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Galaxy clusters’ dynamics constitute a major piece of evidence for the existence of dark matter
in astrophysical structures. The decay or annihilation of dark matter particles is hypothesized to
produce a steady flux of very-high-energy gamma rays correlated with the direction of a cluster
of galaxies. The Virgo cluster, being only 16 Mpc away and spanning several degrees across the
sky is an excellent target to search for signatures of particle dark matter interactions. The High
Altitude Water Cherenkov (HAWC) observatory, due to its wide field of view and sensitivity to
gamma rays at an energy-scale of 300 GeV—100 TeV is well-suited to perform the aforementioned
search. We perform a search from the Virgo cluster for gamma-ray emission, assuming various
dark matter sub-structure models using 1523 days of HAWC data. Our results provide the strongest
constraints on the decay life-time of dark matter for masses above 20 TeV.
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Virgo HAWC DM

1. Introduction

Over 80% of all the mass in the universe is known to consist of invisible non-baryonic matter
known as dark matter (DM) [1-3]. However, despite decades of experimental searches, the particle
composition of DM remains a puzzle. Astrophysical observations can complement direct detection
and collider searches for DM by looking for signatures of DM annihilation or decay from regions
of high DM density in the universe. Galaxy clusters with their large masses (102 — =10 M) are
amongst the most suitable candidates to search for signals of decaying DM. In this work, we consider
the nearby Virgo cluster of galaxies as a possible site of DM decay. We search for gamma rays
produced as a result of DM decaying via different quark and bosonic channels from an extended
region of the sky spanning 8° centered at the Virgo cluster, and place constraints on the decay
lifetime of TeV DM.

2. Detector and Data-set

The HAWC observatory is a 22,000 m? array of water tanks instrumented with four photo-
multiplier tubes (PMTs) each. It is located at an altitude of 4100 m above sea-level and continuously
monitors two-thirds of the sky every 24 hours. The detector is sensitive to air-showers produced by
gamma rays with energies above 300 GeV and up to 100 TeV. The data used in this work uses the
same methodologies and cuts described in Refs. [4, 5].

3. Analysis

The Virgo Cluster spans about 8° on the sky and consists of multiple galaxies. The Virgo
Cluster itself contains three sub-clusters. Two of these sub-clusters, Virgo-A and Virgo-B, are
centered at M87 and M49. The other sub-cluster is centered around M86, an elliptical galaxy which
is a galaxy merging with M87 [6]. M87, with a total mass of 2.1 X 10'*M, assuming a radius of
1.5 Mpc for the center of the subcluster A, is a super-massive elliptical galaxy that is close to the
center of the Virgo Cluster. The Active Galactic Nucleus (AGN) at the center of M87 is a source of
TeV gamma rays and has been observed to go through active periods called flares [7]. M49 is the
brightest elliptical galaxy in the Virgo Cluster and its total mass is about 8.7 x 1013 M, assuming a
radius of 0.75 Mpc for the center of the sub-cluster [6]. These two objects constitute a large fraction
of the the Virgo Cluster by mass. The large apparent size and the structure of the cluster make
it difficult to search for DM decay and annihilation signals via Imaging Air Cherenkov telescopes
(IACTs). In addition, possible astrophysical gamma rays from the galaxies within the cluster may
contaminate the analysis.

The HAWC observatory’s wide FOV is well-suited to search for gamma-ray emission from
extended regions in the sky. For the Virgo Cluster region, we don’t detect any statistically significant
gamma-ray excess due to DM with the HAWC data (Fig. 1). Therefore, we calculate lower limits
on the decay lifetime of DM.
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Figure 1: The point-source significance map around the Virgo cluster region using 1523 days of HAWC
data with pass 4 reconstruction and the methods used in Ref. [5]. The positions of the two main sub-clusters
used in this analysis M87 and M49 are labelled.

3.1 Spectral and Spatial Models
The expected gamma ray flux from decaying DM is given by,

dp 1 dN
dE ~ 4ntM, dE "’

ey

where 7 is the decay lifetime of DM, M, is the DM mass, dN /dE is the gamma-ray spectrum
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per DM decay, and D is known as the D-factor encoding the spatial distribution of DM in the target
of interest. It is defined as the integral of the DM density ppym along the line-of-sight (l.o.s.) and
over the solid angle AQ,

D= / / dQds ppm[r(s,Q)]. 2)
AQ Jl.0.s.

