and at larger angles, their surface brightness
deviates significantly both from our result and from the DM
template predictions. Instead, the result in Ref. [50] has
been derived using almost one half of the data and the older
Pass 7 data selection. The authors have considered three
IEMs taken from [9]. The surface brightness they obtain for
the energy rangeE ∈ ½1.9; 10% GeV is shown in Fig. 10. We
have rescaled their measurements to the energy range
1–10 GeV to be comparable with ours.15 The GCE spatial
distribution found in Ref. [50] is significantly different
from ours in the inner few degrees from the galactic center.
In fact, it is compatible with a NFW profile with γ ∼ 1.0,
i.e., smaller than most of the γ values found in several other
references.

FIG. 10. Surface brightness data (dN=dΩ) obtained with the
analysis in annuli of size 1° and with the Baseline IEM in the
energy range 1–10 GeV. We also show the best fit obtained with a
NFW density profile for γ ¼ 1.27 (dashed blue line) and for the
IC bulge model at E ¼ 0.7 (dotted green line) and 20 GeV (dot-
dashed green line), for which we fit the GCE data with the γ rays
emitted for inverse Compton scattering by cosmic-ray electrons
injected from the galactic bulge (see Sec. II B for a complete
description of this model). Red data points show the results
obtained in [8] at 2.67 GeV.

14https://www.slac.stanford.edu/exp/glast/
groups/canda/lat_Performance.htm.

15We have calculated the LogParabola best fit to the GCE SED
(see Fig. 7) and integrated it between E ∈ ½1.9; 10% GeV and
E ∈ ½1.0; 10% GeV. Then, we have taken the ratio between the
two integrals to rescale the results in Ref. [50], which are given
for E ∈ ½1.9; 10% GeV, to our energy range.
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Fig. 1 | Residual map of the 15°!×!15° region of interest for E!≥!667!MeV. The residuals are obtained as data −  model, where the model includes previously 
detected 3FGL point sources (cyan squares)11, 64 additional point source candidates (green crosses) and the standard diffuse Galactic emission 
components related to the interstellar gas and radiation field. The white contours are the best-fit model counts from the X-bulge map obtained from 
analyses of WISE19 infrared data after convolution of the Fermi-LAT instrument response function. The addition of a template based on the X-bulge 
significantly improved the model fit to the gamma-ray data. The cluster of point sources on the Galactic plane at l!≈ !6° may be associated with the W28 
(white dashed circle) supernova remnant11,31. The zoomed-in region on the right shows the correlation with the near-infrared stellar density nuclear bulge 
data23; the black contours display the best-fit model counts associated with this component after convolution with the Fermi-LAT instrument response 
function. The X-bulge and nuclear bulge templates were included when the best-fit parameters for the above model were found, but not when evaluating 
the above residuals. A Gaussian with radius 0.3° was used to smooth the images and the upper limit of the colour scale has also been clipped for  
display purposes.

Table 1 | Summary of the likelihood analysis results

Base Source log(#Base) log(#Base+Source) TSSource σ Number of source parameters

Baseline FB − 172,461.4 − 172,422.3 78 6.9 19
Baseline NFW-s − 172,461.4 − 172,265.3 392 18.4 19
Baseline Boxy bulge − 172,461.4 − 172,238.7 445 19.7 19
Baseline X-bulge − 172,461.4 − 172,224.1 475 20.5 19
Baseline NFW − 172,461.4 − 172,167.9 587 23.0 19
Baseline NB − 172,461.4 − 171,991.8 939 29.5 19
Baseline NP − 172,461.4 − 169,804.1 5315 55.7 64!× !19
Baseline+ NP FB − 169,804.1 − 169,773.6 61 5.8 19
Baseline+ NP NB − 169,804.1 − 169,697.2 214 13.0 19
Baseline+ NP Boxy bulge − 169,804.1 − 169,663.7 281 15.3 19
Baseline+ NP NFW − 169,804.1 − 169,623.3 362 17.6 19
Baseline+ NP X-bulge − 169,804.1 − 169,616.2 376 18.0 19
Baseline+ NP+ X-bulge NFW − 169,616.2 − 169,568.4 96 7.9 19
Baseline+ NP+ X-bulge NB − 169,616.2 − 169,542.0 148 10.4 19
Baseline+ NP+ X-bulge+ NB NFW − 169,542.0 − 169,531.0 22 2.4 19
Baseline+ NP+ X-bulge+ NB FB − 169,542.0 − 169,525.5 33 3.5 19
Baseline+ NP+ NB X-bulge − 169,697.2 − 169,542.0 310 16.1 19
Baseline+ NP+ NB Boxy bulge − 169,697.2 − 169,566.0 262 14.6 19
Baseline+ NP+ NFW X-bulge+ NB − 169,623.3 − 169,531.0 185 10.8 2!× !19
Baseline+ NP+ NFW+ NB X-bulge − 169,598.9 − 169,531.0 136 9.9 19

Baseline+ NP+ boxy bulge+ NB NFW − 169,566.0 − 169,553.3 25 2.7 19

The baseline model consists of all 3FGL point sources in the region of interest, Loop I, an inverse Compton (IC) template predicted by GALPROP, the hydrodynamic-based gas maps, the recommended 
isotropic emission map, and a model for the Sun and the Moon. Other model templates considered are: the 64 new point sources (NP), the square of a generalized NFW profile with an inner slope %!= !1.2 
or the square of a ‘standard NFW’ (NFW-s) with inner slope %!= !1, an infrared X-bulge and a boxy bulge template tracing old stars in the Galactic bulge, a nuclear bulge (NB) template and a template 
accounting for the Fermi bubbles (FB). The maximized likelihoods (#) are given for the base and base+ source models and the significance of the new source is given by TSSource ≡  2 (log(#Base+Source) 
–  log(#Base)). Note that for both likelihoods, all parameters are maximized and so the #Base+Source will have additional parameters whose number is given in the last column. The conversion between TSSource 
and σ is discussed in the Methods.
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Spherically Symmetric Tracing Stellar Populations
Di Mauro 21 Macias+18

• Consistent with an NFW profile 
with an inner slope of ~1.1-1.3

• Centroid is consistent with 
dynamical center of Galaxy, 
although may be slightly offset. 

• Traces stellar populations in the X-
shaped bulge, boxy bulge, and 
nuclear bulge.

Spherically Symmetric or Tracing Stellar Populations??
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The Fermi Large Area Telescope (Fermi-LAT) Galactic Centre 
GeV excess (GCE) has a spectrum that peaks at energies of 
a few GeV, a morphology that is usually described as almost 

spherically symmetric around the Galactic Centre, with a radial 
extent of ~10°, and appears to be uniform over the emission 
region1–4. Intriguingly, a signal from dark matter annihilation into b 
quark–antiquark pairs and a dark matter mass of ~50 GeV have been 
shown to be consistent with the GCE1,2,5 if the centrally peaked dark 
matter distribution in the Galactic bulge follows a radial power-law 
profile with index γ ~ 1.2. However, the exact details of the morphol-
ogy and spectrum remain subject to debate, in particular owing to 
uncertainties in the interstellar emission modelling6–8. Additionally, 
there is strong degeneracy with the Fermi Bubbles—giant diffuse 
lobes orientated perpendicularly to the Galactic plane9,10 whose low-
latitude behaviour is not well characterized7,11.

The GCE could also be astrophysical in origin. For instance, 
the emission could be the result of diffuse photons from a central 
population of cosmic rays6,12. Alternatively, millisecond pulsars 
(MSPs), which have a γ -ray spectrum strikingly similar to that of 
the GCE13,14, represent the most promising astrophysical sources of 
the GCE. Such a population could have either formed in situ15 or 
been injected through globular-cluster disruption16. Corroborative 
evidence for the MSP interpretation was found in analyses of the  
γ -ray data using wavelet fluctuations and non-Poissonian template 
fits17,18. Other potential probes of this scenario include spectral 
classification of low-significance γ -ray sources19,20 and using deep 
learning for discrimination between diffuse and point-like origins21. 
Nevertheless, follow-up radio observations with MeerKAT and/or 
the Square Kilometre Array (SKA) are required to robustly confirm 
this interpretation22.

Surprisingly, possible connections between the morphology of 
the GCE and the morphology of the observed stellar population in 
the Galactic bulge have received little attention in the literature. The 
Milky Way hosts a central boxy/peanut-shaped bulge/bar that prob-
ably formed from buckling instability after bar formation through 
bar instability23. The stellar mass of this boxy/peanut bulge, which 
mostly hosts old (> 5 Gyr) stellar populations, is estimated to be 
~1010M⊙

24,25—about 15% of the total stellar mass in the Galaxy26,27. 
The bulge has a radial extent of ~3 kpc and shows a complex 

morphological structure in both its stellar and gas content. It transi-
tions into a thinner long bar component about ~5 kpc in extent28. 
The innermost ~200 pc harbours the nuclear bulge—a region of 
very high stellar density consisting of the nuclear stellar disk (NSD) 
and the nuclear stellar cluster (NSC)29,30. In addition to the boxy 
bulge, there exists evidence for the presence of a spherical classical 
bulge, revealed through metal-poor RR Lyrae stars31. This compo-
nent is only expected to contribute 1% to the total mass in the inner 
Galaxy31. Finally, there is possible evidence for an X-shaped compo-
nent32,33, which is a product of bar evolution and forms through the 
buckling instability34. Mass estimates of the X-shaped bulge range 
from a few percent24,34 to ~45%35 of the total bulge mass. Recently, 
it was claimed that the GCE traces this X-shaped bulge and, in the 
very centre, the nuclear bulge36.

In the present paper, we analyse the GCE using our newly devel-
oped code SkyFACT (sky factorization with adaptive constrained 
templates)37. We compare the morphology of the GCE with both 
dark-matter-inspired models and models of the stellar distribution 
in the inner Galaxy.

Modelling the γ-ray sky
We model the γ -ray sky using SkyFACT, a hybrid approach between 
template fitting and image reconstruction that accounts for expected 
spatial and spectral uncertainties in the various emission compo-
nents by allowing a large number of ‘nuisance parameters’37. In this 
work, we adopt the data selection, foreground modelling and regu-
larization conditions as in run 5 of ref. 37 unless stated otherwise (see 
Methods for details). We perform fits in a region of interest (ROI) 
of Galactic longitude, ∣ℓ∣  ≤  90° and Galactic latitude, ∣ ∣b  ≤  20.25°, 
which is important for component separation, but we restrict most 
plots to ∣ℓ∣  ≤  20° and ∣ ∣b  ≤  20° to highlight the region of the GCE.

We model the GCE with fixed spatial templates and derive the 
energy spectrum from a fit to the γ -ray data. To this end, the fol-
lowing spatial templates are considered: (1) templates inspired  
by annihilating dark matter (two generalized Navarro–Frenk–
White (NFW) templates with inner slopes of γ =  1 and γ =  1.26 
(r5_NFW100 and r5_NFW126) and an Einasto profile with 
α =  0.17 (r5_Einasto))38,39; (2) a superposition of two Gaussians and 
a Galactic central source used to model the 511 keV emission from 

The Fermi-LAT GeV excess as a tracer of stellar 
mass in the Galactic bulge
Richard Bartels! !1*, Emma Storm1, Christoph Weniger1 and Francesca Calore2

An anomalous emission component at energies of a few gigaelectronvolts and located towards the inner Galaxy is present in the 
Fermi-LAT data. At present, the two most promising explanations are the annihilation of dark matter particles or the presence 
of a large population of unresolved point sources, most probably millisecond pulsars, at the Galactic Centre. Here, we report an 
analysis of the excess characteristics using almost eight years of Pass 8 ULTRACLEAN Fermi-LAT data with SkyFACT—a tool 
that combines image reconstruction with template-fitting techniques. We find that an emission profile that traces stellar mass 
in the boxy and nuclear bulge is preferred over conventional dark matter profiles. A model including the bulge is favoured over 
a model with dark matter at 16σ.
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Characteristics of the Galactic Center excess measured
with 11 years of Fermi-LAT data
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The excess of γ rays in the data measured by the Fermi Large Area Telescope from the galactic center
region is one of the most intriguing mysteries in astroparticle physics. This “galactic center excess” (GCE)
has been measured with respect to different interstellar emission models (IEMs), source catalogs, data
selections, and techniques. Although several proposed interpretations have appeared in the literature, there
are no firm conclusions as to its origin. The main difficulty in solving this puzzle lies in modeling a region
of such complexity and thus, precisely measuring the characteristics of the GCE. In this paper, we use
11 years of Fermi-LAT data, state of the art IEMs, and the newest 4FGL source catalog to provide precise
measurements of the energy spectrum, spatial morphology, position, and sphericity of the GCE. We find
that the GCE has a spectrum that is peaked at a few GeV and is well fit with a log parabola. The
normalization of the spectrum changes by roughly 60% when using different IEMs, data selections, and
analysis techniques. The spatial distribution of the GCE is compatible with a dark matter (DM) template
produced with a generalized Navarro-Frenk-White density profile with slope γ ¼ 1.2–1.3. No energy
evolution is measured for the GCE morphology between 0.6–30 GeV at a level larger than 10% of the γ
average value, which is 1.25. The analysis of the GCE modeled with a DM template divided into quadrants
shows that the spectrum and spatial morphology of the GCE is similar in different regions around the
galactic center. Finally, the GCE centroid is compatible with the galactic center, with a best-fit position
between l ¼ ½−0.3°; 0.0°#; b ¼ ½−0.1°; 0.0°#, and it is compatible with a spherical symmetric morphology.
In particular, fitting the DM spatial profile with an ellipsoid gives a major-to-minor axis ratio (aligned along
the galactic plane) between 0.8–1.2.

DOI: 10.1103/PhysRevD.103.063029

I. INTRODUCTION

Several groups have reported an excess of γ rays in the
data collected by the Fermi Large Area Telescope (Fermi-
LAT) in the direction of the galactic center region, known
as the galactic center excess (GCE) (GCE, e.g., [1–11]).
This GCE has been significantly detected when modeling
the γ-ray sky using a range of interstellar emission models
(IEMs), source catalogs, data selections, and techniques.
Most of the references cited above agree on the fact that

the GCE spectral energy distribution [(SED), E2dN=dE] is
peaked at few GeV. However, other properties are much
more uncertain and still under debate. For example, the
GCE has been claimed in [8] to be spherically symmetric
and centered around the galactic center. Moreover, the GCE
energy spectrum can be well modeled as γ rays produced by
dark matter (DM) particles annihilating into bb̄ with a
thermal annihilation cross section, which is the proper cross
section to explain the observed density of DM in the
Universe [12]. All these characteristics make the GCE very
appealing for indirect DM searches.

