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§ Consider a stable particle species that was in equilibrium with the thermal bath 
in the early universe; the abundance of these particles will evolve according to 
the following Boltzmann equation:

§ The number density of these particles will be held near their equilibrium value 
until their production/annihilation rate falls below the rate of Hubble expansion 
– thermal freeze out

§ After a particle species has frozen-out,                       
it is no longer created or destroyed in       
significant numbers

§ The resulting abundance of such a                     
relic is set by the temperature at                
which it froze out of equilibrium, which                              
is directly related to its annihilation                 
cross section:

The Abundance of a Thermal Relic

Freezes Out  
of Equilibrium
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In Equilibrium

Ω! ∼ 0.27	×



The Motivation for Indirect Searches
§ This cross section of 𝜎𝑣 ∼ 2	×10!"#  

cm3/s represents a key benchmark for 
indirect dark matter searches and it 
provides much of the motivation for what I 
am going to be talking about today

§ Although many model-dependent factors 
can cause the dark matter to possess a 
somewhat lower or higher annihilation 
cross section today, most models predict 
current annihilation rates that are within 
an order of magnitude or so of this 
estimate

§ Indirect searches that are sensitive to 
dark matter annihilating at approximately 
this rate will be able to test a significant 
fraction of WIMP models 

Fermi

AMS-02
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Constraints from Indirect Detection
§ A variety of gamma-ray searches (GC, dwarfs, IGRB, etc.) as well as 

cosmic-ray antiproton and positron measurements are currently 
sensitive to dark matter with annihilation cross sections in the range 
predicted for a simple thermal relic, for masses up to 𝒪(100) GeV

§ This program is not a fishing expedition, but is testing a wide range of 
our most well-motivated dark matter models
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for !+!−) [44] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [43]. The dotted
portions of the curves are potentially affected by solar modu-
lation. We also indicate 〈σv〉therm ≡ 3 × 10−26 cm3s−1. The
AMS limits are shown for reasonable reference values of the
local DM density and energy loss rate (see text), and can vary
by a factor of a few, as indicated by the hatched band (for
clarity, this band is only shown around the e+e− constraint).

our upper bound on the annihilation cross section to
e+e− is approximately two orders of magnitude below
〈σv〉therm. If only a fraction f of DM annihilates like
assumed, limits would scale like f−2 (and, very roughly,
〈σv〉therm ∝ f−1). We also show in Fig. 3 the upper
bounds obtained for other leptonic final states. As ex-
pected, these limits are weaker than those found in the
case of direct annihilation to electrons – both because
part of the energy is taken away by other particles (neu-
trinos, in particular) and because they feature broader
and less distinctive spectral shapes. These new limits
on DM annihilating to µ+µ− and τ+τ− final states are
still, however, highly competitive with or much stronger
than those derived from other observations, such as from
the cosmic microwave background [44] and from gamma-
ray observations of dwarf galaxies [43]. Note that for
the case of e+e−γ final states even stronger limits can
be derived for mχ ! 50GeV by a spectral analysis of
gamma rays [73]. We do not show results for the b̄b
channel, for which we nominally find even weaker lim-
its due to the broader spectrum (for mχ % 100GeV,
about 〈σv〉 " 1.1 · 10−24 cm3s−1). In fact, due to de-
generacies with the background modeling, limits for an-
nihilation channels which produce such a broad spectrum
of positrons can suffer from significant systematic uncer-
tainties. For this reason, we consider our limits on the
e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-

ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ"χ = (0.25− 0.7)GeV cm−3 [61, 74] (note that the form
of the DM profile has a much smaller impact). Uncer-
tainty bands of the same width apply to each of the other
final states shown in the figure, but are not explicitly
shown for clarity. Other diffusion parameter choices im-
pact our limits only by up to ∼10%, except for the case
of low DM masses, for which the effect of solar modula-
tion may be increasingly important [53, 75]. We reflect
this in Fig. 3 by depicting the limits derived in this less
certain mass range, where the peak of the signal e+ flux
(as shown in Fig. 1) falls below a fiducial value of 5GeV,
with dotted rather than solid lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [55, 76, 77] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [64]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. See the Appendix [45] for more details and further
discussion of possible systematics that might affect our
analysis.

