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4Universidad Michoacana de San Nicolás de Hidalgo, Morelia, Mexico

5Department of Physics, Pennsylvania State University, University Park, PA, USA
6Department of Physics & Astronomy, University of Rochester, Rochester, NY , USA

7Instituto de Astronomı́a, Universidad Nacional Autónoma de México, Ciudad de Mexico, Mexico
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The Andromeda Galaxy (M31) is a nearby (∼780 kpc) galaxy similar to our own Milky Way.
Observational evidence suggests that it resides in a large halo of dark matter (DM), making it a
good target for DM searches. We present a search for gamma rays from M31 using 1017 days of
data from the High Altitude Water Cherenkov (HAWC) Observatory. With its wide field of view
and constant monitoring, HAWC is well-suited to search for DM in extended targets like M31. No
DM annihilation or decay signal was detected for DM masses from 1 to 100 TeV in the bb̄, tt̄, τ+τ−,
µ+µ−, and W+W− channels. Therefore we present limits on those processes. Our limits nicely
complement the existing body of DM limits from other targets and instruments. Specifically the
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DM decay limits from our benchmark model are the most constraining for DM masses from 25 TeV
to 100 TeV in the bb̄ and tt̄ channels. In addition to DM-specific limits, we also calculate general
gamma-ray flux limits for M31 in 5 energy bins from 1 TeV to 100 TeV.

I. INTRODUCTION

There is ample evidence, from the early Universe to
the present, that suggests the majority of matter is com-
posed of a new substance called dark matter (DM). DM
is theorized to be a particle that exists outside the Stan-
dard Model of particle physics [1–3]. The observational
evidence for DM is based primarily on its gravitational
influence making the particle nature (e.g. mass, interac-
tion strength) of DM elusive.
Many particle candidates for DM are proposed, such

as Weakly Interacting Massive Particles (WIMPs) [4, 5],
and are predicted to annihilate or decay to Standard
Model particles. These annihilations or decays are ex-
pected to produce a pair of Standard Model particles
most of whom fragment and produce showers of sec-
ondary particles including gamma rays. This results
in a continuum in energy of gamma rays in addition
to other particles coming from their regions. We can
search for these gamma rays with the High Altitude
Water Cherenkov (HAWC) Observatory, which observes
2/3 of the sky from ∼500 GeV to ∼100 TeV every day.
Since gamma rays from the local group are not notice-
ably scattered on their way to Earth, we can use HAWC
to search for gamma-ray excesses from known DM tar-
gets, several of which lie in the HAWC field of view.
While other DM candidates exist (e.g. primodial black
holes [6, 7], axions [8], and axion-like-particles [9]), TeV
WIMPs and WIMP-like particles are well motivated and
worth searching for.
The current best limits for canonical WIMP masses

(10-100 GeV) are from the Fermi Large Area Tele-
scope (Fermi LAT) Collaboration gamma-ray search in
15 dwarf spheriodal galaxies [10]. These limits exclude
WIMPs that were in thermal equilibrium in the early
Universe for masses below 100 GeV for particle DM anni-
hilation to a pair of b quarks (bb̄) or tau leptons (τ+τ−).
This, along with a lack of DM detection at the Large
Hadron Collider (e.g. [11–14]) or in underground direct
detection experiments (e.g. [15, 16]), motivates searches
for TeV gamma rays from higher mass DM annihilation
or decay [17–19].
A good DM target for HAWC is the Andromeda

Galaxy (M31) given that it is only ∼780 kpc away, has
a large inferred dark matter content [20], and that it
resides in the HAWC field of view. Additionally, with
HAWC’s large field of view (∼ 2 sr), we can uniquely ob-
serve the majority of the extended M31 DM halo at TeV
energies. Similar to the Milky Way DM halo, M31 is

∗ amalbert@lanl.gov
† christopher.eckner@ung.si

known to have several dwarf galaxies [21]. These clumps
of DM (or subhalos) are evidence of the existence of sub-
structure within the M31 DM halo. Therefore one must
model both the underlying smooth component and the
substructure.
M31 is detected at GeV energies by the Fermi

LAT [22]. This is expected since cosmic ray interactions
are predicted to also create gamma rays. However, a re-
cent paper explored the implications of interpreting the
Fermi-LAT signal as coming from DM [23].
In Section II, we describe the DM models used in this

search. In Section III, we discuss the HAWC instrument,
the data set, and the data analysis techniques used. We
show results in IV, and conclude in Section V.