In other publications (e.g., Refs. [9–11]), it has been
shown that, using different IEMs and source catalogs, the
measurement of some GCE properties, in particular the
normalization of the spectrum, are too uncertain to con-
clude that it is of DM origin. For example, Refs. [13,14]
claimed that the spatial shape of the GCE is better modeled
with the distribution of stars in the bulge of our Galaxy. In
particular, they demonstrated that fitting the GCE with two
emission templates associated with the galactic bulge
provides a much better fit than using a DM template.
This result implies that the GCE is not spherically sym-
metric since the boxy bulge has an ellipsoidal shape.
References [15,16] likewise raise doubts on a DM origin

of the GCE. By applying wavelet analysis and non-
Poissonian template fitting to Fermi-LAT data, they pub-
lished compelling evidence for the existence of a faint
population of sources located in the galactic center with
properties that can explain the GCE. The presence of these
sources could be interpreted as a population of millisecond
pulsars located around the bulge of our Galaxy. However,
very recently, Refs. [17,18] have shown that the non-
Poissonian template fitting method can misattribute
unmodeled point sources or imperfections in the IEM to*dimauro.mattia@gmail.com
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The center of the Milky Way is predicted to be the brightest region of γ-rays generated by self-
annihilating dark matter particles. Excess emission about the Galactic center above predictions made
for standard astrophysical processes has been observed in γ-ray data collected by the Fermi Large Area
Telescope. It is well described by the square of a Navarro, Frenk, and White dark matter density
distribution. Although other interpretations for the excess are plausible, the possibility that it arises from
annihilating dark matter is valid. In this paper, we characterize the excess emission as annihilating dark
matter in the framework of an effective field theory. We consider the possibility that the annihilation process
is mediated by either pseudoscalar or vector interactions and constrain the coupling strength of these
interactions by fitting to the Fermi Large Area Telescope data for energies 1–100 GeV in the 15° × 15°
region about the Galactic center using self-consistently derived interstellar emission models and point
source lists for the region. The excess persists and its spectral characteristics favor a dark matter particle
with a mass in the range approximately from 50 to 190 (10 to 90) GeV and annihilation cross section
approximately from 1 × 10−26 to 4 × 10−25 (6 × 10−27 to 2 × 10−25) cm3=s for pseudoscalar (vector)
interactions. We map these intervals into the corresponding WIMP-neutron scattering cross sections
and find that the allowed range lies well below current and projected direct detection constraints for
pseudoscalar interactions, but are typically ruled out for vector interactions.
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I. INTRODUCTION

Despite the overwhelming evidence from astrophysics
and cosmology that roughly 80% of the matter in our
Universe is in the form of dark, nonbaryonic particles, how
this so-called dark matter (DM) fits with the Standard
Model (SM) of particle physics is currently unknown.
Determining the nature of DM is one of the most pressing
questions in the physical sciences, and a wide array of
experiments are underway which hope to shed light on its
identity by observing its interactions with the better under-
stood particles of the SM.
Indirect detection is one of the promising avenues to

elucidate the nature of DM. This method attempts to
detect and discriminate the SM particles produced by
DM particle annihilations (or decays) from those produced

by conventional astrophysical processes. γ-rays of ∼GeV
energies are a particularly effective messenger because they
propagate unhindered on galactic scales, and thus can be
effectively traced back along the direction of their origin. In
recent years, the Fermi Large Area Telescope (Fermi-LAT)
has mapped out the γ-ray sky with the highest sensitivity of
space-borne detectors to date, leading to the current best
limits on the annihilation cross section for ∼100 GeV DM
annihilations that result in γ-rays.
Numerical simulations of galaxy formation offer clues

as to where DM annihilation is expected to shine the
most brightly. The simulations typically predict a large
concentration of DM close to the Galactic center (GC),
which smoothly falls off with Galactocentric radius.
They also predict localized overdensities of DM, some
of which correspond to dwarf spheroidal satellite galaxies.
Both targets provide complementary regions of interest
for DM searches. The DM related emission from the dwarf
galaxies is expected to be of lower intensity, but to be
relatively free of standard astrophysical backgrounds.
Searches for γ-ray emission from dwarf satellites of the
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An anomalous gamma-ray excess emission has been found 
in the Fermi Large Area Telescope data1 covering the centre 
of the Galaxy2,3. Several theories have been proposed for this 
‘Galactic centre excess’. They include self-annihilation of 
dark-matter particles4, an unresolved population of millisec-
ond pulsars5, an unresolved population of young pulsars6, or 
a series of burst events7. Here, we report on an analysis that 
exploits hydrodynamical modelling to register the position of 
interstellar gas associated with diffuse Galactic gamma-ray 
emission. We find evidence that the Galactic centre excess 
gamma rays are statistically better described by the stel-
lar over-density in the Galactic bulge and the nuclear stellar 
bulge, rather than a spherical excess. Given its non-spherical 
nature, we argue that the Galactic centre excess is not a dark-
matter phenomenon but rather associated with the stellar 
population of the Galactic bulge and the nuclear bulge.

The main challenge in pinning down the properties of the 
Galactic centre excess (GCE) is the modelling of diffuse Galactic 
emission from the interaction of cosmic rays with interstellar gas 
and radiation fields, by far the dominant source of gamma rays in 
this region. The Fermi-Large Area Telescope (LAT) Collaboration 
designed a diffuse Galactic emission model based on a template8 
approach that is optimized to single out gamma-ray point sources. 
This approach presupposes that the diffuse Galactic emission can 
be modelled as a linear combination of interstellar gas, inverse 
Compton maps, and several other diffuse components. Owing to 
the limited kinematic resolution of gas tracers towards the Galactic 
centre (GC), interstellar gas correlated gamma rays from the GC 
direction are difficult to disentangle. Previous studies3,4,9 utilized 
interstellar gas maps that were constructed with an interpolation 
approach that assumed circular motion of interstellar gas. This kine-
matic assumption provides for an estimate of the distance to a part 
of the interstellar gas. However, it is well established that the Galaxy 
contains a central bar that causes non-circular motion of interstellar 
gas in its inner regions, so assuming circularity introduces a signifi-
cant and avoidable bias to gamma-ray analyses of the GC region10.

We use Fermi-LAT data accumulated between 4 August 2008 
and 4 September 2015 in the 15° ×  15° region around the GC. 
Hydrodynamical simulations10 that account for the effects of the 
Galactic bar were used to better determine the diffuse Galactic 
gamma-ray emission. To evaluate the impact that the choice of 
interstellar gas models has on our results, we also constructed 
atomic and molecular hydrogen gas maps using an interpolation 
approach that reproduced those used in most previous gamma-ray 
analyses of the GC. We split each into four concentric rings, each 

with its own normalization parameter. Details of the model compo-
nents and approach are provided in the Methods.

Interstellar gas map templates constructed using the results of 
hydrodynamical simulations were found to be a better description of 
the diffuse gamma-ray data than the standard interpolation-based 
maps with a log likelihood ratio ≈ 1,362. As we have additional data 
compared with that used to construct the Fermi-LAT 3FGL cata-
logue11 and since we also use a different Galactic diffuse emission 
model, we searched for new point sources. We found 64 candidates 
(each with significance ≥ 4σ) in our region of interest that are shown 
as green crosses in Fig. 1. We found multi-wavelength counterparts 
for 18 of our 64 point source candidates. This is similar to the 3FGL 
catalogue11 where ~1/3 of the point sources do not have multi-wave-
length associations, especially in the GC region where there is high 
extinction and the diffuse Galactic emission model is more likely 
to require corrections. Given that our point source candidates have 
high statistical significance, including them quantitatively affects 
our results; however, they do not qualitatively affect our conclusions 
(see section ‘Systematic errors’ in the Methods).

Our dark-matter template for the GCE is modelled by the square 
of an Navarro–Frenk–White (NFW) template with an inner slope 
of 1.2. Note that when all the uncertainties are accounted for, 
observations of the dwarf spheroidals do not definitively rule out 
the dark-matter interpretation of the GCE12. Extended gamma-ray 
emission in the GC may also arise from unresolved sources such as 
millisecond pulsars (MSPs)5,9 or young pulsars6, both of which have 
GeV-peaked gamma-ray spectra. Studies have also shown detect-
able non-Poissonian features in photon statistics13,14. However, these 
may be due to defects in the Galactic emission model15. The young 
pulsar hypothesis requires recent star formation given the few-
Myr gamma-ray lifetimes of ordinary pulsars. Such star formation 
is absent from most of the bulge except in the r ≲  100 pc nuclear 
region; a young pulsar explanation of the GCE thus requires that 
the bulge contain pulsars that are launched out of the nucleus. It has 
been claimed that this can be achieved by the pulsar’s natal kicks6 
whereas MSPs can be generated from old stellar populations16.

We thus also consider Galactic bulge stellar templates. Almost 
half of the stars17 in the Galactic bulge are on orbits that contrib-
ute to the appearance (from the Earth) of an X-shaped over-con-
centration (the ‘X-bulge’)18. This structure has been revealed in an 
analysis19 of 3.4 and 4.6 μ m data collected by the WISE telescope20. 
However, in ref. 21, it is argued that the X-shape is a processing arte-
fact. Our aim is not to scrutinize what the correct bulge template 
may be, but rather to explore the bulge as an example astrophysical 
template for the GCE that is an alternative to dark matter. Using 
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Abstract

We present a new reconstruction of the distribution of atomic hydrogen in the inner Galaxy that is based on explicit
radiation transport modeling of line and continuum emission and a gas-flow model in the barred Galaxy that
provides distance resolution for lines of sight toward the Galactic center. The main benefits of the new gas model
are (a) the ability to reproduce the negative line signals seen with the HI4PI survey and (b) the accounting for gas
that primarily manifests itself through absorption. We apply the new model of Galactic atomic hydrogen to an
analysis of the diffuse gamma-ray emission from the inner Galaxy, for which an excess at a few GeV was reported
that may be related to dark matter. We find with high significance an improved fit to the diffuse gamma-ray
emission observed with the Fermi-LAT, if our new H I model is used to estimate the cosmic-ray induced diffuse
gamma-ray emission. The fit still requires a nuclear bulge at high significance. Once this is included there is no
evidence of a dark-matter signal, be it cuspy or cored. But an additional so-called boxy bulge is still favored by the
data. This finding is robust under the variation of various parameters, for example, the excitation temperature of
atomic hydrogen, and a number of tests for systematic issues.

Unified Astronomy Thesaurus concepts: Gamma-rays (637); Dark matter (353); Galactic center (565)

1. Introduction

Since its discovery some 10 yr ago (Goodenough &
Hooper 2009; Hooper & Goodenough 2011), the excess of
gamma rays observed with the Fermi-LAT from the Galactic
center region has remained one of the most intriguing open
questions in astroparticle physics. Although published inter-
pretations concentrate on a dark-matter interpretation or a
millisecond pulsar related origin, there is no consensus on the
origin of this so-called Galactic center excess (GCE). See, for
example, Section 6 of Slatyer (2021) for a review. One of the
main systematic difficulties is the need to accurately model the
intense diffuse gamma-ray emission and the gamma-ray
sources in the region.

Several studies have claimed to find a non-Poissonian
component to the GCE (Bartels et al. 2016; Lee et al. 2016),
which may be further evidence for the millisecond-pulsar
explanation. However, there is some controversy regarding the
level of systematics in this approach (e.g., Leane &
Slatyer 2019, 2020a, 2020b; Buschmann et al. 2020; Chang
et al. 2020; Calore et al. 2021; List et al. 2021; Mishra-Sharma
& Cranmer 2022).

Gamma rays can be produced by cosmic-ray electrons and
ions in what is referred to as leptonic and hadronic radiation
processes. The main leptonic emission processes are inverse
Compton scattering of very-high-energy electrons off ambient
photons and nonthermal bremsstrahlung (Blumenthal &
Gould 1970). Hadronic emission processes involve the

production of secondary particles in collisions of cosmic rays
with gas nuclei and their eventual decay to gamma rays, which
can be well modeled with Monte Carlo event generators (e.g.,
Bhatt et al. 2020). Both nonthermal bremsstrahlung and
hadronic emission scale with the gas density, and so they
provide the dominant contribution to the diffuse Galactic
gamma-ray intensity for lines of sight through the Galactic
plane and in particular toward the Galactic center region, where
the gas column density is very high. Modeling the diffuse
interstellar gamma-ray emission thus requires knowledge of the
distribution of gas in the Galaxy, which must be convolved
with the spatial distribution of cosmic rays to estimate the
gamma-ray emissivity along each line of sight. Ionized gas is
seen in the dispersion of the radio signals from pulsars. Line
spectra of atomic hydrogen (H I) or CO as tracers of molecular
hydrogen provide information on the line-of-sight velocity of
the gas, whereas what is needed is the distribution along the
line of sight. Traditionally the Doppler shift of the line signal is
modeled assuming circular motion around the Galactic center
(e.g., Nakanishi & Sofue 2006), which fails toward the inner
Galaxy, on account of the vanishing line-of-sight component of
the flow velocity. Pohl et al. (2008) used a model of noncircular
gas flow based on the smoothed particle hydrodynamic
simulations described in Bissantz et al. (2003) to deconvolve
CO data. They employed an iterative method to successively
reduce the signal in the line spectrum and place it at the eight
best-matching distance intervals, until there is only noise left.
In Macias et al. (2018) an analogous deconvolution of H I data
was found to provide a better fit to the diffuse gamma-ray
emission from the Galactic center region than do the gas maps
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The characteristics of the Galactic Center Excess (GCE) emission observed in gamma-ray energies
– especially the morphology of the GCE – remain a hotly debated subject. The manner in which
the dominant diffuse gamma-ray background is modeled has been claimed to have a determining
effect on the preferred morphology. In this work, we compare two distinct approaches to the galactic
diffuse gamma-ray emission background: the first approach models this emission through templates
calculated from a sequence of well-defined astrophysical assumptions, while the second approach
divides surrogates for the background gamma-ray emission into cylindrical galactocentric rings with
free independent normalizations. At the latitudes that we focus on, we find that the former approach
works better, and that the overall best fit is obtained for an astrophysically motivated fit when the
GCE follows the morphology expected of dark matter annihilation. Quantitatively, the improvement
compared to the best ring-based fits is roughly 6500 in the �2 and roughly 4000 in the log of the
Bayesian evidence. �

Introduction: For over a decade, claims have persisted
that a surfeit of photons are present in Fermi Large
Area Telescope (Fermi -LAT) [1, 2] observations. This so-
called Galactic Center Excess (GCE) emission has been
observed around the center of the Milky Way at GeV
energies [3–15]. Details of this emission appear to de-
pend on high-level choices, such as the region of interest
(ROI) considered and how the astrophysical emission is
modeled, but the existence and the spectrum of the GCE
appear very stable, despite the fact that our knowledge
of the point-source catalog has dramatically increased in
completeness since the discovery of the GCE [15, 16].
The central question we wish to address in this work is
whether or not the morphology of the GCE is roughly
spherically symmetric [10, 11, 13, 15, 17] or follows the
morphology of stellar populations in the Galaxy [18–23].
This is motivated by the question of whether the GCE
is produced by dark matter (DM) annihilation, which is
expected to be approximately spherically symmetric and
could produce GeV emission, or by millisecond pulsars,
whose spatial distribution may correlate with stellar pop-
ulations and whose energy spectrum peaks in intensity
around a GeV.