Lastly, we note that the upper limits on 〈σv〉(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ % 〈σv〉ρ"χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together

Bergstrom, et al., 
arXiv:1306.3983

Fermi Collaboration, 
arXiv: 2311.04982

Cuoco, et al., arXiv:1610.03071
Cui, et al., arXiv:1610.03840
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Gamma Ray Searches for Dark Matter

Gamma-Rays Measured by Fermi       Signal Predicted From Dark Matter

§ The brightest gamma-ray signal from annihilating        
dark matter (by far) is predicted to come from the   
direction of the Galactic Center

§ The astrophysical backgrounds are also bright in                                
this region of this sky, and can be difficult to model

§ Despite these backgrounds, the signal that would                    
be expected from a ~1-200 GeV thermal relic was                              
widely expected to be within reach of the Fermi telescope
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§ There is an excess of GeV-scale emission from 
the direction of the Inner Galaxy in the Fermi 
data, 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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Among other references, see:
DH, Goodenough (2009, 2010) 
DH, Linden (2011) 
Abazajian, Kaplinghat (2012)
Gordon, Macias (2013)
Daylan, DH, et al. (2014)
Calore, Cholis, Weniger (2014)
Murgia, et al. (2015) 
Ackermann et al. (2017) 

The Galactic Center Gamma-Ray Excess      
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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 per volume that falls as ∝ 𝑟!".% out to at least ~20° 

§ If interpreted as annihilating dark matter, this implies 𝜌&' ∝ 𝑟!(." 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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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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⌧+⌧� 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 ! ��

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
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Dan Hooper –  Dark Matter Annihilation and the GCE



Intensity
§ To produce the observed intensity of the excess, the dark matter particles 

must annihilate with a cross section of 𝜎𝑣 ∼ 1 − 2 	×10!"# 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:
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Freezes Out  
of Equilibrium

In Equilibrium

Ω! ∼ 0.27	×



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

§ When new pulsars are formed, they 
typically exhibit periods on the order of 
~1 second and slow down and become 
faint over ~106 -108 years

§ Later, accretion from a companion star 
can “spin-up” a dormant neutron star to 
periods as short as ~1.5 msec

§ 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

Dan Hooper –  Dark Matter Annihilation and the GCE



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, DH, Linden (2014)
Cholis, Zhong, McDermott, Surdutovich (2021)
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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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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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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

§ It is difficult to tell whether these clustered gamma-rays are the result of 
unresolved sources, or of backgrounds that are being imperfectly modeled
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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 
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See Leane and Slatyer, 
arXiv:1904.08430
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PREFERENCE FOR POINT SOURCES AT THE GC

Rebecca Leane

Lee, Lisanti, Safdi, Slatyer, Xue (PRL ‘15)

Flux attributed to 
NFW2 Distributed 
Point Sources 
(clumpy)

Flux attributed 
to dark matter 
annihilation 
(smooth)

To what extent could inadequate background templates be biasing these results?

See Leane and Slatyer, 
arXiv:1904.08430
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Here is the result that Leane and 
Slatyer obtain using the same 
procedure as Lee et al.

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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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 coming 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 background models being used here are not adequate to 
describe the data, strongly biasing the results of the fit 

The gamma-ray excess could still be generated by a very 
large number of very faint point sources, but there is no 
evidence of this

See Leane and Slatyer, 
arXiv:1904.08430
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Bulge/Bar-Like vs DM-Like Morphology
§ Another important test 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 models which trace 
the stellar distribution than by dark matter-like models

§ If confirmed, this would favor astrophysical interpretations of the gamma-ray 
excess
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Bulge/Bar-Like vs DM-Like Morphology
§ Much of the recent work on this question, however, has not confirmed this 

preference for bulge-like morphology
§ Instead, it is now clear that the answer you get to this question depends 

strongly on the choices and 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 these reasons, different groups, making different (but seemingly 
reasonable) analysis choices, have reached 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

Bottom Line: The detailed morphology of the GCE is systematics-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)

Be
tte

r F
it

For this choice of mask, the fits prefers the Coleman 
bulge model over a dark matter model for the GCE 

For other choices, the fit prefers dark    
matter models over bulge models
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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 pulsars that could 

potentially be located within a few kpc of the Galactic Center       
(PSR J1747-4036, PSR J1649-3012, and PSR 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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§ From the contents of gamma-ray 
pulsar catalogs, we can measure the 
spatial distribution and luminosity 
function of known MSP populations

§ These analyses find that the MSP 
gamma-ray luminosity peaks at around 
𝐿) ∼ 10*( − 10*"	erg/s