II. M31 DARK MATTER MODELING

The expected gamma-ray flux for a given angular re-
gion of interest (ROI, ∆Ω) from DM annihilation (dφAnn

dEγ
,

Eq. 1) and decay (dφDec

dEγ
, Eq. 2) is

dφAnn

dEγ

=

(

〈σv〉

8π

dNγ

dEγ

1

m2
DM

)

(
∫

∆Ω

dΩ

∫

l.o.s.

dℓρ2DM (~ℓ)

)

(1)

and

dφDec

dEγ

=

(

1

τDM

1

4π

dNγ

dEγ

1

mDM

)(
∫

∆Ω

dΩ

∫

l.o.s.

dℓρDM (~ℓ)

)

(2)

where 〈σv〉 is the velocity-averaged DM annihilation

cross section,
dNγ

dEγ
is the channel-specific gamma-ray dif-

ferential spectrum, mDM is the DM mass, ρDM is the
DM density, and τDM is the DM lifetime.
Each equation is composed of a spectral term and a

spatial term in the right and left parentheses respectively.
The spectral term for a given DM mass and channel is
derived using the DMSpectra class in the Multi-Mission
Maximum Likelihood (3ML) software1 [24]. It is iden-
tical to the Fermi-LAT tool DMFitFunction [25]2 for
mDM < 10 TeV. For mDM > 10 TeV, the annihila-
tion and decay spectra are those from the HAWC dwarf
spheroidal study [26]. The gamma-ray energy spectra
are derived using Pythia [27, 28] where both initial par-
ticles from DM annihilation or decay have an energy of
mDM and mDM

2
respectively. This is because we assume

that DM is cold and the center of mass energy is sim-
ply the DM mass energy. We note that we only consider
gamma rays from prompt emission, though additional
gamma rays produced during secondary inverse Compton

1 https://github.com/giacomov/3ML
2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html

mailto:amalbert@lanl.gov
mailto:christopher.eckner@ung.si
https://github.com/giacomov/3ML
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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scattering could effect the leptonic channels spectra [29].
This makes our results conservative.
The spatial term, called the J−factor or D−factor for

annihilation and decay respectively, is determined by the
modeling of the DM halo in M31. It involves an integral
over the line of sight (l.o.s) of ρ2DM for DM annihilation

and ρDM for DM decay as a function of position ~ℓ. One
typically assumes a spectral model (e.g. 1 TeV mass DM
annihilating or decaying to a pair of b quarks) and a DM
halo model and solve for either 〈σv〉 or τDM given an ob-
served gamma-ray flux. For a given spectral model, the
expected gamma-ray flux from DM annihilation (decay)
is proportional to the J−factor (D−factor). Therefore
targets with larger J−factors (D−factors) probe 〈σv〉
(τDM ) more deeply.
We simply model the emission from M31 as coming

from DM only. This is because the non-DM backgrounds
are expected to fall steeply at TeV energies. Even ex-
trapolating from the best fit to the Fermi-LAT data [22],
the expected flux at TeV energies is much lower than the
HAWC sensitivity. Also, not including an additional non-
DM component in our fits makes our results conservative.
To account for the uncertainty of the DM density

distribution (and therefore the J− and D−factors) of
M31, we define two limiting DM templates (MAX and
MIN) that represent some of the most optimistic and
pessimistic models of DM clustering in an M31 sized
galaxy. MIN and MAX produce the smallest and largest
J−factors respectively. We also create a benchmark tem-
plate (MED) that is the model best representing recent
observations and simulations.
We use the public code CLUMPY [30, 31] to gener-

ate J−factor and D−factor maps of M31 for annihilat-
ing or decaying DM given the model parameters. From
CLUMPY, we generate 14◦×14◦ J−factor and D−factor
maps. This corresponds to a radius of 7◦ from the halo
center, which is where the J−factor decreases by ap-
proximately 2 orders of magnitude. Below we describe
the MIN, MED, and MAX model parameters which are
summarized in Tab. I.
Our M31 DM halo models contain both a smooth com-

ponent and a substructure component. To define the
smooth component of our DM halo models, we use the
parameters of the fits of various DM density profiles
to the observed M31 stellar velocity curves reported in
Ref [20]. The DM profiles are spherically symmetric and
peak towards the center of M31, but their inner slopes
are not well constrained by the stellar velocities.
In addition to the smooth halo, we know that smaller

overdensities of DM exist from observations of dwarf
galaxies in the M31 DM halo [21]. Recent high-resolution
N-body simulations of spiral galaxies like the Milky Way
and M31 also reveal the existence of smaller DM halos
(subhalos) within the larger smooth DM halo [32–34].
This substructure can lead to a substantial boost of the
gamma-ray signal from sources like M31 in case of anni-
hilating DM [35, 36] (decaying DM is not very sensitive
to subhalos). For the substructure, we need to specify

several parameters that govern the amount and distribu-
tion of subhalos in the DM halo. The parameters with the
largest impact on the expected J−factors and D−factors
are:

- The index α of the subhalo mass function dN/dM

- the fraction of the DM halo mass which is stored
in substructure, fsub = Msub/Mhalo,

- the minimal mass of DM subhalos Mmin, and

- the concentration of subhalos csub [37, 38].

Recent N-body simulations of DM halos suggest that
the subhalo mass function is a power-law (dN/dM ∝
M−α) [32, 33]. Large values of α result in larger J-
factors. If a larger fraction of the total mass of the halo is
in substructure (larger fsub), the J−factor is larger. This
is because subhalos not located in the very center of the
halo are more dense than the smooth component and con-
tribute more significantly. Therefore more substructure
gives a larger boost to the total predicted gamma-ray flux
from DM annihilation since the J−factor is proportional
to an integral over ρ2DM. The resolution of N-body simu-
lations typically constrain Mmin. Smaller values of Mmin

result in more subhalos and therefore larger J−factors.
The concentration, csub, describes the DM density in

subhalos for a given subhalo mass and radial distance
from the center. It is determined by the subhalo DM
density profile (assumed to be a Navarro-Frenk-White
profile [39]) and total subhalo mass. Larger mass halos
tend to be less concentrated than smaller mass halos. For
csub we rely on the most recent model of the concentra-
tion parameter of subhalos [38]3 . This model reports
a flattening of the concentration of subhalos towards the
low-mass tail of the relation and, furthermore, it includes
a dependence on the position of the subhalo within its
host halo. We use this concentration parameter model
for all three DM halo models.
Finally, we need to decide if the radial distribution

of subhalos inside their host halo follows the smooth DM
density profile (biased subhalo distribution) or if we want
to account for tidal disruption and other effects in the
inner regions that would spoil a biased behaviour. This
case is usually called an antibiased subhalo distribution
and would decrease the expected gamma-ray emission
from M31. However, the authors of Ref [38] argue that
tidal disruption of subhalos does not diminish the boost
from substructure to a large extent. Thus, we use a bi-
ased subhalo distribution for each of our three DM tem-
plates of M31.
We show in Fig. 1 the generated radial profiles of the

J− and D−factors using the models defined below and
whose main parameters we summarize in Tab. I. The

3 To this end, we make use of a developer’s version of CLUMPY
which already features this concentration model.
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total J− and D−factors in our ROI are given in Tab. II.
Note that the MED and MIN D-factors are larger than
the MAX D-factor since the virial halo masses (Mvir) are
larger.

A. MIN DM Halo Model

For the smooth halo component we find that the Burk-
ert [40] profile yields the smallest total J−factor because
it has a nearly constant inner DM density. This is be-
cause it is more cored (less cuspy) than others considered
in Ref [20]. Additionally, the best fit of the Burkert pro-
file to the velocity rotation curves results in a smaller
total M31 halo mass.
A recent N-body simulation of DM halos, the Cater-

pillar simulation (2015) [34], simulated 24 Milky Way
sized halos. The authors found that about 12% of the
total halo mass is stored in its substructure (fsub = 0.12)
while they achieve a resolution of O

(

104 M⊙

)

for sub-
halos. The best fit value of the subhalo mass func-
tion’s index (α) in the Caterpillar simulation is given by
α = 1.9± 0.10. Therefore we adopt α = 1.9.
For our MIN model we choose Mmin = 106M⊙ as this

value is the upper limit for this parameter in CLUMPY
and it is comparable to the mass of the least massive
dwarf spheroidal galaxies [41, 42].

B. MED (benchmark) DM Halo Model

Our MED model uses the parameters of current best
fit observations and simulations of the M31 DM halo.
For the smooth component, we choose the Einasto pro-
file [43], which is a cuspy profile that rises towards
the galactic center. It is less cuspy than the canonical
Navarro-Frenk-White profile [39]. However observations
of spiral galaxies suggest that the central cusp is not as
steep as the Navarro-Frenk-White profile [44, 45]. In
addition this profile fits well to recent N-body simula-
tions [43, 46] and also is not ruled out by M31 rotation
curves [20].
For fsub we use a slightly larger value than in the MIN

model (fsub = 0.19) for our MED model. This is the
value found in the Aquarius simulation [32]. For α we use
the best fit value from the Caterpillar simulation (α =
1.9). We relax the extreme value of Mmin = 10−12M⊙

used in the MAX case to Mmin = 10−6M⊙ which is fre-
quently used in the literature.