Given the large number of independent degrees of
freedom across the sky (equal to the number of un-
masked pixels across all energy bins), arriving at an
expected background model necessitates many assump-
tions. Works such as Ref. [15] assume that the inner
galaxy is dominated by galactic diffuse emission origi-
nating from nearly steady-state astrophysical processes.
These templates are modeled by choosing a set of well-
defined astrophysical assumptions controlled by a num-
ber of “hyperparameters” describing how cosmic rays are
injected, propagate, and interact with the interstellar
medium to produce gamma rays. Uncertainties on those
hyperparameters are accounted for by creating a large

number of models of the interstellar medium and the
cosmic-ray sources of the inner galaxy, and also by al-
lowing for some normalization freedom between different
astrophysical mechanisms for the entire ROI after the dif-
fuse modeling is complete. This freedom on the hyper-
parameters of the diffuse modeling and on the resulting
independent normalizations account for the uncertain-
ties in the underlying hypotheses. The Fermi bubbles, a
prominent emission component that is known to be non-
steady state, are included independently.

Modeling the sky without these astrophysical modeling
assumptions necessarily introduces a different number of
fit parameters. The approach in [18, 20, 21, 23], follow-
ing official Fermi collaboration analyses [13, 24], intro-
duces cylindrical, galactocentric templates that, in pro-
jection, look like rings, and which we will refer to hence-
forth as “ring-based templates”. These rely on gas maps
and inverse Compton scattering maps, plus a set of two
“residual” components, leading to 16 separate normaliza-
tions per energy-bin used, as described below. Here, we
perform a comprehensive fit to the ring-based templates
from [23] in order to compare the fit quality to the results
of Ref. [15] in a unified statistical framework.

Statistical Procedure: In this work, we compare the
results of the astrophysically motivated templates of [15]
to the approach of [18, 20, 21, 23] for background emis-
sion. This latter approach includes 16 independent galac-
tocentric cylinders based on expected tracers of gamma
ray emission: four rings follow the neutral atomic hy-
drogen (HI) density, four follow the neutral molecular
(H2) density, six follow the calculated inverse Compton
scattering (ICS) emission, and two “residual” components
(one negative valued and one positive valued template,
tuned by hand) are included to ensure a good fit. The
HI and H2 rings are (annular) cylinders with boundaries
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Abstract. The possible gamma-ray excess in the inner Galaxy and the Galactic center (GC)
suggested by Fermi -LAT observations has triggered a large number of studies. It has been
interpreted as a variety of di↵erent phenomena such as a signal from WIMP dark matter
annihilation, gamma-ray emission from a population of millisecond pulsars, or emission from
cosmic rays injected in a sequence of burst-like events or continuously at the GC. We present
the first comprehensive study of model systematics coming from the Galactic di↵use emission
in the inner part of our Galaxy and their impact on the inferred properties of the excess
emission at Galactic latitudes 2� < |b| < 20� and 300 MeV to 500 GeV. We study both
theoretical and empirical model systematics, which we deduce from a large range of Galactic
di↵use emission models and a principal component analysis of residuals in numerous test
regions along the Galactic plane. We show that the hypothesis of an extended spherical
excess emission with a uniform energy spectrum is compatible with the Fermi -LAT data in
our region of interest at 95% CL. Assuming that this excess is the extended counterpart of the
one seen in the inner few degrees of the Galaxy, we derive a lower limit of 10.0� (95% CL) on
its extension away from the GC. We show that, in light of the large correlated uncertainties
that a↵ect the subtraction of the Galactic di↵use emission in the relevant regions, the energy
spectrum of the excess is equally compatible with both a simple broken power-law of break
energy Ebreak = 2.1 ± 0.2 GeV, and with spectra predicted by the self-annihilation of dark
matter, implying in the case of b̄b final states a dark matter mass of m� = 49+6.4

�5.4 GeV.
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Possible Evidence For Dark Matter Annihilation In The Inner Milky Way From The
Fermi Gamma Ray Space Telescope

Lisa Goodenough1 and Dan Hooper2, 3
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We study the gamma rays observed by the Fermi Gamma Ray Space Telescope from the direc-
tion of the Galactic Center and find that their angular distribution and energy spectrum are well
described by a dark matter annihilation scenario. In particular, we find a good fit to the data for
dark matter particles with a 25-30 GeV mass, an annihilation cross section of ∼ 9 × 10−26 cm3/s,
and that are distributed with a cusped halo profile, ρ(r) ∝ r−1.1, within the inner kiloparsec of the
Galaxy. We cannot, however, exclude the possibility that these photons originate from an astro-
physical source or sources with a similar morphology and spectral shape to those predicted in an
annihilating dark matter scenario.

Searches for dark matter annihilation products are
among the most exciting missions of the Fermi Gamma
Ray Space Telescope (FGST). In particular, the FGST
collaboration hopes to observe and identify gamma
rays from dark matter annihilations occuring cosmolog-
ically [1], as well as within the Galactic Halo [2], dwarf
galaxies [3], microhalos [4], and the inner region of the
Milky Way [5].

Due to the very high densities of dark matter predicted
to be present in the central region of our galaxy, the
inner Milky Way is expected to be the single brightest
source of dark matter annihilation radiation in the sky.
This region is astrophysically rich and complex, however,
making the task of separating dark matter annihilation
products from backgrounds potentially challenging. In
particular, the Galactic Center contains a 2.6 × 106 M!

black hole coincident with the radio source Sgr A∗ [6],
the supernova remnant Sgr A East, and a wide variety
of other notable astrophysical objects, including massive
O and B type stars, and massive compact star clusters
(Arches and Quintuplet).

Since its launch in June of 2008, the Large Area Tele-
scope (LAT) onboard the FGST has identified as pho-
tons several hundred thousand events from within a few
degrees around the Galactic Center. In addition to pos-
sessing the effective area required to accumulate this very
large number of events, the angular resolution and energy
resolution of the FGST’s LAT are considerably improved
relative to those of its predecessor EGRET. As a result,
this new data provides an opportunity to perform a pow-
erful search for evidence of dark matter annihilation [7].

Dark matter annihilations are predicted to produce a
distribution of gamma rays described by:

Φγ(Eγ ,ψ) =
1

2
< σv >

dNγ

dEγ

1

4πm2
dm

∫
los

ρ2(r)dl(ψ)dψ,

(1)
where < σv > is the dark matter particle’s self-
annihilation cross section (multiplied by velocity), mdm

is the dark matter particle’s mass, ψ is the angle away

from the direction of the Galactic Center that is observed,
ρ(r) describes the dark matter density profile, and the
integral is performed over the line-of-sight. dNγ/dEγ is
the spectrum of prompt gamma rays generated per an-
nihilation, which depends on the dominant annihilation
channel(s). Note that Eq. 1 provides us with predictions
for both the distribution of photons as a function of en-
ergy, and as a function of the angle observed. It is this
powerful combination of signatures that we will use to
identify and separate dark matter annihilation products
from astrophysical backgrounds [8].

With a perfect gamma ray detector, the distribution of
dark matter events observed would follow precisely that
described in Eq. 1. The LAT of the FGST has a finite
point spread function, however, which will distort the
observed angular distribution. In our analysis, we have
modeled the point spread function of the FGST’s LAT
according to the performance described in Ref. [9].

In addition to any gamma rays from dark matter anni-
hilations coming from the region of the Galactic Center,
significant astrophysical backgrounds are known to exist.
In particular, HESS [10] and other ground-based gamma
ray telescopes [11] have detected a rather bright gamma
ray source coincident with the dynamical center of our
galaxy (l = −0.055◦, b = 0.0442◦). The spectrum of
this source has been measured to be a power-law of the
form dNγ/dEγ ≈ 10−8 GeV−1 cm−2 s−1(E/GeV)−2.25

between approximately 160 GeV and 20 TeV. Although
HESS and other ground-based telescopes cannot easily
measure the spectrum of this source at lower energies,
it is likely that it will extend well into the range stud-
ied by the FGST [12], where it will provide a significant
background for dark matter searches [13]. Furthermore,
gamma ray emission from numerous faint point sources
and/or truly diffuse sources can provide a formidable
background in the region of the Galactic Center, espe-
cially near the disk of the Milky Way. To model this back-
ground, we have studied the angular distribution of pho-
tons observed by the FGST in the region of 3◦ < |l| < 6◦,
and found that the emission is fairly well described by a
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analysis; we include isotropic, Fermi bubbles, and Fermi-
LAT p6v11 diffuse emission, as well as isotropic, disk, and
NFW-distributed PSs. The simulated data are then passed
through the 3FGL unmasked IG analysis pipeline described
above. Details for how we perform the simulations may be
found in the Supplemental Material [29].
The top row of Fig. 4 shows the source-count functions

that are recovered from the NPTF (left), as well as the
posterior distributions for the flux fractions of the separate
components of the fit (right). The fitting procedure attrib-
utes the correct fraction of flux to NFW-distributed PSs,
within uncertainties, and finds no evidence for NFW DM.
When no NFW PS template is included in the fit (inset, top
right), the NFW DM template absorbs the excess. Both the
source-count functions and the flux fractions are consistent
with the results obtained using real data. Additionally, we
recover a Bayes factor of ∼105 in preference for NFW PSs
when using the simulated data, which is similar to what we
found for the actual analysis.
For comparison, the bottom row of Fig. 4 shows the

result of running the NPTF on a simulated data set that does
not include NFW-distributed PSs but does include NFW
DM. The model parameters used to generate the simulated
data are taken from the best-fit values of the analysis
without NFW PSs on the real data. In this case, the fitting
procedure finds no evidence for NFW PSs, as it should, and

the Bayes factor in preference for NFW PSs is much less
than 1. The source-count functions recovered for disk-
correlated and isotropic PSs are consistent with those used
to generate the simulated data.
The source-count function that we recover for NFWPSs in

the IG differs at low flux from those previously considered in
the literature, which were motivated by population models
and/or data for disk MSPs [19,23,24,45]. In particular, our
source-count function seems to prefer an increasing
dN=d logF below the break, implyingmost sources lie close
to the cutoff luminosity, while previously considered source-
count functions tend to be flatter or falling in dN=d logF. If
confirmed, this may suggest novel features of the source
population; however, our results are also consistentwith a flat
or falling dN=d logF within uncertainties.
The results of the NPTF analyses presented here predict a

new population of PSs directly below the PS-detection
threshold in the IG. We estimate from the 3FGL unmasked
(masked) analysis that half of the excess within 10° of
the GC with jbj ≥ 2° may be explained by a population of
132þ31

−25 (86
þ32
−25 ) unresolved PSs, with flux above 1.51

þ0.30
−0.25 ×

10−10 ð1.40þ0.29
−0.27 × 10−10Þ photons=cm2 s. The entire excess

within this region could be explained by 402þ159
−91 (258þ135

−83 )
PSs, although this estimate relies on extrapolating the
source-count function to very low flux, where systematic

FIG. 4. Results obtained by applying the NPTF to simulated data. (Left column) The source-count functions for the PS templates in the
fit when NFW PSs are included in the simulated data (top) or not (bottom). Note that when NFW PSs are not simulated, a NFW DM
component is instead. (Right column) The associated posteriors for the fraction of flux absorbed by the different templates in the fit. The
inset plots show the results of analyzing the simulated data without a NFW PS template in the fit. All plots are relative to the region
within 10° of the GC with jbj ≥ 2° and 3FGL sources unmasked. For the flux-fraction plots, the fractions are computed relative to the
total number of counts observed in the real data.
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Point-like (i.e. millisecond pulsars) or Smooth (i.e. DM)??

Strong Support for the Millisecond Pulsar Origin of the Galactic Center GeV Excess

Richard Bartels,* Suraj Krishnamurthy,† and Christoph Weniger‡

GRAPPA Institute, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
(Received 26 June 2015; revised manuscript received 12 December 2015; published 4 February 2016)

Using γ-ray data from the Fermi Large Area Telescope, various groups have identified a clear excess
emission in the Inner Galaxy, at energies around a few GeV. This excess resembles remarkably well a signal
from dark-matter annihilation. One of the most compelling astrophysical interpretations is that the excess is
caused by the combined effect of a previously undetected population of dim γ-ray sources. Because of their
spectral similarity, the best candidates are millisecond pulsars. Here, we search for this hypothetical source
population, using a novel approach based on wavelet decomposition of the γ-ray sky and the statistics of
Gaussian random fields. Using almost seven years of Fermi-LAT data, we detect a clustering of photons as
predicted for the hypothetical population of millisecond pulsar, with a statistical significance of 10.0σ. For
plausible values of the luminosity function, this population explains 100% of the observed excess emission.
We argue that other extragalactic or Galactic sources, a mismodeling of Galactic diffuse emission, or the
thick-disk population of pulsars are unlikely to account for this observation.

