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Gamma-ray observations of Milky Way dwarf galaxies have been used to place stringent constraints on
the dark matter’s annihilation cross section. In this paper, we evaluate the sensitivity of the proposed
Advanced Particle-Astrophysics Telescope (APT) to dark matter in these systems, finding that such an
instrument would be capable of constraining thermal relics with masses as large as mX ∼ 600 GeV.
Furthermore, in dark matter scenarios motivated by the observed Galactic Center gamma-ray excess, we
predict that APT would detect several dwarf galaxies with high significance. Such observations could be
used to test the predicted proportionality between the gamma-ray fluxes and J-factors of individual dwarf
galaxies, providing us with an unambiguous test of the origin of the Galactic Center excess.
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I. INTRODUCTION

For decades, the most widely studied dark matter candi-
dates have been thermal relics of the early Universe [1]. Such
particles were motivated by the realization that, if they had
weak-scale masses and couplings, they would freeze out of
equilibrium with an abundance that is approximately equal
to that of the measured dark matter density—a fact fre-
quently referred to as the “WIMP miracle.” Many weakly
interacting massive particle (WIMP) models, however, have
since been ruled out by the null results of direct [2,3] and
indirect [4–7] searches. In light of this progress, some have
argued that the WIMP paradigm is now disfavored.
Simultaneously, it is not difficult to identify WIMP models
which continue to be consistent with all existing constraints
(for a discussion, see Ref. [8]).
The WIMP paradigm has been bolstered in recent years

by the signal known as the Galactic Center gamma-ray
excess, as identified within the data collected by the Fermi
Gamma-Ray Space Telescope [9,10] (for early work, see
Refs. [11–19]). The spectrum and angular distribution of
this excess are each consistent with those predicted from
annihilating dark matter. In particular, the measured char-
acteristics of this signal are well fit by dark matter particles
with a mass of mX ∼ 35–60 GeV and an annihilation cross
section of hσvi ∼ ð1–3Þ × 10−26 cm3=s (for the case of
annihilations to bb̄). This agrees remarkably well with the
annihilation cross section expected of a thermal relic,
hσvi ≈ 2.2 × 10−26 cm3=s (see, for example, Ref. [20]).

If the Galactic Center gamma-ray excess is generated by
annihilating dark matter, an analogous signal should be
produced from dwarf galaxies (for a review, see Ref. [21]).
Gamma-ray observations of the Milky Way’s dwarf galaxy
population thus have the potential to confirm or rule out
dark matter interpretations of the Galactic Center excess
and, more broadly, to test the WIMP paradigm itself. The
most recent such analysis by the Fermi Collaboration
studied six years of data from the directions of 45 dwarf
galaxies (and dwarf galaxy candidates), allowing them to
rule out dark matter annihilation cross sections greater than
hσvi ∼ 2.2 × 10−26 cm3=s for masses up to mX ∼ 50 GeV
(again, for the case of annihilations to bb̄) [4]. More
recently, Di Mauro et al. used 14 years of Fermi data to
study a sample of 22 dwarf galaxies, producing similar
constraints [22]. Perhaps more interesting, these analyses
also identified what could be hints of a dark matter
annihilation signal. In particular, Ref. [22] reports the
presence of gamma-ray excesses from the dwarf galaxies
Reticulum II, Sculptor, and Tucana II at a level of TS ≈ 11,
9, and 6, respectively (for the case of mX ¼ 50 GeV),
where TS is the log-likelihood test statistic. Overall, this
stacked analysis favors the presence of annihilating dark
matter over the null hypothesis at a level of TS ≈ 11,
corresponding to a local significance of 3.0σ [22] (see also
Refs. [23–25]).
Whereas gamma-ray studies of the Galactic Center are

currently limited by systematic uncertainties associated
with bright and poorly understood backgrounds, searches
for gamma rays from dwarf galaxies are statistically
limited. Future observations of the Milky Way’s dwarf
galaxy population with a large-acceptance, space-based
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gamma-ray telescope could thus significantly increase our
sensitivity to dark matter and clarify the origin of the
Galactic Center gamma-ray excess.
In this paper, we evaluate the sensitivity of the proposed

Advanced Particle-Astrophysics Telescope (APT) [26,27]
to dark matter annihilating in the dwarf galaxies of the
Milky Way.1 To this end, we perform a stacked analysis of
simulated data from the directions of 30 Milky Way dwarf
galaxies, assessing the constraints on annihilating dark
matter that could be achieved by such an instrument. We
then estimate the projected sensitivity of APT to dark
matter in a scenario motivated by the Galactic Center
gamma-ray excess. If the Galactic Center excess is gen-
erated by annihilating dark matter, we find that APTwill be
able to detect gamma-ray signals from several dwarf
galaxies at high significance. We conclude that such a
telescope would be able to definitively confirm or rule out
dark matter interpretations of the long-standing Galactic
Center gamma-ray excess.