10%7 =

(R

|
\
\
I

*
C Lol

—— bb [HAWC Virgo Cluster]

1025 Lz e -
= -7 HAWC M31 (med) =
= S R Fermi 2012 7
o s —
’,/' --- MAGIC 2018
d | | | I T I I | 1 1 I I I |
103 104 10°
M, [GeV]

Figure 2: HAWC 95% CL limits on the decay lifetime of dark matter decaying to bb, assuming the spatial
template parameters described in the text. Also shown are limits obtained using the M31 galaxy as a target
with HAWC [8], Fermi-LAT [9] and MAGIC [10].

We consider DM decay to three different channels: bb, t7 and W*W~. The expected photon
spectrum each channel is obtained using the publicly available “Particle Physicist Cookbook” PPPC
[12] for DM masses between 1 TeV and 100 TeV.

The DM halo for galaxies consist of a main halo, that has a smooth distribution within the
galaxy, and substructure, that is attributed to the gravitationally clumped over-densities in the main
halo. We construct a spatial template for the Virgo cluster as a combination of the DM templates
for M87 and M49 using the software package CLUMPY [13].

Each generated template encompasses a region of interest with radius 7° and the combined M87-
M49 template covers 10° in right ascension and 12° in declination. To generate these templates,
we define the parameters for the underlying DM distribution by referring to the main halo and
substructure properties inferred by the velocity profiles of the stars in the galaxies and N-body
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Figure 3: HAWC 95% CL limits on the decay lifetime of dark matter decaying to 77, assuming the spatial
template parameters described in the text. Also shown are limits obtained using the M31 galaxy as a target
with HAWC [8], Fermi-LAT [9], MAGIC [10] and IceCube [11]

Object Distance z Ryir [kpc] Ps rs [kpc]
[Mpc] [Mo/kpc]

M87 17.2 0.00428 1700 6.96 x 10° 403.8

M49 17.1 0.00327 880 1.41 x 10° 157.7

Table 1: The various properties of M87 and M49 used in the construction of D factors. Columns 26 list
the distance, redshift, virial radius, scale density and scale radius respectively.

simulations [14]. For the distribution of DM in the main halo and sub-haloes we use the generalized
Navarro-Frenk-White (NFW) profile [15], with the values of free parameters fixed following Refs.
[16]. The mass concentration within the sub-haloes, we adopt the model in Ref.[17, 18]. Other
characteristic properties of M87 and M49 used in the simulations are listed in table 1.

3.2 Likelihood Fitting

We perform a likelihood maximization to place lower limits on the decay lifetime of DM
corresponding to every decay channel and DM masses sampled between 1 TeV and 100 TeV. The
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Figure 4: HAWC 95% CL limits on the decay lifetime of dark matter decaying to W*W—, assuming the
spatial template parameters described in the text. Also shown are limits obtained using the M31 galaxy as a
target with HAWC [8],MAGIC [10] and IceCube [11].

source hypothesis consists of the DM template with the expected flux calculated according to
equation 1, in addition to a point source centered at the AGN M87. The point source at M87 is

best-fit by a cut-off power-law spectrum, % ~ (Eﬁ)_ with a spectral index i of —1.8 and a cutoff
energy E. of 6 TeV. The likelihood fits and limit calculation are performed using a generalized

maximum likelihood Python package called Multi-Mission Maximum Likelihood (3ML) [19].

4. Results

Figures 2, 3 and 4 show the 95% lower limits on the decay lifetime of DM. For comparison,
we also show limits obtained in a similar work by HAWC using the M31 galaxy [8]. Also shown
are the limits obtained by IceCube [11], Fermi-LAT [9] and the MAGIC collaboration using the
Perseus cluster of galaxies [10]. As seen in the figures, HAWC limits are the strongest for the W*W~
channel across all masses. For bb and 77, HAWC constraints are the strongest above ~ 20 TeV.
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5. Conclusions

We search for gamma-ray emission from decaying DM correlated with the direction of galaxies
in the Virgo cluster. Finding no significant excess, we set limits on the decay lifetime of the DM
for three different channels. For 100 TeV, HAWC results constrain 7 upto a few time 10?” s which
are amongst the strongest constraints in the world for these masses.
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