DOI: 10.1103/PhysRevLett.116.051102

Introduction.—Since its launch in 2008, the Fermi Large
Area Telescope (LAT) has revolutionized our understand-
ing of the γ-ray sky. Among the major successes are the
detection of more than 3000 γ-ray sources [1], the discov-
ery of the Fermi bubbles [2], some of the most stringent
limits on dark-matter annihilation [3], and, most recently,
the detection of cross-correlations between the extragalac-
tic γ-ray background and various galaxy catalogs [4].
One of the most interesting γ-ray signatures identified in

the Fermi-LAT data by various groups [5–16], is an excess
emission in the Inner Galaxy at energies around a few GeV.
This excess attracted great attention because it has proper-
ties typical for a dark-matter annihilation signal. This
Galactic Center excess (GCE) is detected both within
the inner 10 arcmin of the Galactic Center (GC) [7,9,10]
and up to Galactic latitudes of more than 10° [13,15,17,18].
It features a remarkably uniform spectrum and approx-
imately spherical symmetry [13,15]. Proposed diffuse
emission mechanisms, like leptonic or hadronic outbursts
[19–21] or cosmic-ray injection in the central molecular
zone [22], potentially explain part of the excess emission.
However, it is challenging to explain all of the above
aspects of the GCE with these mechanisms alone.
Probably the most plausible astrophysical interpretation

for the GCE is the combined emission from a large number
of unresolved millisecond pulsars (MSPs) in the Galactic
bulge region [10,12,23,24]. MSPs feature a spectrum
compatible with the GCE emission [15], and a large
unresolved component can naturally explain the uniformity
of the GCE spectrum in different regions of the sky.
Recently, it was shown that the spatial distribution of
MSPs that were spilled out of disrupted globular clusters
can explain the morphology of the GCE [25]. Such MSPs
from disrupted globular clusters have also been suggested

as the source behind the GeV through TeV emission in the
inner few parsec of the GC [26]. Further possible support
for the MSP hypothesis might come from Chandra
observations of low-mass x-ray binaries (which are pro-
genitor systems of MSPs) in M31, which show a centrally
peaked profile in the inner 2 kpc [27,28], as well as the
recent observation of extended hard-x-ray emission from
the Galactic Center by NuSTAR [29].
It was claimed that an interpretation of 100% of the GCE

emission in terms of MSPs would be already ruled out: a
sizeable fraction of the required 103–104 MSPs should have
been already detected by the Fermi LAT [30,31], but no
(isolated) MSP has been identified so far in the bulge region.
This conclusion depends crucially, however, on the adopted
γ-ray luminosity of the brightest MSPs in the bulge pop-
ulation, on the effective source sensitivity of Fermi LAT, and
on the treatment of unassociated sources in the Inner Galaxy
[25,32]. A realistic sensitivity study for MSPs in the context
of the GeVexcess, taking into account all these effects, was
lacking in the literature up to now (but see Ref. [33]).
In this Letter, we close this gap and present a novel

technique for the analysis of dim γ-ray sources and apply it
to Fermi-LAT observations of the Inner Galaxy. Our
method is based on the statistics of maxima in the wave-
let-transformed γ-ray sky (in the context of Fermi-LAT
data, wavelet transforms were used previously for the
identification of point source seeds [1,16]). We search
for contributions from a large number of dim MSP-like
sources, assuming that they are spatially distributed as
suggested by GCE observations. Our method has several
advantages with respect to previously proposed techniques
based on one-point fluctuations [34], most notably, the
independence from Galactic diffuse emission models and
the ability for candidate source localization.
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Evidence for Unresolved γ-Ray Point Sources in the Inner Galaxy
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We present a new method to characterize unresolved point sources (PSs) generalizing traditional
template fits to account for non-Poissonian photon statistics. We apply this method to Fermi Large Area
Telescope γ-ray data to characterize PS populations at high latitudes and in the Inner Galaxy. We find that
PSs (resolved and unresolved) account for ∼50% of the total extragalactic γ-ray background in the energy
range ∼1.9 to 11.9 GeV. Within 10° of the Galactic Center with jbj ≥ 2°, we find that ∼5%–10% of the flux
can be accounted for by a population of unresolved PSs distributed consistently with the observed ∼GeV
γ-ray excess in this region. The excess is fully absorbed by such a population, in preference to dark-matter
annihilation. The inferred source population is dominated by near-threshold sources, which may be
detectable in future searches.

DOI: 10.1103/PhysRevLett.116.051103

Dark-matter (DM) annihilation in the Galactic halo can
contribute to the flux of high-energy γ rays detected by
experiments such as the Fermi Large Area Telescope (LAT)
[1]. Currently, an excess of ∼GeV γ rays has been observed
by the Fermi LAT near the Galactic Center (GC) [2–16].
The signal extends ∼10° off the plane, is approximately
spherically symmetric, and has an intensity profile that falls
as r−2γ with γ ≈ 1.1–1.4 [12,14]. The morphology and
energy spectrum of the signal is consistent with DM
annihilation. There is some possible tension between the
DM interpretation and other searches, especially in dwarf
galaxies [17]; alternate explanations include a new pop-
ulation of millisecond pulsars (MSPs) [11,18–26] or
cosmic-ray injection [27,28].
This Letter addresses the potential contribution of

unresolved point sources (PSs) to the excess through the
use of a new statistical method called a non-Poissonian
template fit (NPTF). Our approach is model independent, in
that we remain agnostic about the nature of the PSs. To
verify the method, we use it to characterize unresolved
γ-ray PSs at high Galactic latitudes. These findings
represent one of the most precise measurements of the
contribution of PSs to the extragalactic γ-ray background
(EGB) and have important implications for characterizing
its source components.
The main focus of this Letter is to use the NPTF to search

for a population of unresolved γ-ray PSs in the Inner
Galaxy (IG) with a morphology consistent with that of the
excess. We find that the NPTF strongly prefers a PS origin
for the excess over a DM-like (smooth diffuse) origin. The
Supplemental Material [29] provides further details on the
method, as well as additional cross-checks that support
these conclusions.

This study analyzes the Extended Pass 7 Reprocessed
Fermi-LAT data from ∼August 4, 2008 to ∼December 5,
2013 made available by Ref. [33]. A HEALPix [34]
pixelization of the data with nside ¼ 128 is used, corre-
sponding to pixels ∼0.5° to a side. We emphasize that our
study focuses on data in a single energy bin from 1.893 to
11.943 GeV and does not rely on or extract spectral
information for the excess. The choice of this energy range
keeps the signal-to-background ratio in the region of
interest (ROI) high, maintains a sufficiently large number
of photons over the full sky, and keeps the point-spread
function relatively small and energy independent.
The analysis utilizes the photon-count probability dis-

tribution in each pixel. In general, a given model for the
γ-ray flux with parameters θ predicts a probability pðpÞ

k ðθÞ
of observing k photons in a pixel p. Several source
components, each modeled by a spatial template, can
contribute photons in a pixel. To date, analyses using
templates have assumed Poisson statistics for the photon-
count distribution—specifically, that pðpÞ

k ðθÞ is the Poisson
probability to draw k counts with mean given by the sum of
the template components in pixel p.
To account for unresolved PSs, the standard template-

fitting procedure must be generalized to include non-
Poissonian photon counts. In the NPTF procedure,
pðpÞ
k ðθÞ depends on a potentially pixel-dependent PS

source-count function dNp=dF. The source-count function
determines the average number of PSs within pixel p that
contribute photon flux between F and F þ dF. In this
work, the source-count function is assumed to follow
a broken power law, dNp=dF ∝ ApF−n, with pixel-
dependent normalization Ap and indices n1 (n2) above
(below) the break Fb that are constant between pixels. For
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Revival of the Dark Matter Hypothesis for the Galactic Center Gamma-Ray Excess
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Statistical evidence has previously suggested that the galactic center GeV excess (GCE) originates
largely from point sources, and not from annihilating dark matter. We examine the impact of unmodeled
source populations on identifying the true origin of the GCE using non-Poissonian template fitting (NPTF)
methods. In a proof-of-principle example with simulated data, we discover that unmodeled sources in the
Fermi bubbles can lead to a dark matter signal being misattributed to point sources by the NPTF. We
discover striking behavior consistent with a mismodeling effect in the real Fermi data, finding that large
artificial injected dark matter signals are completely misattributed to point sources. Consequently, we
conclude that dark matter may provide a dominant contribution to the GCE after all.

DOI: 10.1103/PhysRevLett.123.241101

Introduction.—There has been an extensive debate in the
literature over the origins of the galactic center excess
(GCE), an extended and roughly spherically symmetric
gamma-ray source filling the region within ∼1.5 kpc of the
galactic center (GC), with energy spectrum peaking at
1–3 GeV [1–7]. Leading hypotheses include a new popu-
lation of unresolved gamma-ray pulsars, individually
too faint to be detected but in aggregate yielding the excess
[8–19], cosmic-ray injection [20–22], or alternatively a
signal from annihilating dark matter (DM) (e.g., [1,5,23]).
The latter explanation, if confirmed, would be of extra-
ordinary importance for our understanding of the Universe,
as the first nongravitational probe of the properties of DM
and its interactions with visible particles.
The hypothesis that unresolved point sources (PSs)

generate much or all of the GCE can potentially be
distinguished from the DM hypothesis via photon statistics
[24,25]. The DM signal is expected to be dominated by the
smooth galactic halo (although see [26]), and the proba-
bility of seeing a certain number of photons from a spatial
pixel is obtained from the Poisson distribution based on the
expected number of photons. For a population of unre-
solved sources, the positions of the individual sources are
not known, and the scatter of the number of sources (of a
given brightness) in a pixel must be taken into account.
Qualitatively, a population of unresolved PSs will generally
have a greater probability to generate pixels with a large
number of counts (due to the presence of one or more
sources) or a very small number of counts (due to an
absence of sources) compared to an extended diffuse source
with the same overall expected number of photons.
Standard “template fitting” methods, where the sky is

modeled as a linear combination of components with
distinct spatial morphologies, can be adapted to incorporate
these differences in statistical behavior. Templates for diffuse

components consist of an expected number of photons in
each pixel, possibly with a free overall normalization factor;
templates for populations of unresolved PSs are characte-
rized additionally by the “source count function” (SCF),
which describes the probability that a given source has a
certain brightness (i.e., produces a certain expected number
of photons). It is then possible to calculate the probability to
observe a certain number of photons in each pixel, as a
function of the coefficients of the various templates and the
source-count function parameters, and to study the resulting
overall likelihood as a function of these parameters. This
approach is called non-Poissonian template fitting (NPTF)
[24,25,27].
The NPTF method has previously been used to study the

inner Galaxy in gamma rays, modeling the sky as a linear
combination of galactic diffuse emission, the large struc-
tures known as the Fermi bubbles, isotropic extragalactic
diffuse emission, isotropically distributed extragalactic
PSs, galactic PSs tracing the disk of the Milky Way, and
the GCE. Modeling the GCE as a linear combination of a
DM signal and an unresolved point-source population, with
identical spatial morphologies for the signal but differing
statistics, Ref. [27] found that there was a strong statistical
preference for the presence of the point-source population,
and that the DM contribution was consistent with zero.
In this Letter, we explore the robustness of the NPTF to

the presence of additional physical contributions to the
gamma-ray data, which are not captured by the standard
choice of templates. Some such modifications—such as
changing the exact morphology of the disk-correlated or
GCE-correlated PSs—have already been explored [27] and
shown not to qualitatively change the preference for PSs in
the GCE. Motivated by the results of wavelet studies that
find enhanced small-scale power in this region [28,29], we
focus on the possibility that there could be Galactic PSs
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The Galactic Center excess (GCE) of GeV gamma rays can be explained as a signal of annihilating dark
matter or of emission from unresolved astrophysical sources, such as millisecond pulsars. Evidence for the
latter is provided by a statistical procedure—referred to as non-Poissonian template fitting (NPTF)—that
distinguishes the smooth distribution of photons expected for dark matter annihilation from a “clumpy”
photon distribution expected for point sources. In this paper, we perform an extensive study of the NPTF on
simulated data, exploring its ability to recover the flux and luminosity function of unresolved sources at the
Galactic Center. When astrophysical background emission is perfectly modeled, we find that the NPTF
successfully distinguishes between the dark matter and point source hypotheses when either component
makes up the entirety of the GCE. When the GCE is a mixture of dark matter and point sources, the NPTF
may fail to reconstruct the correct contribution of each component. These results are related to the fact that
in the ultrafaint limit, a population of unresolved point sources is exactly degenerate with Poissonian
emission. We further study the impact of mismodeling the Galactic diffuse backgrounds, finding that while
a dark matter signal could be attributed to point sources in some outlying cases for the scenarios we
consider, the significance of a true point source signal remains robust. Our work enables us to comment on
a recent study by Leane and Slatyer (2019) that questions prior NPTF conclusions because the method does
not recover an artificial dark matter signal injected on actual Fermi data. We demonstrate that the failure
of the NPTF to extract an artificial dark matter signal can be natural when point sources are present in the
data—with the effect further exacerbated by the presence of diffuse mismodeling—and does not on its own
invalidate the conclusions of the NPTF analysis in the Inner Galaxy.

DOI: 10.1103/PhysRevD.101.023014

I. INTRODUCTION

The observed excess of GeV gamma rays at the center of
the Milky Way has withstood many tests over the course of
the last decade [1–18]. Referred to as the Galactic Center
excess (GCE), the energy spectrum and morphology of the
excess as observed by the Fermi Large Area Telescope [19]
are consistent with a signal of dark matter (DM) annihilation
[7,11,13,14,18]. However, astrophysical sources—such as a
population of unresolved millisecond pulsars—may also
explain the signal [10,20–31]. Characterizing the nature of
these potential sources, either through direct discovery or
indirect statistical tests, is of paramount importance in
establishing the viability of the DM hypothesis.
Two separate but complementary studies have argued for

evidence of unresolved point sources (PSs) at the Galactic
Center. The first method, referred to as non-Poissonian

template fitting (NPTF), used the statistics of fluctuations in
photon counts to demonstrate evidence for an unresolved
PS population in the Inner Galaxy [32]. The second study
performed a wavelet decomposition of the gamma-ray sky
and found evidence of small-scale structure consistent with
a population of unresolved PSs rather than smooth emis-
sion from DM [33]. Since then, the case for unresolved PSs
has continued to be strengthened by studies suggesting that
the shape of the excess is correlated with the stellar
overdensity in the galactic bulge and the nuclear stellar
bulge, a scenario strongly preferred over spherically sym-
metric emission from DM annihilation [34–36].
The exact nature of these unresolved PSs continues to

remain a mystery, however. Both the NPTF and wavelet
methods are only sensitive to the spatial distribution of PSs
and, in the case of the NPTF, their luminosity function, but
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The Fermi Large Area Telescope (Fermi-LAT) Collaboration has an updated point source catalog,
referred to as 4FGL. We perform the first template fit using a mask based on this new catalog and find that
the excess in gamma rays detected at the Galactic Center in Fermi-LAT data persists. On the other hand, we
find that a search for point sources is highly sensitive to the use of the 4FGL catalog: no sizable excess of
bright pixels is apparent in the inner Galaxy when we mask out 4FGL point sources. Combining these
observations restricts the ability of point sources to contribute to the Galactic Center excess. After
identifying which bright sources have no known counterpart, we place strong constraints on any point
source luminosity function capable of explaining the smooth emission identified in the template fit.