C. MAX DM Halo Model

In the MAX model, we model the smooth component
as an adiabatically contracted profile. Since this profile
rises steeply towards the galactic center, it results in the
largest J−factor. M31 seems to be the only well-studied
galaxy which showed evidence of adiabatic contraction

around its central region [47]. We adopt the model “M1
B86” of [48], which is the best-fitting model to the Hα
rotation curve from Ref [49]. We determine the smooth
DM density profile by reading off the “Halo” mass-to-
radius curve in their Fig. 6 and converting it into a radial

density profile via ρ(r) =
(

4πr2
)−1

dM/dr.

While for the MIN models we used fsub = 0.12,
this was based on the Caterpillar simulation with sub-
halo mass resolution of O

(

104M⊙

)

. However it has
been shown that the minimal subhalo mass depends on
the particle physics nature of a DM particle so that it
can cover more orders of magnitude, even values down
to 10−12M⊙ [50, 51]. Previous N−body simulations
like the Aquarius project or the Via Lactae simulation
[32, 33] extrapolated their results down to smaller sub-
halo masses and found that at most 45% of the total DM
halo mass can be present in form of substructure. We
therefore use fsub = 0.45 for our MAX model.

We take the upper range of the best fit value of α from
the Caterpillar simulation (α = 1.9 ± 0.1) for our MAX
model: α = 2.0. We also define the smallest subhalo mass
to be 10−12M⊙, which results in the largest J−factor.

FIG. 1. Radial profiles of the J−factors (top) and D−factors
(bottom) using the three DM templates of M31. The red
dashed line shows the edge of our region of interest.
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DM Halo Model smooth profile α fsub Mmin [M⊙] Mvir

[

1010M⊙

]

MIN Burkert 1.9 0.12 106 79

MED Einasto 1.9 0.19 10−6 113

MAX adiabatically contracted NFW 2.0 0.45 10−12 57

TABLE I. Summary of the most important parameters of CLUMPY to model the substructure contribution to the total
J−factor and D−factor. Also shown is the halo mass for each model from Refs. [20, 48].

DM Halo Model J-factor [GeV2cm−5] D-factor [GeV cm−2]

MIN 2.00 × 1019 1.24 × 1020

MED 1.27 × 1020 1.56 × 1020

MAX 5.03 × 1020 8.95 × 1019

TABLE II. The total J−factor and D−factor for each DM halo model in a 14◦x14◦ region. Note the D−factor mostly depends
on the halo mass.

III. DETECTOR, DATA, AND ANALYSIS

For this analysis we use a 1017 day HAWC dataset
from November 26 2014 to December 20 2017. HAWC is
a wide field of view survey instrument that scans 2/3 of
the sky each day from ∼500 GeV up to ∼100 TeV [52].
It consists of 300 large light-tight tanks of water. High
energy cosmic particles (e.g. protons and gamma rays)
produce showers of secondary particles in the atmosphere
that are detected in the tanks via Cherenkov radiation.
The full HAWC array was completed in March of 2015.
HAWC operates day and night during any weather with
a >90% duty cycle. HAWC is located in Sierra Negra,
Mexico at an altitude of 4100m at latitude 18◦59.7′N
and longitude 97◦18.6′W . HAWC observes extensive air
showers initiated by high energy particles in the atmo-
sphere. HAWC’s angular resolution and background sup-
pression depend on the number of photomultiplier tubes
hit, so we bin the data according to what fraction of the
available photomultiplier tubes were hit (see Ref. [52] Ta-
ble 2 for exact bin definitions). We use analysis bins 1-9.
These analysis bins correlate with energy, but still have
large energy dispersions (see Fig. 3 of [52]). More details
on the HAWC detector can be found in Ref. [52].
We perform a likelihood ratio test using the 3ML soft-

ware [24]. Specifically the likelihood for the signal and
null hypotheses is the Poisson distribution in each bin.