II. DARK MATTER ANNIHILATION IN
MILKY WAY DWARF GALAXIES

The gamma-ray signal from annihilating dark matter can
be calculated as follows:
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where hσvi is the thermally averaged dark matter annihi-
lation cross section, mX is the mass of the dark matter
particle, and dNγ=dEγjann is the spectrum of gamma rays
produced per annihilation. The J-factor JðΔΩÞ is defined
as the square of the dark matter density ρX, integrated over a
solid angle ΔΩ and along the line of sight l. The dark
matter distributions of the Milky Way dwarf galaxies (and
their corresponding J-factors) are constrained by spectro-
scopic measurements of stellar velocities. In our main
analysis, we have used the J-factors provided by Pace and
Strigari in Ref. [28].
Dwarf galaxies are attractive targets for dark matter

searches due to their low astrophysical backgrounds.
As gamma-ray telescopes become larger and more capable
of detecting fainter sources, however, even modest back-
grounds will become increasingly important. In our analy-
sis, we have adopted a background model that consists
of three components: (1) the gamma rays associated
with unresolved point sources, (2) the background of

isotropically distributed gamma rays, and (3) the diffuse
emission associated with cosmic-ray interactions in the
interstellar medium. Note that these backgrounds do not
originate from the dwarf galaxies themselves, but rather are
associated with emission that is coincidentally produced
along the lines of sight to these systems. Although milli-
second pulsars in dwarf galaxies could potentially represent
another background for dark matter searches, the gamma-ray
fluxes arising from such objects are not expected to
significantly impact such efforts [29]. Possible exceptions
are the Fornax and Sagittarius dwarf galaxies, which are
known to contain globular clusters [30,31], making it more
likely that they harbor a significant population of millisecond
pulsars. To be conservative, we have not included Fornax or
Sagittarius in our main analysis.
Far away from the Galactic Plane, the gamma-ray

emission from unresolved point sources is dominated by
blazars, and we take the source count distribution of this
population to follow the triply broken power-law model
described in Ref. [32]. For each simulated observation of a
dwarf galaxy, we draw from this distribution (up to sources
as bright as S ∼ 10−6 ph cm−2 s−1 and extrapolated down
to S ∼ 10−13, where S is the photon flux integrated above
0.1 GeV) to determine whether any such sources are
present in that direction and, if so, their fluxes. For
simplicity, we take the spectral shape of each blazar to
be the same as that of the measured extragalactic gamma-
ray background, neglecting any source-to-source variation
that would exist [33]. Note this component of the gamma-
ray background is fundamentally non-Poissonian in nature.
The integral of this distribution constitutes approximately
60% of the total extragalactic gamma-ray background. We
take the remaining 40% of this background to be isotropic,
arising from diffuse mechanisms or from sources that
produce no more than one photon in the datasets we will
consider here. For the Galactic diffuse emission, we adopt
the model glliemv05.fit, as provided in Ref. [34]. Unlike
contributions from unresolved blazars and the isotropic
background, the spectrum and intensity of the Galactic
diffuse emission depends on the location of a given dwarf
galaxy on the sky.
Once we have determined the total gamma-ray flux from

the direction of a given dwarf galaxy, we integrate over
each energy bin and multiply by the instrumental exposure
(using the acceptance evaluated at the average energy of
that bin) to determine the mean number of photons that
are observed in each energy bin and from within 0.5° of
the dwarf galaxy’s center. We then draw from a Poisson
distribution in each bin to determine the number of photons
that are observed in that realization and use this information
to calculate the likelihood of attaining the simulated data as
a function of hσvi (for a given value of the dark matter mass
and annihilation channel). Furthermore, for each simulated
dwarf, we draw the value of log10ðJÞ from a Gaussian
distribution with a central value and width equal to the