DOI: 10.1103/PhysRevLett.124.231103

Introduction.—An excess of gamma rays, relative to
expectations from diffuse emission, has been detected near
the Galactic Center [1–4] (GCE), extending to Galactic
latitudes greater than 10° [5,6]. This excess appears robust
to uncertainties in the modeling of diffuse emission [7,8],
yet its origin remains debated. While originally interpreted
as evidence of dark matter annihilation [1,2,6], the excess
may have features suggestive of an origin in a population of
point sources [2,9–13]. In particular, Ref. [12] claimed to
have detected evidence that the GCE was produced by a
population of point sources, some of which were suffi-
ciently luminous to have already been observed. Recently,
Ref. [14] has shown that inaccurate modeling of the diffuse
backgrounds can act as a source of bias in the techniques of
Refs. [10,11]. Nonetheless, the results of Ref. [12] appear
compatible and methodologically independent, so it has
remained unclear if such bias is affecting inference about
the GCE.
In this Letter, we provide evidence that the large majority

of the point sources originally found in [12] have sub-
sequently been independently discovered and characterized
by the Fermi Large Area Telescope (Fermi-LAT)
Collaboration as members of the 4FGL point source
catalog [15]: in some sense [12] predicted parts of the
4FGL catalog. Given the size, quality, and energy spectrum
information of the 4FGL catalog, and the claim that some
of the point sources identified in [12] were members of a
population bright enough to account for the GCE, it is
important to reevaluate all facets of the GCE using a mask
based on 4FGL sources.
We perform a template fit to and a search for power at

small angular scales in Fermi data. We find that the GCE
remains preferred at high statistical significance in the
template fit, and, furthermore, the normalization of the

GCE does not appreciably decrease, beyond small finite-
area effects, when we move from a 2FGL to 4FGL mask.
However, the amount of small-scale power decreases
almost entirely. Because the “small-scale excess” goes
away when including a mask of 4FGL sources, but the
GCE is almost unchanged, we argue that this is evidence
that the GCE is not due to bright point sources.
Template fit with 4FGL.—We perform a template fit to

Fermi-LAT gamma-ray data (up to February 2019, week
559 of the Fermi-LAT mission). For our template fit,
we restrict to a single diffuse templates model, model A
from [8], which was shown to provide a good fit to Galactic
Center gamma-ray data. Model A includes contributions
from inverse Compton scattering (ICS), π0, and brems-
strahlung emission; the Fermi bubbles and an isotropic
component are additional templates with their own nor-
malizations. We fix the relative normalizations of π0 and
bremsstrahlung components.
On top of model A, we test two models of smooth

excess emission. Defining ρ̂jγ ∝ ðr=rsÞ−γ½1þ r=rs%−3þγ ,
our first excess model is a smooth Navarro-Frenk-White
(NFW) density profile with ρ2NFW ¼ ðρ̂j1Þ2; our second
is a generalized NFW (GNFW) density profile with
ρ2GNFW ¼ ðρ̂j1.2Þ2. In both cases, we take the scale radius
rs ¼ 20 kpc and r is the distance from the Galactic Center;
r⊙ ¼ 8.5 kpc. We make two choices of point source mask:
the 2FGL mask (current at the time of [6–8]) and the 4FGL
mask. Because the Fermi point spread function varies
with energy, these masks are energy dependent. See the
Supplemental Material for details [16].
With these templates and masks, we use the EMCEE, a

Markov chain Monte Carlo (MCMC) program [17], to
determine the parameters θ that maximize the likelihood λ
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The Fermi Large Area Telescope has observed an excess of ∼GeV energy gamma rays from the center of
the Milky Way, which may arise from near-thermal dark matter annihilation. Firmly establishing the dark
matter origin for this excess is however complicated by challenges in modeling diffuse cosmic-ray
foregrounds as well as unresolved astrophysical sources, such as millisecond pulsars. Non-Poissonian
template fitting (NPTF) is one statistical technique that has previously been used to show that at least some
fraction of the GeV excess is likely due to a population of dim point sources. These results were recently
called into question by Leane and Slatyer (2019), who showed that a synthetic dark matter annihilation
signal injected on top of the real Fermi data is not recovered by the NPTF procedure. In this work, we
perform a dedicated study of the Fermi data and explicitly show that the central result of Leane and Slatyer
(2019) is likely driven by the fact that their choice of model for the Galactic foreground emission does not
provide a sufficiently good description of the data. We repeat the NPTF analyses using a state-of-the-art
model for diffuse gamma-ray emission in the Milky Way and introduce a novel statistical procedure, based
on spherical-harmonic marginalization, to provide an improved description of the Galactic diffuse emission
in a data-driven fashion. With these improvements, we find that the NPTF results continue to robustly favor
the interpretation that the Galactic Center excess is due, in part, to unresolved astrophysical point sources
across the analysis variations that we have explored.

DOI: 10.1103/PhysRevD.102.023023

I. INTRODUCTION

The Fermi Galactic Center excess (GCE) is an approx-
imately spherically symmetric excess of ∼GeV gamma-
rays observed in the inner regions of the Milky Way by the
Fermi Large Area Telescope (LAT). While the GCE is
subdominant compared to diffuse cosmic-ray emission in
this region of sky, the statistical and systematic robustness
of the excess to variations in dataset and foreground models
has been firmly established [1–15]. The GCE has attracted
significant attention because it may arise from the annihi-
lation of a near-thermal dark matter (DM) candidate with
mass on the order of ∼10–100 GeV. Furthermore, the
spatial morphology of the GCE is consistent with that
expected from annihilating DM following a generalized
Navarro-Frenk-White (NFW) density profile [16,17].
However, there are claims that the photon-count statistics

of the GCE are more consistent with the excess arising in
part from a population of subthreshold (i.e., not individu-
ally resolvable) astrophysical point sources (PSs) and not
DM annihilation, the latter of which would be smoothly
distributed in the inner Galaxy [18,19]. Subthreshold PSs
are expected in the inner Galaxy, and millisecond pulsars
in particular could possess an energy spectrum consistent
with that observed for the GCE and may also be distributed
spatially in such a way as to explain the observed morpho-
logy of the GCE [8,20–27]. Indeed, recent studies have
suggested the GCE is correlated with stellar overdensities
in the inner Galaxy [14,28,29].
In this paper, we examine the extent to which mismodel-

ing Galactic foreground emission may bias the evidence
for a PS explanation of the GCE and propose methods for
mitigating such effects. We focus specifically on the
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The Galactic Center GeV excess (GCE) has garnered great interest as a possible signal of either dark
matter annihilation or some novel astrophysical phenomenon, such as a new population of gamma-ray
emitting pulsars. In a companion paper, we showed that in a 10° radius region of interest (ROI) surrounding
the Galactic Center, apparent evidence for GCE point sources (PSs) from non-Poissonian template fitting
(NPTF) is actually an artifact of unmodeled north-south asymmetry of the GCE. In this work, we develop a
simplified analytic description of how signal mismodeling can drive an apparent preference for a PS
population, and demonstrate how the behavior pointed out in the companion paper also appears in simpler
simulated datasets that contain no PS signals at all. We explore the generality of this behavior in the real
gamma-ray data, and discuss the implications for past and future studies using NPTF techniques. While the
drop in PS preference once north-south asymmetry is included is not ubiquitous in larger ROIs, we show
that any overly-rigid signal model is expected to yield a spurious PS signal that can appear very convincing:
as well as apparent significance comparable to what one would expect from a true PS population, the signal
can exhibit stability against a range of variations in the analysis, and a source count function that is very
consistent with previous apparent NPTF-based detections of a GCE PS population. This contrasts with
previously studied forms of systematic mismodeling which are unlikely to mimic a PS population in the
same way. In the light of this observation, and its explicit realization in the region where the GCE is
brightest, we argue that a dominantly smooth origin for the GCE is not in tension with existing NPTF
analyses.

DOI: 10.1103/PhysRevD.102.063019

I. INTRODUCTION

The Fermi Gamma-Ray Space Telescope has detected a
robust gamma-ray excess surrounding the Galactic Center
(GC) [1–4]. This Galactic Center excess (GCE) is peaked at
energies ∼1–3 GeV, and extends out to 10° from the
Galactic Center [5]. A number of studies have found that
its morphology is broadly consistent with a signal of dark
matter (DM) annihilation [6–8], being approximately
spherically symmetric around the GC (with axis ratios
within 20% of unity), and scaling as r−2γ—consistent with
a generalized NFW profile with index γ ∼ 1.1–1.4 [9,10].
More recent analyses have shown that, depending on the
diffuse gamma-ray background model and region over
which the fit is performed, the GCE morphology can be
more consistent with tracing stellar mass in the Galactic
bulge and nuclear stellar cluster [11–13]. In either case, the
GCE could potentially be explained by a new population of
millisecond pulsars (MSPs) [14–23].

The GCE was first discovered using template fitting
methods [1], which build up a model for the gamma-ray sky
as a linear combination of spatial “templates” for distinct
physical contributions to the gamma-ray emission.
Gamma-ray source templates can have Poissonian statistics
(i.e., a DM signal, or backgrounds from cosmic-ray
interactions with the gas and starlight, or contributions
from known point sources (PSs); in all cases the template is
fully characterized by the expected emission in each pixel,
and only its overall normalization is floated), or non-
Poissonian (i.e., characterizing populations of astrophysical
point-sources (PSs), such as pulsars, when their individual
positions are unknown). We will loosely refer to these two
cases as “smooth” and “pointlike” / “PS” contributions,
although templates with Poissonian statistics can still have
sharp variations in the expected flux from pixel to pixel. To
distinguish smooth and PS contributions with identical
spatial morphologies, the template fitting method has been
extended to include non-Poissonian template fitting
(NPTF) [24], which exploits the differences in photon
statistics between the two cases [25,26].
In 2015, two papers claimed strong statistical evidence

for the presence of unresolved gamma-ray PSs (with
*rleane@mit.edu
†tslatyer@mit.edu
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Abstract

The Galactic Center Gamma-Ray Excess has a spectrum, angular distribution, and overall
intensity that agree remarkably well with that expected from annihilating dark matter par-
ticles in the form of a mX ⇠ 50 GeV thermal relic. Previous claims that these photons are
clustered on small angular scales or trace the distribution of known stellar populations once
appeared to favor interpretations in which this signal originates from a large population of
unresolved millisecond pulsars. More recent work, however, has overturned these conclu-
sions, finding that the observed gamma-ray excess does not contain discernible small scale
power, and is distributed with approximate spherical symmetry, not tracing any known stel-
lar populations. In light of these results, it now appears significantly more likely that the
Galactic Center Gamma-Ray Excess is produced by annihilating dark matter.

1 Introduction

An excess of GeV-scale gamma-rays from the region surrounding the Galactic Center was discov-
ered in the publicly available data collected by the Fermi Telescope over 12 years ago [1–3]. In
the years that followed, the detailed characteristics of this signal were measured with increasing
precision [4–7], although the basic spectral and morphological features of the excess remained
unchanged. More specifically, these studies found that the spectrum, angular distribution, and
overall intensity of this signal are each in good agreement with the predictions of annihilating
dark matter in the form of a mX ⇠ 50 GeV thermal relic.

During a brief period in 2014-15, there was a particularly high degree of excitement around
the possibility that Fermi may have detected dark matter annihilation products. This enthusiasm
fell precipitously in 2015, however, when two independent groups, using two different analysis
techniques, reported that they had found evidence that the photons constituting this excess are
spatially clustered, suggesting that they originate from a population of near-threshold astrophys-
ical point-sources (such as millisecond pulsars), rather than from annihilating dark matter [8,9].
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The Milky Way Dwarf Spheroidal Galaxies

• Projected sensitivity is for 60 dwarfs and 15 years.
• Combined search in production with LAT, HAWC, HESS, MAGIC, and VERITAS.
• Also working on updated comprehensive dwarf analysis (following Albert+17) within LAT DMNP working group (led 

by myself, Alex McDaniel, and Marco Ajello), which will include:
More data
Most recent dwarf census
Improved handling of astrophysical mis-modeling 
J-factor systematic uncertainty

PoS(ICRC2021)528

Combined dark matter searches Céline Armand

5. Results and discussion135

No significant DM signal has been observed by any of the five instruments. We therefore present the136

results of the combined upper limits at 95% C.L. on the DM annihilation cross-section hfEi in the137

case of two annihilation channels, 11̄ and g+g�, using all the data collected towards the twenty dSphs.138

We note that we selected these hadronic and leptonic channels as the follow up of our previous139

results presented at ICRC 2019 [13]. We set our upper limits by solving TS = �2 ln_(hfvi)140

for hfvi, with TS = 2.71. The value 2.71 represents the 95% confidence level of a one-sided141

distribution assuming the test statistics behaves like a j2 distribution with one degree of freedom.142

The combination is performed using two independent public analysis software packages, gLike [14]143

and LklCombiner [15], that provide compatible results. The combined upper limits are presented144

in Fig. 1 and are given with their 68% (1f) and 95% (2f) containment bands. These limits (solid145

black lines) are expected to be close to the median limit (dashed black lines) as no signal is present.146

We obtain upper limits within the 2 f expected bands for the two annihilation channels 11̄ and147

g+g�. The individual limits produced by each experiment are also indicated in the figures as a148

comparison to our new combined results. Below ~500 GeV, the DM limits are largely dominated149

by the Fermi-LAT experiment. Between ~500 GeV to ~10 TeV, Fermi-LAT continues to dominate150

for the hadronic DM channel then above ~10 TeV, the IACTs (H.E.S.S., MAGIC, and VERITAS)151

and HAWC take over. In the case of the leptonic channel, both the IACTs and HAWC contribute152

significantly to the DM limit from ~1 TeV to ~100 TeV.153

Figure 1: Upper limits at 95% confidence level on hfvi as a function of the DM mass for the annihilation
channels 11̄ (left) and g+g� (right), using the set of � factors from Ref. [8]. The black solid line represents
the observed combined limit, the black dashed line is the median of the null hypothesis corresponding to the
expected limit, while the green and yellow bands show the 68% and 95% containment bands. Combined
upper limits for each individual detector are also indicated as solid, colored lines.

We observe that the combined DM constraints from all five telescopes are 2 to 3 times stronger than154

any individual telescope for multi-TeV DM. The selection of multiple targets increases statistics155

used to probe these sources and allows us to derive upper limits spanning the largest mass range156

of any WIMP DM search. We note that these limits depend on the choice of the annihilation157

channels and are driven by the objects with the highest � factors that can be observed. The ultrafaint158

dSphs, containing a few tens of bright stars only, can be subject to large systematic uncertainties159

7
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The Andromeda Galaxy

Inner galaxy

Outer halo

An accretion origin for M31 outer halo globular clusters 3

Figure 1. First-semester PAndAS map of the spatial density of stellar sources possessing luminosities and colours consistent with being metal-poor red-giant
branch stars ([Fe/H]! −1.4) in the M31 halo (McConnachie et al. 2009). The two dashed circles, representing Rp = 30 and 130 kpc, indicate the vast scale of the
survey. Our globular cluster sample is overlaid, marked by red points (compact clusters) and blue points (extended clusters). Objects outside the PAndAS area
are from our previous survey work. Major halo substructres are labelled (see text for details); region (1) indicates the ill-defined major-axis feature and nearby
overdensities to the east and north, while (2) marks the inner western cluster group. The lower panel shows 1′ × 1′ PAndAS i-band thumbnails for ten of our
globular clusters spanning 30 ! Rp ! 120 kpc and a wide variety of sizes and luminosities. The lower right-most two are good examples of extended clusters.
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The Andromeda Galaxy



The M31 System

17

• The entire M31 DM halo is seen from the outside, so we see the extended integral signal. For the MW we see through the 
halo, so it can be easily confused with diffuse components.


