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Challenges Facing Pulsar Interpretations of 
the Galactic Center Gamma-Ray Excess



§ The Fermi data contains an excess of GeV-scale 
emission from the direction of the Inner Galaxy, 
relative to all models of known astrophysical 
backgrounds

§ This signal is bright and highly statistically 
significant – its existence is not in dispute

§ It is very difficult to explain this signal with  
known astrophysical sources or mechanisms

§ The observed characteristics of this signal are 
consistent with those expected from annihilating 
dark matter
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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Morphology
§ The gamma-ray excess exhibits approximate spherical symmetry 

about the Galactic Center (axis ratios within ~20% of unity), with a 
flux that falls as ~r -2.4 out to at least ~20° 

§ If interpreted as annihilating dark matter, this implies ρDM ~ r -1.2  out to 
at least ~3 kpc, only slightly steeper than the canonical NFW profile 

Calore, Cholis, Weniger (2014) 
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Spectrum
§ The spectrum of the excess is well fit by         

a ~20-65 GeV particle annihilating to              
quarks or gluons 

§ The shape of the spectrum is uniform                         
across the Inner Galaxy
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Figure 16. Same as figure 14, but from a fit with the segmented GCE template as illustrated in
figure 15. We show results for GDE model F (black dots), as well as the envelope for all 60 GDE
models (blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
the Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.
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Calore, Cholis, Weniger; Calore, Cholis, McCabe, Weinger (2014);
Escudero, Witte, DH, arXiv:1709.07002  
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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#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
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Intensity
§ To produce the observed intensity of the excess, the dark matter particles 

must annihilate with a cross section of σv ~ (1-2) x 10-26 cm3/s
§ This is in remarkably good agreement with the value of the annihilation 

cross section that is  required to generate the measured dark matter 
abundance through thermal freeze-out in the early universe

Freeze-out, 𝛔𝛎 nX ~ H

𝛀X ~ 0.27 
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What Produces the Galactic Center Excess?
§ A large population of centrally located millisecond pulsars?
§ Annihilating dark matter?
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Millisecond Pulsars
§ Pulsars are rapidly spinning neutron   

stars, which gradually convert their 
rotational kinetic energy into radio         
and gamma-ray emission

§ Young pulsars exhibit periods on the    
order of ~1 second and slow down         
and become faint over ~106 -108 years

§ Alternatively, accretion from a    
companion star can “spin-up” a neutron 
star to periods as fast as ~1.5 ms

§ Such millisecond pulsars have low 
magnetic fields (~108-109 G) and thus   
spin down much more slowly than young 
pulsars, remaining bright for >109 years

§ It seems plausible that large numbers of 
MSPs could exist near the Galactic Center
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars
§ Claims of small-scale power in the gamma-ray               

emission from the Inner Galaxy
§ Claims that the excess traces the Galactic Bulge/Bar
Small-scale power
in the gamma-ray emission from the Inner Galaxy
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars
§ Claims of small-scale power in the gamma-ray               

emission from the Inner Galaxy
§ Claims that the excess traces the Galactic Bulge/Bar
Small-scale power
in the gamma-ray emission from the Inner Galaxy

Cholis, Zhong, McDermott, Surdutovich (2021)Cholis, DH, Linden (2014)
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Evidence of Unresolved Gamma-Ray Sources?
• In 2015, two groups (Lee, et al., 1506.05124, Bartels et al., 1506.05104) 

found that the gamma rays from the Inner Galaxy are more clustered than 
expected from smooth backgrounds, suggesting that the excess might be 
generated by a population of unresolved gamma-ray point sources
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See Leane and Slatyer, 
arXiv:1904.08430
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Here is the result that Leane and 
Slatyer obtain using the same 
NPTF procedure as Lee et al.

The key question is to what extent 
inadequate astrophysical templates 
might be biasing these results 

See Leane and Slatyer, 
arXiv:1904.08430
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This technique finds that the excess emission 
comes almost entirely from faint Point Sources, 
and that almost none of the emission is smooth 
and Dark Matter-like 



Here is the result that Leane and 
Slatyer obtain using the same 
NPTF procedure as Lee et al.