1The proposed APT [26,27] is planned to follow the Antarctic
Demonstrator for the Advanced Particle-Astrophysics Telescope
mission, which is scheduled for a 30 day, suborbital flight in
2025. For more details, see https://adapt.physics.wustl.edu/.
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quoted best-fit value and uncertainty [28]. In evaluating the
stacked likelihood, we follow the approach described in
Ref. [34]. We repeat this procedure 1000 times for each
dark matter mass, cross section, and channel in order to
attain the resulting statistical distribution.
To assess the adequacy of our simulation and back-

ground model, we simulated four years of Fermi data from
the directions of 15 dwarf galaxies and compared the
resulting constraints to those attained by the Fermi
Collaboration from four years of real data [34]. In perform-
ing this comparison, we adopted the same J-factors (and
their uncertainties) as in Ref. [34] and used the energy-
dependent acceptance as given in Ref. [35]. For each
realization, we calculated the 95% confidence-level upper
limit on the annihilation cross section, corresponding to a
change in the log-likelihood (relative to hσvi ¼ 0) of

2Δ lnL ¼ −3.84. As can be seen in Fig. 1, our simulated
constraints are very similar to those found using real
Fermi data, demonstrating that our model provides a
good description of the backgrounds relevant to such an
analysis.

III. THE PROJECTED SENSITIVITY OF APT
TO ANNIHILATING DARK MATTER

To assess the projected sensitivity of the Advanced
Particle-Astrophysics Telescope [26,27] to dark matter
particles annihilating in Milky Way dwarf galaxies, we
simulated ten years of APT data, adopting an acceptance as
given in Ref. [26], considering the 30 dwarf galaxies listed
in Table I (exempting Fornax), and using the J-factor
determinations from Ref. [28].

FIG. 1. A comparison of the constraints on the dark matter annihilation cross section (to bb̄) attained from four years of simulated (left)
or real (right) Fermi data, from the directions of 15 dwarf galaxies. The solid lines and the surrounding green and yellow bands denote
the median constraint and the range of constraints attained in 68% and 95% of the simulated realizations, respectively. In the right frame,
we show the results from Ref. [34], which were derived from four years of real Fermi data. The similarity between the simulated and real
constraints demonstrates that our model provides an adequate description of the relevant backgrounds.

TABLE I. The dwarf galaxies considered in this analysis. Note that we have excluded Fornax from our main analysis (due to it
containing globular clusters [30]). The J-factor estimates are from Ref. [28] and are given in units of GeV2=cm5.

Dwarf galaxy Distance (kpc) log10 Jð0.5°Þ l (deg) b (deg) Included in Fig. 1

Canes Venatici I 210.0� 6.0 17.42þ0.17
−0.15 74.30 79.83 No

Carina 105.6� 5.4 17.83þ0.10
−0.09 260.11 −22.22 Yes

Draco 76.0� 6.0 18.83þ0.12
−0.12 86.37 34.71 Yes

Fornax 147.0� 9.0 18.09þ0.10
−0.10 237.24 −65.67 Yes

Leo I 258.2� 9.5 17.64þ0.14
−0.12 225.98 49.11 No

Leo II 233.0� 15.0 17.76þ0.22
−0.18 220.16 67.23 Yes

Sculptor 83.9� 1.5 18.58þ0.05
−0.05 287.70 −83.15 Yes

Sextans 92.5� 2.2 17.73þ0.13
−0.12 243.50 42.27 Yes

(Table continued)
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TABLE I. (Continued)