• Line of sight ostensibly includes:                                                                                                                                       
M31 DM halo + secondary M31 emission + local DM filament between M31 and MW + MW DM halo. 

The big picture (illustrative)

MW-M31-Like Pairs (for example) from Garrison-Kimmel et al. 2018 (link)

https://arxiv.org/pdf/1806.04143.pdf
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The Andromeda Galaxy
Roberts 1893 Hubble 1929 Rubin and Ford 1970

Fermi-LAT 2010 PAndAS 2013 Hubble Space Telescope 2015



Roberts 1893 Hubble 1929 Rubin and Ford 1970

Fermi-LAT 2010 PAndAS 2013 Hubble Space Telescope 2015
19

The Andromeda Galaxy



Fermi-LAT Observations

20

• Data: 7.6 years (2008-08-04 to 2016-03-16)

• Full ROI is a 60º radius centered at the position of M31

• Energy range: 1-100 GeV in 20 bins logarithmically spaced

• left: full count range. right: saturated counts, emphasizing lower counts at high latitudes. 

• Dashed green circle (21º in radius) corresponds to a 300 kpc projected radius, for an M31-MW distance of 785 kpc

• M31 and M33 are shown with cyan triangles, and the rest of M31’s dwarf galaxy population are shown with small green 

circles.

• The primary purpose of the overlay is to provide a qualitative representation of M31’s outer halo and to show its 

relationship to the MW disk.

Karwin+19, ApJ, 880, 95.



the spatial variation of the ratio at 1 GeV. The ratio is close to
unity toward the GC, increases with Galactic longitude and
latitude, and reaches maximum at midlatitudes toward the outer
Galaxy. The bottom figure shows the energy dependence of the
ratio for four different spatial points, including M31. Unless
otherwise stated, all reference to the IC component implies the
anisotropic formalism. Further, the γ-ray skymaps for IC A6
and A7 are highly degenerate, so we combine them into a
single map A6+A7.

The IC component anticorrelates with the isotropic comp-
onent. The isotropic component includes unresolved extragalac-
tic diffuse emission, residual instrumental background, and
possibly contributions from other Galactic components that have
a roughly isotropic distribution. The spectrum of the isotropic
component depends on the IEM and the ROI used for the
calculation. The spectrum also depends on the data set, because
the residual instrumental background differs between data sets.
We calculate the isotropic component self-consistently with the

Figure 5. Gas-related components of the IEM (π0-decay related to H I, H II, and H2, and Bremsstrahlung emission) integrated in the energy range 1–100 GeV. The
components correspond to different annuli, as indicated above each plot. The color corresponds to the intensity, and is shown in logarithmic scale. The intensity level
is for the initial GALPROP outputs, before tuning to the γ-ray data. The maps are shown in a Plate Carrée projection, and the pixel size is 0.25 deg/pix. Overlaid is the
ROI used in this analysis, as well as the GC region (see Figure 3).
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M31 IEM, and the spectrum is shown in Figure 8. Table 2 gives
the corresponding best-fit normalizations for the diffuse
components.

The main calculation is performed over the full sky,
excluding regions around the Galactic plane and the Inner
Galaxy: ∣ ∣     b l30 , 45 315 . We note that, even though
it is not actually an all-sky fit, we refer to it as “all-sky” for
simplicity hereafter. The fit includes 3FGL sources fixed, Sun
and moon templates fixed, Wolleben (2007) component (Loop
I two-component spatial template), all-sky π0-decay and
(anisotropic) IC normalization scaled, and all-sky Bremsstrah-
lung fixed. Furthermore, we calculate the isotropic component
in the different sky regions: north, south, east, and west, as
detailed in Figure 8. Also shown are the isotropic components
resulting from the M31 IEM using the isotropic IC formalism,
the FSSC IEM, and the IG IEM (which uses the isotropic IC
formalism). At lower energies, the intensities of the spectra
calculated in the south and west (both regions associated with

Figure 6. Anisotropic Inverse Compton (AIC) components of the interstellar
emission model for the MW in the energy range 1–100 GeV. The color
corresponds to the intensity, and is shown in logarithmic scale. The intensity
level is for the initial GALPROP outputs, before tuning to the γ-ray data. The
map is shown in a Plate Carrée projection, and the pixel size is 0.25 deg/pix.
The IC A6 and A7 components are highly degenerate, and so we combine them
into a single map A6+A7. Overlaid is the ROI used in this analysis, as well as
the GC region (see Figure 3). Note that we use the anisotropic IC maps as our
default component. Unless otherwise stated, all reference to the IC component
implies the anisotropic formalism.

Figure 7. The IEM employs the anisotropic IC sky maps, as discussed in the
text. For comparison, we show the differential flux ratio (AIC/IC) between the
anisotropic (AIC) and isotropic (IC) inverse Compton components (all-sky).
The top figure shows the spatial variation of the ratio at 1 GeV. The bottom
figure shows the energy dependence of the ratio for four different spatial points,
including M31. The ratio is close to unity toward the GC, increases with
Galactic longitude and latitude, and reaches maximum at midlatitudes toward
the outer Galaxy. Note that we use the anisotropic IC maps as our default
component. Unless otherwise stated, all reference to the IC component implies
the anisotropic formalism.

Figure 8. The spectrum of the isotropic component has a dependence on the
IEM and the ROI used for the calculation, as well as the data set. For the M31
IEM (which uses the AIC sky maps), we calculate the all-sky (solid black line)
isotropic component in the following region: ∣ ∣     b l30 , 45 315 . We
also calculate the isotropic component in the different sky regions, as follows.
North: b�30°, 45°�l�315° (orange dashed line). South: b�−30°,
45°�l�315° (green dashed line). East: ∣ ∣     b l30 , 180 315 (blue
dashed line). West: ∣ ∣     b l30 , 45 180 (purple dashed line). See
Table 2 for the corresponding best-fit normalizations. Magenta triangles show
the all-sky isotropic component for the M31 IEM derived using the isotropic IC
formalism. The brown squares show the official FSSC isotropic spectrum
(iso_P8R2_CLEAN_V6_v06). The gray band is our calculated isotropic
systematic uncertainty for the IG IEM, which uses the isotropic IC formalism
(see Appendix B.2).
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M31 IEM, and the spectrum is shown in Figure 8. Table 2 gives
the corresponding best-fit normalizations for the diffuse
components.

The main calculation is performed over the full sky,
excluding regions around the Galactic plane and the Inner
Galaxy: ∣ ∣     b l30 , 45 315 . We note that, even though
it is not actually an all-sky fit, we refer to it as “all-sky” for
simplicity hereafter. The fit includes 3FGL sources fixed, Sun
and moon templates fixed, Wolleben (2007) component (Loop
I two-component spatial template), all-sky π0-decay and
(anisotropic) IC normalization scaled, and all-sky Bremsstrah-
lung fixed. Furthermore, we calculate the isotropic component
in the different sky regions: north, south, east, and west, as
detailed in Figure 8. Also shown are the isotropic components
resulting from the M31 IEM using the isotropic IC formalism,
the FSSC IEM, and the IG IEM (which uses the isotropic IC
formalism). At lower energies, the intensities of the spectra
calculated in the south and west (both regions associated with

Figure 6. Anisotropic Inverse Compton (AIC) components of the interstellar
emission model for the MW in the energy range 1–100 GeV. The color
corresponds to the intensity, and is shown in logarithmic scale. The intensity
level is for the initial GALPROP outputs, before tuning to the γ-ray data. The
map is shown in a Plate Carrée projection, and the pixel size is 0.25 deg/pix.
The IC A6 and A7 components are highly degenerate, and so we combine them
into a single map A6+A7. Overlaid is the ROI used in this analysis, as well as
the GC region (see Figure 3). Note that we use the anisotropic IC maps as our
default component. Unless otherwise stated, all reference to the IC component
implies the anisotropic formalism.

Figure 7. The IEM employs the anisotropic IC sky maps, as discussed in the
text. For comparison, we show the differential flux ratio (AIC/IC) between the
anisotropic (AIC) and isotropic (IC) inverse Compton components (all-sky).
The top figure shows the spatial variation of the ratio at 1 GeV. The bottom
figure shows the energy dependence of the ratio for four different spatial points,
including M31. The ratio is close to unity toward the GC, increases with
Galactic longitude and latitude, and reaches maximum at midlatitudes toward
the outer Galaxy. Note that we use the anisotropic IC maps as our default
component. Unless otherwise stated, all reference to the IC component implies
the anisotropic formalism.

Figure 8. The spectrum of the isotropic component has a dependence on the
IEM and the ROI used for the calculation, as well as the data set. For the M31
IEM (which uses the AIC sky maps), we calculate the all-sky (solid black line)
isotropic component in the following region: ∣ ∣     b l30 , 45 315 . We
also calculate the isotropic component in the different sky regions, as follows.
North: b�30°, 45°�l�315° (orange dashed line). South: b�−30°,
45°�l�315° (green dashed line). East: ∣ ∣     b l30 , 180 315 (blue
dashed line). West: ∣ ∣     b l30 , 45 180 (purple dashed line). See
Table 2 for the corresponding best-fit normalizations. Magenta triangles show
the all-sky isotropic component for the M31 IEM derived using the isotropic IC
formalism. The brown squares show the official FSSC isotropic spectrum
(iso_P8R2_CLEAN_V6_v06). The gray band is our calculated isotropic
systematic uncertainty for the IG IEM, which uses the isotropic IC formalism
(see Appendix B.2).
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A Systematic Excess 

• We perform 9 main variations of the fit, using 3 different IEMs.

• We conclude that a systematic excess is present between ~3-20 GeV at the level of ~3-5%.

• The signal has a radial extension upwards of ~120 - 200 kpc. 
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• For the DM interpretation we fit just to the SH region. 

• We exclude the IG because of there is a high uncertainty in the contribution from standard astrophysical processes.

• We exclude the FOH because the observations approach the MW plane toward the top of the field, which complicates 

the analysis. resulting from the baseline fit with the arc north and south
templates. The excess can be seen for both the spherical halo
and far outer halo regions. For the spherical halo region, the
excess appears to be more prominent in the north compared to
the south, although it is present in both. For the far outer halo
region, the excess is prominent in the north, whereas the
residuals in the south are fairly flat.

We quantify the symmetry of the residual emission by fitting
templates for the different regions simultaneously with the
other components of the IEM. The M31-related components
include the inner galaxy and the northern and southern regions
of the spherical halo and far outer halo (five components in
total). Each component is given a PLEXP spectral model, and
the spectral parameters are allowed to vary independently
(although the components are fit simultaneously). The fit also
includes the arc north and south components. Last, we scale the
diffuse components and point sources in the standard way.

The resulting spectra for the northern and southern regions of
the spherical halo and far outer halo are shown in Figure 31.
For reference, we also overlay the spectra for the full M31-
related components (from Figure 28). The spectra for the arc
components are very similar to the results shown in Figure 28,
so we do not show them here. The corresponding best-fit
parameters for the halo components are reported in Table 13.
All components are significantly detected (with a signifi-
cance >5σ).
The spherical halo region is slightly brighter in the north

than in the south. The best-fit spectra for the two components
have similar spectral shapes and are qualitatively consistent
with that of the full template. We note that we have elected to
define north and south with respect to the plane of the MW.
However, if the spherical halo component is, in fact, physically
associated with the M31-system, then it may be just as well to
cut the two halves with respect to the major axis of M31 (38°),

Figure 30. The fractional count residuals calculated over the different spatial regions corresponding to the spherical halo and far outer halo components, as indicated
above each plot. Note that these are the residuals before adding the M31-related components, and they correspond to the spatial residuals shown in Figure 24, resulting
from the baseline fit with the arc north and south templates. The goal here is to further examine the symmetry of the residual emission associated with the M31-related
components. We consider the northern and southern regions of the templates, where the cut is made at the midpoint of FM31 along the horizontal direction (parallel to
the Galactic plane), corresponding to a latitude of −21°. 5. The first column shows the residuals calculated over the entire region, for the spherical halo and far outer
halo, respectively. The second column shows the residuals in the north, and the third column shows the residuals in the south.

Figure 31. The best-fit spectra resulting from the symmetry test fit, where the spherical halo and far outer halo templates are divided into north and south components,
and the spectral parameters for each component are allowed to vary independently. The cut is made at the midpoint of FM31 along the horizontal direction (parallel to
the Galactic plane), corresponding to a latitude of −21°. 5. The northern components are shown with square markers, and the southern components are shown with
circle markers. Downward-pointing triangles give upper limits. Also overlaid are the spectra for the full component fit (with arc north and south), as shown in
Figure 28.
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of these tracers, and most prominently with the M31 cloud.
Further investigation is left for a follow-up study.

6. Summary, Discussion, and Conclusion

The goal of this work is to search for extended γ-ray
emission originating beyond the galactic disk of M31, and to
examine the implications for CRs and DM. There are two
primary motivations for this search. First, CR interactions with
M31ʼs circumgalactic medium and/or stellar halo could
generate a detectable signal in γ-rays. Second, M31ʼs DM
halo has a large extension on the sky and could produce a
detectable signal within currently allowed DM scenarios, which
would be complementary to other targets—and specifically, to
the Galactic center. Our primary field of interest (FM31) is a
28°×28° square region, which amounts to a projected radius
of ∼200 kpc from the center of M31. Our study complements
previously published results on M31(Abdo et al. 2010;
Ögelman et al. 2011; Pshirkov et al. 2016a, 2016b; Ackermann
et al. 2017a) and is the first to explore the farthest reaches of the
M31 system in γ-rays.

Because of the extended nature of the signal we are
investigating, modeling the bright foreground of the MW is
the greatest challenge in performing this analysis. The IEM
provided by the FSSC cannot be used as a primary foreground
model for this study, as it is not intended for the analysis of
extended sources (see footnote 5) (Acero et al. 2016). We
construct specialized IEMs for the analysis of FM31 by
employing the CR propagation code GALPROP, including a
self-consistent determination of the isotropic component.
Additionally, we use a template approach to account for
inaccuracies in the foreground model relating to the neutral gas
along the line of sight.

The parameters of the GALPROP model are tuned to the
measured LIS of CRs, including the latest AMS-02 measure-
ments. We have adopted the best-fit parameters from the tuning
procedure performed in Boschini et al. (2017, 2018a), where
GALPROP and HelMod are implemented in an iterative manner,
thereby accounting for solar modulation in a physically motivated
way when fitting to the local CR measurements.