L = Πi,j

(Bi,j + Si,j)
Ni,jexp[−Bi,j + Si,j]

Ni,j !
(3)

where Bi,j is the number of background counts, Si,j is
the number of signal counts, and Ni,j is the number of
observed counts. The index i counts over analysis bins,
or fHit bins. The index j counts over the spatial pixels.
We use a 14◦ × 14◦ ROI where each pixel is 0.1◦ × 0.1◦.
The number of background counts is calculated us-

ing a process called ‘direct integration’ [52, 53], which
depends on the approximation that the HAWC data is
dominated by background. In direct integration, the all

sky event rate is convolved with an approximation of the
local detector efficiency. The local detector efficiency is
approximated by counting the events that arrive from
the same location in the HAWC field of view as the ROI
(e.g. same declination and local hour angle). This convo-
lution is performed over 2 hours. The number of signal
counts is calculated by convolving Eq.1 (or Eq.2) with
the HAWC gamma-ray instrument response. Therefore
〈σv〉 and τDM are free in the fit for DM annihilation and
decay respectively.

We then calculate a test statistic (TS) to compare the
fit with signal to the background-only fit.

TS = −2ln

(

L0

L max

)

(4)

where L0 is the likelihood from the background-only fit
and L max is the likelihood from the best fit with the
signal model. A significant detection would have TS ≥
25. When no significant detection is made we will set 95%
confidence level (CL) upper limit (UL) on 〈σv〉 and lower
limit (LL) on τDM as the values where the TS increases
to 2.71 relative to the best fit value [54, 55].

Very high energy photons (E > 100TeV) are expected
to attenuate on the extragalactic background light [56]
and even the Milky Way interstellar Radiation Field [57].
Our analysis uses photons up to ∼50 TeV where these
effects are negligible (<10%).

IV. RESULTS

We searched using the MIN, MED, and MAX DM halo
models for DM masses 1, 2.5, 5, 10, 25, 50, 100 TeV for
DM annihilating or decaying into bb̄, tt̄, τ+τ−, µ+µ−,
andW+W−. No significant gamma-ray excess was found
in any of the fits and therefore we set limits. Note these
limits are calculated using the prompt gamma-ray emis-
sion only (no secondary inverse Compton gamma rays in-
cluded). Figure 2 is the significance map of the 14◦×14◦
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ROI along with contours for the MED DM halo model
J−factor.

FIG. 2. Significance map from analysis bins 1-9 in the 14◦ ×
14◦ ROI. Mercator projection is used.

Figure 3 shows the observed limits for DM annihila-
tion and decay to bb̄ for our benchmark DM halo model
(MED). The expected limits, 68% and 95% containment
for the null hypothesis are also shown. The containment
bands and expected limit are calculated using 1000 sim-
ulations with no DM. Note that the bands are purely
statistical. From this we can see that our observed limits
are about a 1σ downward fluctuation for most masses.
The limits from the MIN, MED, and MAX DM halo

models for the bb̄ channel are shown in Figs. 4 and 5. The
limits from the tt̄, τ+τ−, µ+µ−, and W+W− channels
are shown in App A. Results from all models tested are
listed in Tab. III and Tab. IV. For each channel, the
benchmark DM halo model is shown in black along with
the MIN and MAX models to show the uncertainty in the
limits due to DM halo modeling. The difference between
the MIN and MAX scenarios is larger for annihilation
because the main differences in the DM density between
the two models come from the central DM density of M31
and the contribution from subhalos. Since the J-factor is
calculated using the square of the DM density, therefore
these central differences produce larger differences in the
J-factor than the D-factor.
These limits on the DM annihilation cross section and

lifetime depend on the modeling parameters chosen (e.g.
MED, DM DM→ bb̄). However, these limits are ulti-
mately determined by a lack of gamma-ray flux detected
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FIG. 3. DM 〈σv〉 and τDM limits for annihilation (top) and
decay (bottom) respectively into bb̄ for our benchmark DM
halo model (MED). Also shown are the expected limits, 68%
containment, and 95% containment for the null hypothesis
based on the HAWC sensitivity.

from M31. Gamma-ray flux limits are more general than
those from a specific DM model. Calculating the exact
gamma-ray flux limits at specific energies is not possi-
ble with the current HAWC data analysis. Instead of
binning the events by their energy, we perform the like-
lihood analysis in analysis bins 1-9. Future HAWC anal-
yses will be able to provide a reconstructed energy for
each shower using a multi-parameter characterization in-
cluding the number of PMTs hit, the zenith angle, and
the core location [58].