Dwarf galaxy Distance (kpc) log10 Jð0.5°Þ l (deg) b (deg) Included in Fig. 1

Ursa Minor 76.0� 4.0 18.75þ0.12
−0.12 104.98 44.81 Yes

Aquarius II 107.9� 3.3 18.27þ0.66
−0.58 55.11 −53.01 No

Boötes I 66.0� 3.0 18.17þ0.31
−0.29 358.10 69.64 Yes

Canes Venatici II 160.0� 7.0 17.82þ0.47
−0.47 113.57 82.70 Yes

Carina II 37.4� 0.4 18.25þ0.55
−0.54 269.98 −17.14 No

Coma Berenices 42.0� 1.5 19.00þ0.36
−0.35 241.86 83.61 Yes

Draco II 20.0� 3.0 18.93þ1.39
−1.70 98.32 42.88 No

Grus I 120.2� 11.1 16.88þ1.51
−1.66 338.65 −58.24 No

Hercules 132.0� 6.0 17.37þ0.53
−0.53 28.73 36.86 Yes

Horologium I B 87.0� 8.0 18.79þ0.90
−0.86 271.38 −54.74 No

Leo IV 154.0� 5.0 16.40þ1.01
−1.15 265.46 56.51 Yes

Leo V 173.0� 5.0 17.65þ0.91
−1.03 261.86 58.53 No

Pegasus III 215.0� 12.0 18.30þ0.89
−0.97 69.85 −41.83 No

Pisces II 183.0� 15.0 17.30þ1.00
−1.09 79.21 −47.11 No

Reticulum II B 32.0� 2.0 18.88þ0.39
−0.37 266.30 −49.74 No

Segue 1 23.0� 2.0 19.12þ0.49
−0.58 220.48 50.41 Yes

Tucana II B 57.5� 5.3 19.02þ0.58
−0.53 328.09 −52.32 No

Ursa Major I 97.3� 5.85 18.26þ0.29
−0.27 159.36 54.43 No

Ursa Major II 34.7� 2.1 19.44þ0.41
−0.39 152.46 37.44 Yes

Willman 1 38.0� 7.0 19.53þ0.50
−0.50 158.57 56.78 Yes

Cetus 780.0� 40.0 16.28þ0.20
−0.19 156.47 −78.53 No

Eridanus II 366.0� 17.0 17.28þ0.34
−0.31 249.78 −51.64 No

Leo T 407.0� 38.0 17.49þ0.49
−0.45 214.85 43.66 No

FIG. 2. The projected constraints on the dark matter annihilation cross section (to bb̄ or τþτ−) for ten years of APT data from the
directions of 30 Milky Way dwarf galaxies (see Table I). The solid lines and the surrounding green and yellow bands denote the median
constraint and the range of constraints attained in 68% and 95% of the simulated realizations, respectively. The dashed curve is the
annihilation cross section predicted for a dark matter candidate that is a (velocity-independent) thermal relic [20], while the dot-dashed
line is the current constraint from Fermi data, as presented in Ref. [36].
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We show the results of this exercise in Fig. 2, for the
cases of annihilation to bb̄ or τþτ−. Because of the much
larger acceptance of APT, these projected constraints
are significantly more stringent than those derived from
Fermi data [4,22]. For comparison, we also include in these
frames the annihilation cross section for a dark matter
candidate that is a (velocity-independent) thermal relic
[20], as well as the latest constraints derived from Fermi
data [36]. The constraints projected for other annihilation
channels are shown in Fig. 3.

IV. TESTING THE ORIGIN OF THE GALACTIC
CENTER GAMMA-RAY EXCESS

In the previous section, we carried out our simulations
under the assumption that there is no signal from annihilat-
ing dark mater and derived the constraints that could be
attained by an instrument such as APT. It is possible,
however, that such a signal could be found in the data, in
particular, in light of the long-standing Galactic Center
gamma-ray excess [9–19]. Motivated by this excess, we

FIG. 3. As in Fig. 2 but for other annihilation channels. These projected constraints are based on ten years of simulated APT data
from the directions of 30 Milky Way dwarf galaxies (see Table I). The solid lines and the surrounding green and yellow bands
denote the median constraint and the range of constraints attained in 68% and 95% of the simulated realizations, respectively. The
dashed curve is the annihilation cross section predicted for a dark matter candidate that is a (velocity-independent) thermal
relic [20].
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consider in this section a scenario in which the Galactic
Center excess is generated by annihilating dark matter,
evaluating the sensitivity of APT to a dark matter candidate
that is capable of generating this signal.
For concreteness, we will consider a dark matter particle

with a mass of mX ¼ 45 GeV and that annihilates to bb̄
with a cross section of hσvi ¼ 2 × 10−26 cm3=s. We again
perform a simulation of ten years of APT data from the
directions of 30 dwarf galaxies, but calculate the change
in the log-likelihood relative to the best-fit value of mX
and hσvi. The results of this exercise are shown in Fig. 4.
Relative to the best-fit parameter values, hσvi ¼ 0 is
disfavored in this scenario at a level of 2Δ lnL ≈ −200,
ruling out the null hypothesis with a significance of
approximately 14σ.
The gamma-ray signal from dark matter annihilating in a