The total IEM consists of individual components for
π0-decay, IC, and Bremsstrahlung, and the components are
defined in Galactocentric annuli. In total, there are eight annuli;

for FM31, however, only annulus 5 (the local annulus) and
beyond contribute to the foreground emission. FM31 has a
significant emission associated with H I gas, but there is very
little emission from H2 gas. A uniform spin temperature of
150 K is assumed for the baseline IEM. The foreground
emission from H II and Bremsstrahlung are subdominant. Our
model also accounts for the DNM. The anisotropic formalism
is employed for the calculation of the IC component. To model
the point sources in the region, we employ the 3FGL as a
starting point, and because of the larger statistics of our data
set, we account for additional point sources self-consistently
with the M31 IEM by implementing a point source-finding
procedure, which is based on a wavelet transform algorithm.

Figure 36. The structured γ-ray emission in FM31 is overlaid with some M31-
related objects observed at other wavelengths. We stress that this is only done
as a qualitative gauge of M31ʼs outer halo. In the figure we have not subtracted
any Galactic H I-related emission, and we do not expect the M31-related
observations to outshine the MW emission, as discussed in the text. Contours
for the IRIS 100 μm map of M31 are overlaid. The solid cyan circle (0°. 4)
shows the boundary of the FM31 inner galaxy component, and the black
dashed circle (8°. 5) shows the outer boundary of the FM31 spherical halo
component, as detailed in Section 3.4. Overlaid are H I emission contours from
the HI4PI all-sky survey based on EBHIS and GASS (Bekhti et al. 2016),
integrated over the velocity range −600 km s−1�VLSR�−95 km s−1.
M31ʼs confirmed globular clusters are shown with black stars. M31ʼs
population of dwarf galaxies is shown with open black triangles. The M31
cloud can be seen (albeit obscured by globular clusters). We note the
serendipitous enclosure by the spherical halo of the M31 cloud, as well as a
majority of M31ʼs globular cluster population and dwarf galaxies. H I contours
corresponding to M33 can be seen in the lower-left corner. The hook-shaped
gas cloud to the right of M33 is Wright’s cloud. The red gas contours toward
the top of the map are clouds of Complex H. The black H I contours toward the
top of the field correspond to the plane of the MW, and likewise for the bright
(white) γ-ray emission. To the far right of the field, a bright arm of emission
extends to higher latitudes. Although not considered when making the overlay,
the M31-related observations can be seen to trace the left boundary of the arm.
This may be an observational bias, due to foreground gas and dust. We stress
that these maps have not subtracted any Galactic H I-related emission.

Figure 35. Pixel distribution of the smoothed residual map (1 GeV–100 GeV)
after removing the H I-related components, as shown in Figure 34. The yellow
dashed lines are at 0 and 4 counts.
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observed. The emission can be seen to extend continuously
along M31ʼs major axis in the northeast13 direction, which then
continues to extend upward until blending with the bright
emission of the MW plane. This feature is lopsided, as the
southwest side shows a more distinct cutoff away from the
inner galaxy. The large arc feature observed in the residuals is
also clearly visible in the emission.

We have found that the M31-related components are roughly
consistent with arising from DM annihilation. Because there is
still a high level of uncertainty regarding the actual nature of
DM, especially on galactic scales, we cannot rule out the
possibility that the smooth residual emission may in fact have a
DM origin. The same also applies for some of the structured
emission in FM31. Therefore, we consider the main tracers of
M31ʼs outer disk and halo, as these are some of the few
observational handles available when searching for a DM
signal from the outer regions of the M31 system.

In Figure 36, we overlay the boundaries for the M31 inner
galaxy (solid cyan circle) and spherical halo (dashed black
circle) components. We also overlay the M31 disk, the M31
cloud (Blitz et al. 1999; Kerp et al. 2016), M33, Wright’s cloud
(Wright 1979), M31ʼs population of globular clusters (Galleti
et al. 2004; Huxor et al. 2008; Mackey et al. 2010; Peacock
et al. 2010; Huxor et al. 2014; Veljanoski et al. 2014), M31ʼs
population of satellite galaxies (McConnachie 2012; Collins
et al. 2013; Ibata et al. 2013; Martin et al. 2013; Pawlowski
et al. 2013), and clouds of Complex H (Hulsbosch 1975;
Blitz et al. 1999; Lockman 2003; Simon et al. 2006). The
spherical halo component is found to enclose 61% (22/36) of
M31ʼs dwarf galaxy population, which increases to 72% (26/
36) if including the dwarfs that are within ∼1° of the spherical
halo boundary. We stress that this is only done as a qualitative
gauge of M31ʼs outer halo. We do not expect these systems to
outshine the local MW emission. In particular, we do not
expect to detect the individual M31 dwarfs, as they are mostly
undetected in the MW. We also do not expect to detect the
individual globular clusters. We do note, however, that we find
features in the data that are positionally coincident with some

Figure 34. Residual maps showing the structured emission integrated in the energy range 1–100 GeV. The color scale corresponds to counts/pixel, and the pixel size
is 0°. 2×0°. 2. The images are smoothed using a 1° Gaussian kernel. This value corresponds to the PSF (68% containment angle) of Fermi-LAT, which is ∼1° at
1 GeV. Maps are shown in the cubehelix color scheme (Green 2011). In the top row, contours for the IRIS 100 μm map of M31 are overlaid, and three zoom levels
(2°, 7°, full field) centered at M31 are shown. The white circle (1°) shows the position of M33. The bottom row shows two zoom levels (1°, 3°) centered at M33, and
the H I integrated intensity map (units of K) of M33 is overlaid. In the third panel, we show the M31 zoom 0 map, rescaled in order to provide a sense of the relative
intensity toward the MW disk. We stress that these maps have not subtracted any Galactic H I-related emission.

13 For M31-related directions, north points up and east points to the left.
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along M31ʼs major axis in the northeast13 direction, which then
continues to extend upward until blending with the bright
emission of the MW plane. This feature is lopsided, as the
southwest side shows a more distinct cutoff away from the
inner galaxy. The large arc feature observed in the residuals is
also clearly visible in the emission.

We have found that the M31-related components are roughly
consistent with arising from DM annihilation. Because there is
still a high level of uncertainty regarding the actual nature of
DM, especially on galactic scales, we cannot rule out the
possibility that the smooth residual emission may in fact have a
DM origin. The same also applies for some of the structured
emission in FM31. Therefore, we consider the main tracers of
M31ʼs outer disk and halo, as these are some of the few
observational handles available when searching for a DM
signal from the outer regions of the M31 system.

In Figure 36, we overlay the boundaries for the M31 inner
galaxy (solid cyan circle) and spherical halo (dashed black
circle) components. We also overlay the M31 disk, the M31
cloud (Blitz et al. 1999; Kerp et al. 2016), M33, Wright’s cloud
(Wright 1979), M31ʼs population of globular clusters (Galleti
et al. 2004; Huxor et al. 2008; Mackey et al. 2010; Peacock
et al. 2010; Huxor et al. 2014; Veljanoski et al. 2014), M31ʼs
population of satellite galaxies (McConnachie 2012; Collins
et al. 2013; Ibata et al. 2013; Martin et al. 2013; Pawlowski
et al. 2013), and clouds of Complex H (Hulsbosch 1975;
Blitz et al. 1999; Lockman 2003; Simon et al. 2006). The
spherical halo component is found to enclose 61% (22/36) of
M31ʼs dwarf galaxy population, which increases to 72% (26/
36) if including the dwarfs that are within ∼1° of the spherical
halo boundary. We stress that this is only done as a qualitative
gauge of M31ʼs outer halo. We do not expect these systems to
outshine the local MW emission. In particular, we do not
expect to detect the individual M31 dwarfs, as they are mostly
undetected in the MW. We also do not expect to detect the
individual globular clusters. We do note, however, that we find
features in the data that are positionally coincident with some

Figure 34. Residual maps showing the structured emission integrated in the energy range 1–100 GeV. The color scale corresponds to counts/pixel, and the pixel size
is 0°. 2×0°. 2. The images are smoothed using a 1° Gaussian kernel. This value corresponds to the PSF (68% containment angle) of Fermi-LAT, which is ∼1° at
1 GeV. Maps are shown in the cubehelix color scheme (Green 2011). In the top row, contours for the IRIS 100 μm map of M31 are overlaid, and three zoom levels
(2°, 7°, full field) centered at M31 are shown. The white circle (1°) shows the position of M33. The bottom row shows two zoom levels (1°, 3°) centered at M33, and
the H I integrated intensity map (units of K) of M33 is overlaid. In the third panel, we show the M31 zoom 0 map, rescaled in order to provide a sense of the relative
intensity toward the MW disk. We stress that these maps have not subtracted any Galactic H I-related emission.

13 For M31-related directions, north points up and east points to the left.
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Future Directions: Galactic Diffuse Models

The warp is not significant for the CO model because its
number density for R 10 kpc is low. Even though the effect
of the warp is small in the inner Galaxy it is found to be
necessary for the model because it significantly improves the
data–model agreement.

Figure 2 shows the longitude–velocity diagram for both
models and data integrated over the Galactic disk < ∣ ∣b 4 , with
the locations of the spiral arms overlaid. Overall, the models
reproduce the data fairly well, with the main “butterfly” shape
of the model driven by the cylindrical rotation. The spiral arm
structures are clearly visible in the H I model plot and their
locations reasonably match similar structures in the data.
However, the enforced smoothness of the models means that
the true complexity of the observed ISM is not fully
recoverable and even some large-scale features are not
reproduced. There is a clear spur between the spiral arm
structure visible to the right of (l, V )=(100°, −60 km s−1) in
the H I data that is absent in the model. Gaps in the data near
(50°, −30 km s−1) and (−110°, 30 km s−1) show the absence
of the gas, but correspond to the spiral arms in the model. Very
bright emission near (80°, 0 km s−1) and (−90°, 0 km s−1) is
not reproduced by the H I or CO models. The CO model is also
much fainter than the data toward the inner Galaxy, and the few
clouds visible in the outer Galaxy are not reproduced either.

Figure 2 also illustrates why the densities in spiral arms 1
and 2 are lower than in the other arms, especially for the CO
model. Arm 1 (associated with the Perseus arm and shown as a
solid curve) starts in a void in the data at around l=15°. It
then aligns with the location of arm 2 in a region with data and
follows to some extent other evident features all the way to the
outer Galaxy. It looks shifted relative to the brightest features in
the data at 90°<l<150° in both CO and H I. Arm 1 ends up
in a large void in the H I data at l∼−110° before picking up

some structure further on. There is also a bright feature near
(40°, 40 km s−1) in the CO data with corresponding structure in
the H I data that may be associated with this spiral arm. The
location of this feature is, however, offset from the modeled
spiral arm. Arm 2, which has been associated with Sagittarius
and Carina and shown as a dotted curve, seems to be offset
from a very bright feature in the H I data at 15°<l<45°, and
from a fainter feature at −70°<l<−20°. There is evidence
of similar offsets in the CO data as well. The offsets mentioned
above are likely caused by some combination of an incorrect
spiral arm shape and/or variations in the velocity field.
However, it is difficult to discriminate between these two
effects without additional information.
The longitude profiles (Figure 3) show that the data are

under-predicted by the models. This is a consequence of using
the student-t likelihood, which de-weights strong outliers in the
data, in combination with a simplified and smooth model. The
outliers are positive in almost all cases, giving rise to positive
residuals. Of the two, the H I model performs somewhat better
at representing the data with the residuals fairly constant over
the entire longitude range. The most conspicuous residuals are
seen at 60°�l�160° and −100°�l�−20°. The spiral
arm tangents are fairly obvious in the models and coincide with
corresponding peaks in the data profiles reasonably well,
indicating that the locations of the spiral arms in the model are
mostly correct. Therefore, some of the discrepancies observed
in the l–V diagrams in Figure 2 are likely due to streaming
motions of the gas that are unaccounted for in the models and
can give rise to velocity discrepancies of more than 10kms−1.
It is also likely that the assumption made in this paper of
azimuthally independent radial distribution is not appropriate
(Kalberla & Dedes 2008). The residuals in the outer Galaxy for
longitudes in the range 90°� l� 180° are larger than those for
−180°�l�−90° for both the H I and CO models. This

Figure 2. Longitude–velocity diagram integrated over the longitude range < ∣ ∣b 4 for CO (left panels) and H I (right panels). The top row shows the data, while the
bottom row shows our best-fit model. The cyan curves trace the cores of the spiral arms; the line coding is the same as in Figure 1.
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Three-dimensional spatial distribution 
of Interstellar gas in the Milky Way

Three-dimensional spatial models for the cosmic 
ray and radiation field densities in the Milky Way

(and hence CR pressure) comes from protons with momenta
∼1–fewGeV/c. The long residence times at these energies
produce a smoothing of the CRs in the ISM compared to the
initial source density distributions. This is particularly evident
for the SA100 model (right panel), where the bulk of the
injection along each of the arms is narrowly concentrated; but
inside the solar circle, the subsequent propagation smooths the
CRs into a quasi-ring of high energy density for R∼3–7 kpc.
Outside the plane, the decrease of the total CR energy density is
approximately logarithmic with increasing ∣ ∣Z near the GC and
drops to zero at the halo edge according to the boundary
condition there.

The corresponding total injected CR powers for the SA0,
SA50, and SA100 models are 5.32×1040, 5.14×1040, and
4.93×1040 ergs−1, respectively. For the SA0 model, the
injected CR proton power is 5.00×1040, primary electrons
1.77×1039, and He and heavier nuclei 1.41×1039 ergs−1.
Likewise, the injected CR powers for the SA50 model are
4.83×1040, 1.77×1039, and 1.33×1039 ergs−1, and for
the SA100 model they are 4.62×1040, 1.77×1039, and
1.31×1039 ergs−1 for protons, primary electrons, and He and
heavier nuclei, respectively. These injected powers are within
∼20% of those found by Strong et al. (2010) using 2D
GALPROP models and within a factor of ∼2 of the canonical
estimate for the total CR injected power of 1041ergs−1 (e.g.,
Drury & Strong 2017 and references therein).

The major difference in injected powers by the different CR
source density distributions is for the nuclei. Because the
normalization for the CR spectra is to the data, which are
collected at the solar system location, more power is required
for the SA0 model because the region of highest source density
is further away than that for the other density distributions.
Strong et al. (2010) noted that the required injected CR power
changes with varying halo height, but this is not a consideration
in this paper because the size of the CR confinement region is
constant.