§ For this luminosity function, we 
conclude that Fermi should be able to 
detect a non-negligible fraction of any 
individual MSPs that might be located 
in the Inner Galaxy

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?
Bottom Line:
§ If the Galactic Center Excess is 

produced by pulsars with the same 
characteristics as those observed 
elsewhere, Fermi should have 
already detected ~20 of these 
pulsars in the Inner Galaxy 

§ To produce the Galactic Center 
Excess with pulsars would require at 
least ~200,000 of these sources 
which, on average, are at least ~5 
times less luminous than those 
pulsars we observe elsewhere

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; these 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 5-10% of the           
gamma-ray excess is attributable to MSPs

§ If the entire gamma-ray excess was from MSPs,                 
INTEGRAL should have detected ~103 LMXBs         
in the Inner Galaxy; but 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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If the Galactic Center Excess is the result of 
annihilating dark matter, where else would we 

expect to see evidence of this process? 
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§ Current Fermi dwarf constraints are based on observations of several 
dozen dwarf galaxies, including many that were discovered by DES and 
other recent surveys

§ Although these constraints are currently compatible with dark matter 
interpretations of the Galactic Center excess, even modest improvements 
in sensitivity would shed significant light on this interpretation

Fermi Observations of Dwarf Galaxies

Di Mauro, Stref, Calore, 
arXiv:2212.06850
(see also, Fermi Collaboration, 
arXiv:2311.04982)

Region favored 
by the GCE
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§ Small excesses have been observed from a handful of dwarf galaxies   
(Reticulum II, Tucana II, Sculptor, and Willman 1)

§ The combination of this data favors the presence of a GCE-like WIMP at a 
level of TS~10-12 (corresponding to a local significance of ~3𝝈)

Fermi Observations of Dwarf Galaxies

Di Mauro, Stref, Calore, 
arXiv:2212.06850

GCE-Favored Region

Dan Hooper –  Dark Matter Annihilation and the GCE



Dwarf Galaxies in the Rubin Era
§ The Rubin Observatory (first light in 2025!) is expected to discover 

~150-250 new Milky Way dwarf galaxies (compared to ~50 at present)
§ Once these new dwarfs are discovered, we can use already existing 

Fermi data to look for gamma-ray signals from annihilating dark matter
§ With Rubin, Fermi’s sensitivity to dark matter annihilation in dwarf 

galaxies could plausibly increase by a factor of ~2-3, finally enabling 
us to test much (perhaps all?) of parameter space favored by the 
Galactic Center excess
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Telescopes Beyond Fermi
§ Dark matter searches using gamma rays from dwarf 

galaxies are limited by statistics; their sensitivity could 
be dramatically improved by larger telescopes

§ As an example, consider the projected sensitivity of 
the proposed Advanced Particle-astrophysics 
Telescope (APT):

F. Xu and DH, arXiv:2308.15538

APT Projection           
(for a GCE-like WIMP)

APT Projection         
(if no signal)

GCE Favored
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Summary
§ WIMPs remain an extremely well-motivated class of dark matter candidates
§ Indirect searches using gamma rays and cosmic rays are currently testing 

the range of annihilation cross sections that are predicted for a thermal relic 
for masses up to ~𝒪(100) GeV; this program is testing the WIMP paradigm!

§ The Galactic Center’s GeV excess remains compelling: highly statistically 
significant, robust, extended, spherical, and not easily explained with known 
or proposed astrophysics

§ Earlier arguments claiming that this excess is generated by unresolved 
point sources have not held up to scrutiny; recent studies have found that 
the morphology of this signal is consistent with expectations from dark 
matter

§ Arguments based on the number of gamma-ray bright MSPs and bright 
LMXBs each disfavor pulsars as the source of this emission 

§ Gamma-ray observations of dwarf galaxies in the Rubin-era, and with future 
gamma-ray telescopes could provide a critical test of this signal’s origin
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§ Dark matter annihilation signals from dwarf galaxies are proportional to 
their independently measured J-factors:

§ No astrophysical backgrounds are expected to have this scaling

§ For dark matter candidates            
that could produce the Galactic        
Center Excess, APT would                     
detect gamma rays from                   
several dwarfs, allowing it to             
clearly establish whether this                                  this 
proportionality holds 

§ If this scaling is observed, it           
would be an unambiguous                    
signature of annihilating           
dark matter – a smoking gun

F. Xu and DH, arXiv:2308.15538

APT Projection           
(for a GCE-like WIMP)
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Telescopes Beyond Fermi