However, we can derive quasi-differential flux limits
using the procedure outlined in Ref. [59] and Ref. [26].
The quasi-differential flux upper limits were calculated
using the analysis bin in small energy ranges. We use 0.5
log(E/TeV ) bins and assume a power law function with
index 2 as an approximation of the signal.
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FIG. 4. DM 〈σv〉 95% confidence level upper limits for the bb̄
channel and all three DM halo models. Results from the tt̄,
τ+τ−, µ+µ−, and W+W− channels can be found in App A.
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FIG. 5. DM τDM 95% confidence level lower limits for the bb̄
channel and all three DM halo models. Results from the tt̄,
τ+τ−, µ+µ−, and W+W− channels can be found in App A.

dF

dE
= K

(

E

TeV

)−2

. (5)

We find the best fit value of the normalization (K)
in each bin, allowing K to go negative to account for
deficits. We also calculate the 95% confidence level up-
per limit by finding the value of K that increases the log-
likelihood by 2.71 relative to the best fit value [54, 55].
The resulting best fit normalization and 95% confidence
level upper limit is shown in Fig. 6. We find a deficit
of gamma rays from 1 - 10 TeV. This is expected since
the DM limits show a ∼ 1σ deficit (see Fig 3). It should
also be noted that the flux upper limit results obtained
by this method are similar when modifying Eq. 5 to have

indices ranging from 0 to 3 at the center of each energy
bin [59].

−0.5 0.0 0.5 1.0 1.5 2.0 2.5

log(E/TeV)

−4

−3

−2

−1

0

1

2

3

4

K
[T
eV
−1
cm

−2
s−

1
]

1e−12

95% Conf Flux Upper Limit

Best Fit Flux

100 101 102

log(E/TeV)

10-15

10-14

10-13

10-12

10-11

E
2
d
N
/d
E

[T
eV

cm
−2
s−

1
]

HAWC 95% Conf Flux Upper Limit

VERITAS

Extrapolated Fermi-LAT

FIG. 6. Quasi-differential gamma-ray flux results for M31.
(top) Best fit normalization of a powerlaw with index 2 in 0.5
log(E/TeV ) bins is shown in blue. The 95% confidence level
upper limits on the normalization are shown in red triangles.
(bottom) The 95% confidence level upper limits from this
analysis and a VERITAS analysis of M31 [60]. Also shown
is an extrapolation of the recent best fit to the Fermi LAT
observations of M31 [22].

V. DISCUSSION AND CONCLUSIONS

We searched for gamma rays from DM annihilation and
decay in M31 and did not find any significant detection.
The limits on the DM annihilation cross section and DM
decay lifetime are given in Section IV and App. A.
We compare our benchmark model (MED) to other re-

cent HAWC analyses in Fig 7 and 8. Specifically we com-
pare to a combined analysis of 15 dwarf spheroidal galax-
ies [26] and also limits obtained by studying the northern
Fermi bubble region assuming the Einasto profile [61].
Our annihilation limits are less constraining than the
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dwarf spheroidal limits. This is because the dwarf annihi-
lation limits are dominated by Triangulum II, which had
a J-factor of 2.75× 1020[GeV2cm−5] in that work. That
J−factor is slightly larger than our MED J−factor of
1.27×1020[GeV2cm−5]. Our decay limits are better than
the HAWC dwarf limits which are dominated by Coma
Berenices with a D−factor of 2.09 × 1019[GeVcm−2].
Compared to the D−factor values from the dwarf anal-
ysis, our MED value of 1.56 × 1020[GeVcm−2] is larger
since the M31 DM halo mass is larger making it not sur-
prising that the M31 limits are more constraining than
the dwarf limits.

We also compare our limits to limits obtained from
constraining the gamma-ray flux in the northern Fermi

bubbles region [61]. Though several DM density pro-
files were considered in that paper, we compare to the
Einasto profile, which gave the strongest constraints in
that work. Our annihilation and decay limits are more
constraining than the Galactic Halo annihilation limits
for most masses considered. It should be noted that the
Galactic Halo limits extend to mDM = 10 PeV.

We also compare our annihilation limits to those ob-
tained by other gamma-ray experiments. In all chan-
nels, our limits nicely complement those from the Fermi

LAT, VERITAS, and MAGIC. In all channels the most
constraining limits are from H.E.S.S. observations of the
Galactic Center [62]. This is partially due to the Galactic
Center having a larger J-factor and the fact that H.E.S.S.
performed deep observations of the Galactic Center. It
is worth noting that the J-factor in the Galactic Center
is not well constrained and has large uncertainties.