3.2. Interstellar Radiation Field

The simulation volume for the radiation transfer calculations
is a box with dimensions ±15kpc for the X, Y coordinates and
±3kpc for the Z coordinate because this effectively encapsu-
lates all of the input stellar luminosity and dust for the R12 and
F98 models and hence ensures that computation resources are
not wasted for regions that contribute negligibly to the spectral
intensity distribution. A Cartesian grid is used to segment the
simulation volume. The X, Y coordinates have regular spacing

ΔX, Y=0.125 kpc, while the Z coordinate uses a logarithmic
spacing with 25 bins covering 0.001–3kpc plus an additional
linear bin for that closest to the Galactic midplane (52 in total).
The wavelength grid spans 0.0912–10,000μm with 25614

logarithmically spaced bins.
To record the spectral intensity distribution, a cylindrical

grid is used because of the radial and angular dependence of the
spatial densities for the R12 and F98 models. Any choice of
grid spacing is a compromise balancing computational
resources and overall accuracy. The following grid is found
to provide adequate sampling for the typical sizes of the
simulation volumes used for GALPROP CR propagation and
interstellar emission calculations (halo sizes ∼4–10 kpc
perpendicular to the Galactic plane and maximum X, Y
boundaries ∼20 kpc). The spacing is variable in galactocentric
radius with ΔR=0.1 kpc near the GC, ΔR=0.25 kpc to the
solar circle, ΔR=1 kpc beyond to 15kpc, and ΔR=5 kpc
beyond that to R=30kpc. Azimuthally, the spacing is at
Δf=10°. The Z coordinates for the camera locations are
±20,±10,±5,±2,±1,±0.5,±0.25,±0.1, and 0kpc. Note
that the ISRF sampling grid entirely encloses the spatial grid
for the GALPROP calculations made in this paper.
Each ISRF model calculation (R12, F98) uses 5×108

luminosity packets with HEALPix Nside=8 maps15 to
determine the Galaxy-wide spectral intensity distributions that
are employed for the calculations with GALPROP. These
statistics are sufficient because integrating over the ISRF
spectral intensity when determining the e± energy losses and
IC emissivities smooths any artifacts due to Monte Carlo noise.
However, for the data/model comparison for the line profiles,
higher statistic runs are made using 5×1010 luminosity
packets with HEALPix Nside=1024 maps. Even with the
higher statistics runs, there is unavoidable Monte Carlo noise,
typically where the intensities are lowest.
Figure 4 shows the predicted longitude profiles for latitudes

−5°<b<5° for the R12 (left) and F98 (right) models

Figure 3. Total CR energy densities at the plane for the SA0 (left), SA50 (middle), and SA100 (right) source density models used in this paper. The yellow star marks
the location of the solar system in each panel. The maximum of the energy density is ∼1.2–1.5 eVcm−3, depending on the density model.

14 The FRaNKIE code uses both CPUs and accelerators (see Porter &
Vladimirov 2013) with specific optimizations that require the wavelength/
frequency gridding to be a power of 2 and a multiple of the largest machine
vector size.
15 GALPROP anisotropic IC γ-ray calculations have been tested using the R12
model calculated with Nside=4, 8, and 16 spectral intensity maps to evaluate
the best compromise between accuracy, run time, and disk storage for the ISRF
data files. With the Nside=8 and 16 resolutions, the position-dependent
intensity traces asymmetries (by arms, etc.) sufficiently for the γ-ray
calculations. There is no discernable difference for the IC calculations using
the Nside=8 and 16 maps, but the run time and storage on-disk for the latter
is ∼4× higher.
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Consequently, the absorption near the GC for the R12 model is
lower. However, the general trend of a shift in the peak of the
far-infrared emission to shorter wavelengths from the intense
radiation field over the inner Galaxy is present for both the R12
and F98 models independent of the dust density there. The
other major difference is the spatial variation of the SED from
far-UV to ∼0.5μm wavelengths that reflects how the early-
type stars are modeled. The variation of the UV and optical
spectral intensity for the R12 model with X outside the region
about the GC is driven predominantly by the crossing of the
various arms as X increases out to ∼12kpc. In particular, for
the R12 model, the locations shown in the figure sample the
interarm (X= 4 kpc) and in-arm (X= 8 and 12 kpc) regions.
For the F98 model, such variations are absent because the
young stars in the arms are treated using spatial averaging.

The variation of the wavelength-integrated SED predicted
for the R12 and F98 models across the Galaxy at the midplane
is shown in Figure 7. The R12 model produces a more
structured spatial distribution for the energy density, with
features related to the stellar luminosity model clearly evident.
The variation of the SED shown in Figure 6 (left) from the
crossing of interarm/arm regions with the X coordinate is also

readily understood where the maxima of emission are clearly
visible near X∼8 and ∼12kpc, respectively. For the F98
model, the asymmetric bulge produces a clearly elongated
region of high energy density dominating the inner Galaxy
region. On either side of the minor axis of the bulge are shallow
minima in the energy density distribution, and, outside of
∼4kpc about the GC, the stellar disk is the only significant
contributor.
The spatial variation of the SED outside of the Galactic plane

(not shown) is most sensitive to the details of the stellar
luminosity and dust model for ∣ ∣ –Z 1 5 kpc, with the effect
dependent on position relative to the GC. Close to the GC, the
intensities of the respective models differ the most but become
comparable for ∣ ∣Z 5 kpc, while toward the outer Galaxy,
they are similar for somewhat lower height ∣ ∣Z 1 kpc. The
falloff of the intensity with the Z coordinate is approximately
logarithmic for both models. At a distance ∼10kpc above the
plane near the GC, the energy density for either model is
similar to that of the CMB, and at a distance of ∼20kpc it
becomes comparable that of the extragalactic background light
(e.g., Hauser & Dwek 2001; Mazin & Raue 2007).

Figure 6. ISRF spectral energy density for the R12 (left) and F98 (right) models, showing the variation with a positive X coordinate in the Galactic plane.

Figure 7. Integrated ISRF energy densities in the Galactic plane for the R12 (left) and F98 (right) models. The yellow star marks the location of the solar system in
each panel. Note that the energy density saturates the scale in and about the GC for both models.
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FIG. 1. The Modified Excess Template, calculated as the di↵erence between the Modified Map and the baseline CO map. The
color scale shows the �-ray intensity. The solid cyan circles show unassociated �-ray point sources in version 4FGL-DR2 of
the fourth Fermi–LAT catalog [34], and the dashed green circles show new sources, not in the 4FGL-DR2, that we find in this
work (see text). The radius of each source corresponds to the 95% localization uncertainty.

“Modified Excess Template” as the di↵erence between
the Modified Map and the baseline CO map, which ac-
counts for the additional H2-related �-ray emission not
included in current IE models, shown in Fig. 1.

We evaluate the significance of the Modified Excess
Template in the Fermi–LAT data by simulating the data
collected between 2008 August 04 to 2020 November 11
(⇠12 years). The simulated events have energies in the
range 1 � 100 GeV and are binned in 8 energy bins per
decade, for event class P8R3 CLEAN (FRONT+BACK).
The analysis is performed using Fermipy (v0.19.0), which
utilizes the Fermitools (v1.2.23). In these simulations, we
only focus on the H2-related �-ray emission, and exclude
all other components of the �-ray sky. The goal is to as-
sess the significance of the Modified Excess Template, i.e.
the contribution of the newly modeled H2 fine structure,
in the optimistic scenario where all other components
are satisfactorily modeled. The simulated events trace
the H2-related �-ray emission modeled with the Modi-
fied Map. The simulated data are then fit based on a
binned maximum likelihood method to a model that in-
cludes two components, the �-rays traced by the baseline
CO map and the Modified Excess Template. The latter is
assigned the spectrum determined by GALPROP, and its
normalization is free to vary in the fit. The normalization
of the CO map is also free to vary and its spectrum con-
strained to that calculated by GALPROP. As mentioned
above, the �-ray flux is calculate in 17 radial bins, since
the predicted H2-related �-ray emission depends on the
CR density, which is a function of Galactocentric radius.
In the simulations, the total emission is integrated along
the line-of-sight. Moreover, the individual maps have a
high level of degeneracy. We therefore combine the maps
into 4 radial bins. Specifically, we combine bins 1-6, 7-10,
11-13, and 14-17, which we refer to as A1, A2, A3, and
A4.

We simulate 1000 realizations of Fermi–LAT data, and
calculate the Test Statistics (TS) for the nested models
(�2log(L0/L), where L0 corresponds to value of the likeli-

FIG. 2. Distribution of the statistical significance (� ⇡
p
TS)

of the Modified Excess Template for the 50�⇥1� region cov-
ered by Mopra for 1000 realizations of ⇠12 years of Fermi–
LAT data. A fit with a Gaussian function is overlaid.

hood function for the null hypothesis (CO baseline), and
L to the alternative hypothesis (CO baseline and Modi-
fied Excess Template.) The statistical significance is ap-
proximated by � ⇡

p
TS. The distribution of the

p
TS

for the 1000 simulations is shown in Fig. 2. The mean
of the distribution is 48.30±1.02, for the 50 squared de-
gree Mopra region, and therefore very significant in a sce-
nario where other components contributing to the Fermi–
LAT data are perfectly modeled, and if the �-ray emis-
sion traced by 13CO is at the high end of the range we
have considered (with the caveats discussed above.)

The fractional residuals as a function of energy for the
1000 simulations are shown in Fig. 3. They are con-
sistent with zero, as expected. Fig. 4 shows the distri-
butions of the flux of each model component, including
the Modified Excess Template. In the Mopra region, the
mean integrated flux is (7.2 ± 0.2) ⇥ 10�8 ph cm�2 s�1.
Overall, the Modified Excess Template accounts for a
fair fraction (15.4%) of the total H2-related �-ray emis-
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by a coded aperture mask, and it could possibly identify
individual 511 keV point sources. Such “smoking-gun”
evidence is still missing. Instead, after several years of
observation, SPI found the long-sought Galactic disk in
positron emission (Bouchet et al. 2010; Skinner et al. 2014;
Siegert et al. 2016b), which was expected from the proposed
origins of positrons related to star formation. A study of
possible “granularity” in the emission has been restricted to the
bright bulge region (see discussion in Knoedlseder et al. 2005),
but a clear characterization is still missing. Neither spiral arms
nor individual positron production sites have been consistently
detected. Nevertheless, different Galactic sources, such as
massive stars (e.g., Oberlack et al. 1996; Diehl et al. 2006;
Kretschmer et al. 2013; Pleintinger et al. 2019), core-collapse
supernovae (e.g., Iyudin et al. 1997; Vink et al. 2001; Grebenev
et al. 2012; Grefenstette et al. 2014, 2017; Boggs et al. 2015;
Siegert et al. 2015; Tsygankov et al. 2016), and thermonuclear
supernovae (e.g., Morris et al. 2006; Churazov et al.
2014, 2015; Diehl et al. 2014, 2015; Isern et al. 2016) have
been shown to produce β+-unstable nuclei, and microquasars
have been claimed to produce pair plasma (Bouchet et al. 1991;
Sunyaev et al. 1992; Siegert et al. 2016a).

A development toward a better understanding of this puzzle
is provided by the usage of modern Compton telescopes in
combination with high-resolution detectors. The Compton
Spectrometer and Imager (COSI; Tomsick et al. 2019) is
designed as a compact Compton telescope, which utilizes
multiple Compton scatters in cross-strip Ge detectors to
identify the direction of incoming photons. COSI mounts 12
detectors, each measuring q q8 cm 8 cm 1.5 cm, in a 2 [x]×
2 [y]×3 [z] configuration, leading to a total active volume of
972 cm3. Five sides of the detector array are surrounded by a
CsI anticoincidence shield, leading to a field of view of Qx sr.
COSI is a nonpointing, i.e., free-floating, survey instrument,
operating as a payload of a superpressure balloon. After shorter
previous flights (see, e.g., Bandstra et al. 2011, for an
overview), COSI observed the southern sky for 46 days
between 2016 May and July (Kierans et al. 2016). The current
COSI design leads to a spatial resolution of ≈5°, with a spectral
resolution of ≈0.7% (x3.5 keV FWHM) at 511 keV. With an
upgraded future version in space, COSI would be a leading
next-generation γ-ray telescope with superior background
rejection and thus increased sensitivity. This is further
supported by having more detectors and therefore a larger
active volume, resulting in better event reconstruction (e.g.,
von Ballmoos et al. 1989; Boggs & Jean 2000) and better
spatial resolution.6

In order to show the unique capabilities of compact Compton
telescopes, in this study we perform a rigorous imaging
analysis of the 511 keV positron annihilation line in the Milky
Way, using the data from the 2016 balloon flight of COSI. This
paper is structured as follows: In Section 2, we describe the
2016 balloon campaign, the data space intrinsic to Compton
telescopes, and our specific data selection and preparation. In
Section 3, we show the spatial analysis of the 511 keV line,
provide our general approach for modeling the COSI data
(Section 3.1), and give details about the imaging and

background response of a Compton telescope in a balloon
environment (Sections 3.2 and 3.3). Imaging is performed both
by an iterative deconvolution approach using a modified
version of the Richardson–Lucy algorithm (Section 4.1) and in
a full-forward modeling manner (Section 4.2), based on the
imaging results to identify significant structures. Section 5
closes with a comparison to previous measurements and an
outlook for future analyses.

2. 2016 Campaign and Data Set

2.1. 2016 Balloon Flight

The 46-day balloon flight of COSI in 2016 started on May 17
in Wanaka, New Zealand, and was terminated 200 km northwest
of Arequipa, Peru, on July 2. The nominal flight altitude was
about 33 km, with anomalous altitude drops related to day and
night cycles (see Section 2.2.1). During the flight, three detectors
failed, reducing the sensitivity of the instrument by ≈40%
(see Section 3.2). Because two of the malfunctions occurred in
the top layer of COSI, the reduction is not proportional to the
number of detectors. The flight path of the balloon is shown in
Figure 1, indicating the time and position of the detector failures,
as well as the selected data set for our analysis (see Section 2.2).
The circumpolar winds carried the payload around Antarctica
once in ≈14 days before the balloon drifted toward the equator
and finally landed on the west coast of South America. Details
about the 2016 balloon flight can be found in Kierans et al.
(2016, 2020).
The red path indicates times/regions in which the instru-

mental background rates were high and that are excluded in our
data set (see Section 2.2 for details). In Figure 2, we show the
measured count rate of 511 keV photons (506–516 keV),
detected via multiple scatters (Compton events (CE); black

Figure 1. COSI flight path around Earth from its launch in Wanaka, New
Zealand ( n n45 S, 169 E, UTC 2016 May 16 23:35), until termination in Peru
( n n16 S, 72 W, UTC 2016 July 2 19:54). The green line shows the chosen and
analyzed data set. High-background observations (red; see also Figure 2) are
excluded from the analysis. The failures of three main detectors are marked by
black stars.

6 Note that the angular resolution of Compton telescopes is ultimately
restricted to ≈1° owing to the intrinsic motion of electrons in the Ge lattice,
leading to an inevitable Doppler broadening (Zoglauer & Kanbach 2003).
Beyond this resolution, either narrow collimators or Laue lenses would be
required.
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