The key question is to what extent 
inadequate astrophysical templates 
might be biasing these results 

To test the reliability of this result, 
they then added a (smooth) dark 
matter-like signal to the Fermi data 

See Leane and Slatyer, 
arXiv:1904.08430
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This technique finds that the excess emission 
comes almost entirely from faint Point Sources, 
and that almost none of the emission is smooth 
and Dark Matter-like 



Despite having just added a 
dark matter-like signal to the 
data, the fit does not ascribe any 
of it to the dark matter template

See Leane and Slatyer, 
arXiv:1904.08430
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Despite having just added a 
dark matter-like signal to the 
data, the fit does not ascribe any 
of it to the dark matter template

Instead, the fit identifies the 
injected dark matter-like signal 
as originating from point sources

See Leane and Slatyer, 
arXiv:1904.08430
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Bottom Line:

The non-Poissonian template fit is clearly misattributing 
the dark matter-like signal to point sources, demonstrating 
that the templates being used are not adequate to 
describe the data, strongly biasing the results of the fit 

The excess could still be generated by a large number of 
faint point sources, but this kind of analysis does not 
provide any evidence of this

See Leane and Slatyer, 
arXiv:1904.08430
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Wavelet Analyses and GC Point Sources
§ In 2015, Bartels et al. used a wavelet-

based technique to identify what they 
called “strong support” for a millisecond 
pulsar interpretation of the gamma-ray 
excess 

Bartels, Krishnamurthy, Weniger, arXiv:1506.05104
Zhong, McDermott, Cholis, Fox, arXiv:1911.12369
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Wavelet Analyses and GC Point Sources

Bartels, Krishnamurthy, Weniger, arXiv:1506.05104
Zhong, McDermott, Cholis, Fox, arXiv:1911.12369

§ In 2015, Bartels et al. used a wavelet-
based technique to identify what they 
called “strong support” for a millisecond 
pulsar interpretation of the gamma-ray 
excess 

§ More recently, Zhong, McDermott, Cholis 
and Fox revisited this method, utilizing 
an updated gamma-ray source catalog    
(4FGL vs 3FGL) 

§ Using the 3FGL, Zhong et al. reproduced 
the results of Bartels et al. 

§ After accounting for the 4FGL sources,    
Zhong et al. find no evidence that the    
excess is produced by point sources
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Bulge/Bar-Like vs DM-Like Morphology
§ An important test of the origin of the Galactic Center excess is to establish 

whether this signal is spherical and dark matter-like, or instead traces some 
combination of known stellar populations (ie., the Galactic Bulge and Bar)

§ In papers by Macias et al. (arXiv:1611.06644, 1901.03822) and Bartels et al. 
(1711.04778), it was argued that the excess is better fit by spatial templates 
which trace stellar populations than by dark matter-like templates

§ If confirmed, this would favor astrophysical interpretations of the gamma-ray 
excess
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Bulge/Bar-Like vs DM-Like Morphology
§ Recent work, however, has not consistently reached the same conclusion
§ Instead, it is now clear that the answer you get to this question depends 

strongly on choices/assumptions that you make in your analysis, 
including:

        1) The model that is used for the Galactic diffuse emission
        2) The regions of the sky that are included in the fit (ie., the mask)

§ For this reason, different groups, making different but seemingly 
reasonable analysis choices, reach different conclusions regarding the 
detailed morphology of the GCE 

Zhong, Cholis, 2401.02481 
McDermott et al., 2209.00006; 2112.09706
Di Mauro, 2101.04694
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Bulge/Bar-Like vs DM-Like Morphology

(see also McDermott et al., 2209.00006; 2112.09706; Di Mauro, 2101.04694)
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For this choice of mask, the fits prefer some bulge 
models over dark matter models for the GCE 

For other choices, the fits prefer 
dark matter models for the GCE

Zhong, Cholis, arXiv:2401.02481 
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Bulge/Bar-Like vs DM-Like Morphology

Bottom Line: The detailed morphology of the GCE is systematic-limited;  
we can’t currently differentiate between dark matter and bulge-like models

(see also McDermott et al., 2209.00006; 2112.09706; Di Mauro, 2101.04694)
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For this choice of mask, the fits prefer some bulge 
models over dark matter models for the GCE 

For other choices, the fits prefer 
dark matter models for the GCE

Zhong, Cholis, arXiv:2401.02481 
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars
§ Claims of small-scale power in the gamma-ray               emission from 

the Inner Galaxy
§ Claims that the excess traces the Galactic Bulge/Bar
Small-scale power
in the gamma-ray emission from the Inner Galaxy
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars
§ Claims of small-scale power in the gamma-ray               emission from 

the Inner Galaxy
§ Claims that the excess traces the Galactic Bulge/Bar
Small-scale power
Arguments Against Pulsars:
§ The lack of pulsars detected in the Inner Galaxy
§ The lack of low-mass X-ray binaries in the Inner Galaxy
in the gamma-ray emission from the Inner Galaxy
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Why Don’t We See More Pulsars in the Inner Galaxy?
§ To date, Fermi has detected only three gamma-ray sources that could 

potentially be pulsars located within a few kpc of the Galactic Center                           
(PSR J1747-4036, J1649-3012, J1833-3840)