We compare our decay limits with the limits from
VERITAS observations of Segue I [63], Fermi LAT obser-
vations of 19 dwarf spheroidal galaxies [64], an analysis
of the extragalactic background light with Fermi LAT
observations [29], and results from IceCube’s search for
neutrinos from DM decay [65]. Additionally we compare
to the other HAWC searches. The MED halo model lim-
its obtained in this work are the most constraining for
masses from 25 TeV to 100 TeV in the bb̄, tt̄ and µ+µ−

channels.

Additionally we derived quasi-differential flux limits
from 1 TeV to 100 TeV. Previous high-energy gamma-
ray limits on M31 have been derived by VERITAS.
They calculated the 95% confidence level upper flux limit
to be 6.9 × 10−12 TeV−1cm−2s−1 at 416.9 GeV and
2.7× 10−11 TeV−1cm−2s−1 at 346.7 GeV [60]. Our lim-
its nicely complement the VERITAS limits since they
extend to higher energies. We also note that M31 has
not been observed by the neutrino detector IceCube [68].

In conclusion, we searched for gamma rays from M31
from DM annihilation or decay. No gamma-ray excesses
were detected and limits were placed on the DM annihi-
lation cross section and decay lifetime. We also present
quasi-differential gamma-ray flux limits for M31. Our an-
nihilation limits complement other searches using HAWC
and other gamma-ray observatories. Our decay limits
are the most constraining from 25 TeV to 100 TeV in
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FIG. 7. DM 〈σv〉 95% confidence level upper limits for our
benchmark DM halo model (MED,red) compared with recent
DM searches with HAWC and other gamma-ray experiments
when available for the bb̄ channel. Results from the tt̄, τ+τ−,
µ+µ−, and W+W− channels can be found in App A. The
limits obtained from the HAWC Galactic Halo search (specif-
ically the northern Fermi Bubble region) [61] are shown in
blue. The HAWC limits obtained from a joint analysis of 15
dwarf spheroidal galaxies [26] are shown in black. The VERI-
TAS limits obtained from a joint analysis of 5 dwarf spheroidal
galaxies [66] are shown in green. The Fermi Large Area
Telescope limits obtained from a joint analysis of 15 dwarf
spheroidal galaxies [10] are shown in purple. The MAGIC
limits obtained from 160 hours of observation of the dwarf
spheroidal galaxy Segue I [67] are shown in cyan. Finally the
H.E.S.S. limits from observations of the Galactic Center [62]
are shown in orange.

the bb̄ and tt̄ channels. Continued observation of M31 by
HAWC, along with analysis upgrades, like the inclusion
of shower energy estimators, will improve its sensitivity
to detecting gamma rays from M31.
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México (grants 271051, 232656, 260378, 179588, 239762,
254964, 271737, 258865, 243290, 132197), Laboratorio
Nacional HAWC de rayos gamma; L’OREAL Fellow-
ship for Women in Science 2014; Red HAWC, México;
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Appendix A: APPENDIX

The 95% confidence level upper and lower limits for DM annihilation and decay producing gamma rays in the
direction of M31 for the tt̄, τ+τ−, µ+µ−, and W+W− channels are shown in Figs 9 and 10. Our limits for those
channels compared to limits from other gamma-ray experiment are show in Figs 11 and 12. All DM models’ fit values
are shown in Tabs III and IV.
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FIG. 9. DM 〈σv〉 95% confidence level upper limits for the tt̄, τ+τ−, µ+µ−, W+W− channels and all three DM halo models.
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FIG. 10. DM τDM 95% confidence level lower limits for the tt̄, τ+τ−, µ+µ−, W+W− channels and all three DM halo models.
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FIG. 11. DM 〈σv〉 95% confidence level upper limits for our benchmark DM halo model (MED,red) compared with recent
DM searches with HAWC and other gamma-ray experiments when available the tt̄, τ+τ−, µ+µ−, and W+W− channels. The
limits obtained from the HAWC Galactic Halo search (specifically the northern Fermi Bubble region) [61] are shown in blue.
The HAWC limits obtained from a joint analysis of 15 dwarf spheroidal galaxies [26] are shown in black. The VERITAS limits
obtained from a joint analysis of 5 dwarf spheroidal galaxies [66] are shown in green. The Fermi Large Area Telescope limits
obtained from a joint analysis of 15 dwarf spheroidal galaxies [10] are shown in purple. The MAGIC limits obtained from 160
hours of observation of the dwarf spheroidal galaxy Segue I [67] are shown in cyan. Finally the H.E.S.S. limits from observations
of the Galactic Center [62] are shown in orange.
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FIG. 12. DM τDM 95% confidence level lower limits for our benchmark DM halo model (MED,red) compared with recent
DM searches with HAWC and other gamma-ray experiments when available for the tt̄, τ+τ−, µ+µ−, and W+W− channels.
The limits obtained from the HAWC Galactic Halo search (specifically the northern Fermi Bubble region) [61] are shown in
blue. The HAWC limits obtained from a joint analysis of 15 dwarf spheroidal galaxies [26] are shown in black. The VERITAS
limits obtained from 48 hours of observation on the dwarf spheroidal galaxy Segue I [63] are shown in green. The limits using
Fermi LAT data of 19 dwarf spheroidal galaxies [64] are shown in purple. Limits from an analysis of the isotropic extragalactic
background using Fermi LAT data is shown in orange [29]. Decay limits from analyses of neutrinos by IceCube are shown in
cyan [65] and brown [69].
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DM mass [TeV] DM Halo Model bb̄ tt̄ τ+τ− µ+µ− W+W−