given dwarf galaxy is proportional to that galaxy’s J-factor,
providing us with a powerful way to distinguish dark matter
annihilation products from astrophysical backgrounds
(which would not be expected to scale with J). In a
scenario with mX¼45GeV and hσvi ¼ 2 × 10−26 cm3=s
(to bb̄), we find (in our median simulation) that APT will
detect seven dwarf galaxies at > 2σ significance, four at
> 3σ, and three at > 5σ. These data would allow us to test
whether the gamma-ray fluxes from these galaxies are, in
fact, proportional to the corresponding J-factors. In Fig. 5,
we show the results of a representative realization of our
simulation, showing the gamma-ray fluxes from each of the
seven dwarfs that were detected with greater than 2σ
significance.

V. SUMMARY AND CONCLUSIONS

Gamma-ray observations of dwarf galaxies can be used
to place stringent constraints on annihilating dark matter.
At present, such searches are statistically limited and thus
would significantly benefit from experiments capable of
detecting more gamma-ray photons from such systems. In
this context, we have evaluated in this paper the sensitivity
of a future large-acceptance, space-based gamma-ray tele-
scope, focusing on the case of the proposed APT.
As shown in Figs. 2 and 3, we project that an APT-like

telescope would be very sensitive to annihilating dark
matter particles, probing annihilating cross sections asso-
ciated with thermal relics for masses up to mX ∼ 600 GeV
(for the case of annihilation to bb̄). In contrast, Fermi is
currently only sensitive to such particles if they are lighter
than mX ∼ 50 GeV [4,36].
If the Galactic Center gamma-ray excess is generated

by annihilating dark matter, the corresponding signal
from dwarf galaxies would be unambiguously detected
by APT. In such a scenario, we find that APT would
detect seven dwarf galaxies with a significance of at least
2σ, and three dwarfs with a significance of 5σ or greater
(in our median simulation). From such measurements, it
could be established whether the gamma-ray fluxes from

FIG. 4. The projected ability of APT (with ten years of data) to
measure the dark matter mass and annihilation cross section in a
scenario with mX ¼ 45 GeV and hσvi ¼ 2 × 10−26 cm3=s (to
bb̄), as motivated by the Galactic Center gamma-ray excess. The
star and surrounding contours represent the best-fit value and the
1, 3, and 5σ confidence intervals, respectively. In such a scenario,
we project that APT could exclude the null hypothesis at a level
of 2Δ lnL ≈ −200, corresponding to a significance of 14σ.

FIG. 5. The projected ability of APT (with ten years of data) to
measure the gamma-ray fluxes (integrated above 0.1 GeV) from
individual dwarf galaxies in a scenario with mX ¼ 45 GeV and
hσvi ¼ 2 × 10−26 cm3=s (to bb̄), as motivated by the Galactic
Center gamma-ray excess. These fluxes are compared to the
J-factors of the dwarfs, as integrated within a radius of 0.5°.
These results were attained in a single (but representative)
realization of our simulation, showing each dwarf that was
detected with a significance of 2σ or higher. Such a dataset
would allow us to test whether the gamma-ray fluxes from dwarf
galaxies are proportional to the corresponding J-factors, provid-
ing an unambiguous test of dark matter interpretations of the
Galactic Center gamma-ray excess.
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dwarf galaxies are proportional to the corresponding
J-factors, providing us with a smoking gun signature
of annihilating dark matter.
In our simulations, we have considered 30 known dwarf

galaxies and have used currently available determinations
of their J-factors. It is anticipated, however, that many new
dwarf galaxies will be discovered in the Rubin/Large
Synoptic Survey Telescope era, increasing the sensitivity
of gamma-ray searches for dark matter annihilation prod-
ucts [37–40]. Furthermore, spectroscopic measurements of
stellar velocities in dwarf galaxies will continue to improve
our ability to determine the J-factors of these systems,

further improving the sensitivity of stacked dwarf analyses
of gamma-ray data. For these reasons, the actual sensitivity
of APT to annihilating dark matter could plausibly exceed
the projections that we have presented in this study.
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