§ These three gamma-ray sources could be the first detected members 
of an Inner Galaxy pulsar population, but they could also easily be 
part of the Galactic Disk’s pulsar population
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§ The Fermi Collaboration has recently released their Third Pulsar Catalog, 
which contains 179 MSPs from the Disk of the Milky Way

§ Using the contents of this catalog, we were able to constrain the spatial 
distribution and luminosity function of these MSPs

Why Don’t We See More Pulsars in the Inner Galaxy?

Holst, DH, arXiv:2403.00978
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§ Our results fit the the 3PC catalog data quite well

§ The spatial distributions favored by our             
analysis are consistent with expectations                     
from radio data

Why Don’t We See More Pulsars in the Inner Galaxy?

Holst, DH, arXiv:2403.00978
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§ The gamma-ray luminosity function favored by our analysis peaks at around 
L#	~	10$% − 10$& erg/s and requires a total of 𝑁'()*	~	10+ MSPs in the Milky 
Way’s Disk

Why Don’t We See More Pulsars in the Inner Galaxy?

Holst, DH, arXiv:2403.00978
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Why Don’t We See More Pulsars in the Inner Galaxy?
§ We then used our determination of the MSP luminosity function to estimate 

how many pulsars Fermi should have already detected in the Inner Galaxy, 
assuming that pulsars are responsible for the Galactic Center excess

§ If the gamma-ray excess is                                    
produced by pulsars with this same                             
luminosity function, then Fermi should                   
have already detected ~20 pulsars in                   
the Inner Galaxy (instead of only 3)

Holst, DH, arXiv:2403.00978

   (See also Dinsmore & Slatyer, 2112.09699;         
    List, et al., 2107.09070; Mishra-Sharma & 
Cranmer, 2110.06931; Zhong, et al., 1911.12369)
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Why Don’t We See More Pulsars in the Inner Galaxy?
§ We then used our determination of the MSP luminosity function to estimate 

how many pulsars Fermi should have already detected in the Inner Galaxy, 
assuming that pulsars are responsible for the Galactic Center excess

§ If the gamma-ray excess is                                    
produced by pulsars with this same                             
luminosity function, then Fermi should                   
have already detected ~20 pulsars in                   
the Inner Galaxy (instead of only 3)

One of the following must be true:
§ Pulsars produce less than 39% of the           

gamma-ray excess
§ The MSPs in the Inner Galaxy are at                                

least ~5 times less luminous than                 
pulsars in the Galactic Disk

  (the later option would require             
  >200,000 MSPs in the Inner Galaxy)

Holst, DH, arXiv:2403.00978

   (See also Dinsmore & Slatyer, 2112.09699;         
    List, et al., 2107.09070; Mishra-Sharma & 
Cranmer, 2110.06931; Zhong, et al., 1911.12369)
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Why Don’t We See More Low-Mass X-Ray Binaries?
§ Millisecond pulsars are formed when they are spun up by a binary 

companion; the precursors to MSPs are low-mass X-ray binaries (LMXBs)
§ By measuring the ratio of the gamma-ray emission (from MSPs) to the 

number of bright LMXBs in globular clusters, and comparing this to the 
number of bright LMXBs in the Inner Galaxy, we can estimate the number     
of MSPs in the Inner Galaxy

  (!
)"#$%

 |Globular Clusters  =  (!
)"#$%

 |Inner Galaxy

§ This procedure finds that only 4-11% of the           
gamma-ray excess is attributable to MSPs

§ If the entire excess was from MSPs,                  
INTEGRAL should have detected ~103 LMXBs         
in the Inner Galaxy; they actually detected 42

Haggard, Heinke, DH, Linden, arXiv:1701.02726 
(see also Cholis, DH, Linden, arXiv:1407.5625)

Measure

Measure

Infer

Measure
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Bottom Line:

The measured spectrum, morphology, and intensity of the Galactic 
Center Gamma-Ray Excess each agree well with the predictions of 
annihilating dark matter in the form of a ~50 GeV thermal relic

The excess could be generated by pulsars, but this would require a 
very large and exotic population of low-luminosity millisecond pulsars, 
with few accompanying low-mass X-ray binaries

What Produces the Galactic Center Excess?
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AT THE EDGE OF TIME