(10−23cm3s−1) (10−23cm3s−1) (10−23cm3s−1) (10−23cm3s−1) (10−23cm3s−1)

1.0 MIN 132 180 17.2 47.5 122

2.5 MIN 78.2 109 10.7 33.4 78.4

5.0 MIN 53.1 76.5 10.4 35.0 53.0

10.0 MIN 44.4 64.2 12.2 43.3 44.1

25.0 MIN 44.2 64.2 18.5 65.6 44.5

50.0 MIN 53.7 74.4 27.3 97.5 53.5

100.0 MIN 72.4 96.0 43.1 136 72.6

1.0 MED 28.8 43.7 3.15 7.96 28.9

2.5 MED 12.6 18.2 2.26 6.15 12.4

5.0 MED 8.99 13.0 2.32 6.94 8.95

10.0 MED 7.90 11.4 2.78 8.87 7.95

25.0 MED 8.33 11.7 3.87 12.0 8.31

50.0 MED 10.3 13.8 5.12 16.4 10.4

100.0 MED 13.7 17.8 7.28 24.2 13.8

1.0 MAX 6.14 9.25 0.571 1.52 6.12

2.5 MAX 2.52 3.63 0.372 1.10 2.55

5.0 MAX 1.72 2.50 0.367 1.17 1.75

10.0 MAX 1.46 2.11 0.424 1.42 1.45

25.0 MAX 1.48 2.16 0.632 2.22 1.43

50.0 MAX 1.81 2.54 0.942 3.34 1.84

100.0 MAX 2.47 3.30 1.45 5.03 2.48

TABLE III. DM 〈σv〉 95% confidence level upper limits for all DM models tested.

DM mass [TeV] DM Halo Model bb̄ tt̄ τ+τ− µ+µ− W+W−

(1026s) (1026s) (1026s) (1026s) (1026s)

1.0 MIN 0.0668 0.0520 0.755 0.285 0.115

2.5 MIN 0.390 0.296 2.89 0.950 0.632

5.0 MIN 1.12 0.800 5.56 1.67 1.69

10.0 MIN 2.71 1.81 8.71 2.53 3.86

25.0 MIN 6.18 4.45 14.9 4.74 7.71

50.0 MIN 9.91 7.55 22.3 7.22 11.9

100.0 MIN 14.8 11.6 30.2 9.35 14.9

1.0 MED 0.0822 0.0638 0.903 0.343 0.141

2.5 MED 0.471 0.357 3.21 1.10 0.756

5.0 MED 1.31 0.942 5.71 1.87 1.94

10.0 MED 3.02 2.06 8.28 2.75 3.50

25.0 MED 6.24 4.67 12.5 4.87 6.61

50.0 MED 9.14 7.31 16.1 6.96 8.64

100.0 MED 12.3 10.2 19.0 8.60 12.1

1.0 MAX 0.0521 0.0410 0.599 0.230 0.0891

2.5 MAX 0.309 0.236 2.23 0.760 0.413

5.0 MAX 0.883 0.632 4.13 1.31 1.22

10.0 MAX 2.09 1.41 6.24 1.97 2.14

25.0 MAX 4.52 3.28 9.68 3.35 4.53

50.0 MAX 6.84 5.29 13.0 4.83 6.34

100.0 MAX 9.49 7.65 16.0 6.17 8.68

TABLE IV. DM τDM 95% confidence level lower limits for all DM models tested.
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