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ABSTRACT: Galaxy clusters are promising targets for indirect detection of dark matter thanks
to the large dark matter content. Using 14 years of Fermi-LAT data from seven nearby galaxy
clusters, we obtain constraints on the lifetime of decaying very heavy dark matter particles
with masses ranging from 102 GeV to 10'6 GeV. We consider a variety of decaying channels
and calculate prompt gamma rays and electrons/positrons from the dark matter. Furthermore,
we take into account electromagnetic cascades induced by the primary gamma rays and
electrons/positrons, and search for the resulting gamma-ray signals from the directions of
the galaxy clusters. We adopt a Navarro-Frenk-White profile of the dark matter halos, and
use the profile likelihood method to set lower limits on the dark matter lifetime at a 95%
confidence level. Our results are competitive with those obtained through other gamma-ray
observations of galaxy clusters and provide complementary constraints to existing indirect
searches for decaying very heavy dark matter.

KEYWORDS: dark matter theory, gamma ray experiments, galaxy clusters

ARX1v EPRINT: 2308.00589

© 2024 TOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2024,/03 /024


https://orcid.org/0000-0003-3441-4212
https://orcid.org/0000-0002-5358-5642
https://orcid.org/0000-0001-7074-0539
mailto:songdeheng@yukawa.kyoto-u.ac.jp
mailto:murase@psu.edu
mailto:ali.kheirandish@unlv.edu
https://arxiv.org/abs/2308.00589
https://doi.org/10.1088/1475-7516/2024/03/024

Contents

1 Introduction 1
2 Signals of VHDM decay 2
3 Samples of galaxy clusters 4
4 Data analysis 6
5 Results and discussion 7

5.1 Combined analysis 10

5.2 Systematic uncertainties 12
6 Summary 13
A Electromagnetic cascades inside galaxy clusters 14

1 Introduction

Dark matter constitutes the majority of matter in the Universe [1]. Nevertheless, we are still
unaware of the particle nature of dark matter. Weakly Interacting Massive Particles (WIMPs)
are among the most widely accepted candidates for dark matter [2]. However, direct detection
experiments have placed significant constraints on WIMPs across a range of masses and
they are particularly sensitive to those with masses between approximately 0.01-1 TeV. For
WIMPs with masses above 1TeV, the parameter space remains less constrained, due in part
to the lower expected interaction rates. For thermal relics, the unitarity bounds on the WIMP
annihilation cross section set an upper limit of dark matter mass at around 100 TeV [3].
However, more massive dark matter models are allowed especially if the dark matter is
produced non-thermally, for instance, when a period of early matter domination occurs before
the Big Bang Nucleosynthesis [4-6], or when dark matter is produced in a hidden sector [7-12].

Indirect detection, which looks for standard model particles originating from dark matter
in the cosmos, is a viable approach for searching dark matter. Thermally produced dark matter
particles can still self-annihilate to Standard Model particles in the Universe today. They can
also have finite lifetimes, and decay into Standard Model products. High-energy gamma-ray
and neutrino telescopes can detect gamma rays and neutrinos produced through dark matter
annihilation or decay, which can travel long distances in the Universe. The Fermi Large Area
Telescope (Fermi-LAT) has been extensively used to search for indirect signals from dark
matter. Towards the Galactic center, Fermi-LAT has identified an excess in the GeV energies,
which may be caused by WIMP dark matter annihilation or a population of unresolved
millisecond pulsars [13-21]. Although the origin of the gamma-ray excess is still debated, the
Galactic center region still places meaningful constraints on the dark matter annihilation
cross section [22]. Fermi-LAT is also used to search for dark matter in the range of ~ GeV to



TeV from dwarf galaxies [23-32], galaxy clusters [33-40], and the diffuse isotropic gamma-ray
background [41-47]. Galaxy clusters are the largest gravitationally-bound systems in the
Universe and host enormous dark matter halos. TeV gamma-ray telescopes, such as the Very
Energetic Radiation Imaging Telescope Array System (VERITAS), the Major Atmospheric
Gamma Imaging Cherenkov (MAGIC) and the High Altitude Water Cherenkov (HAWC)
observatory, have searched for dark matter signals from different galaxy clusters and have
placed stringent limits on dark matter annihilation and decay [48-53]. Future TeV gamma-ray
telescopes are expected to extend the search for heavy dark matter. [54, 55].

Dedicated analyses of multi-messenger astrophysical data have set strongest constraints
on the lifetime of very heavy dark matter (VHDM) with masses up to EeV or even the GUT
(Grand Unified Theory) scale (~10'6 GeV) [43, 56-60]. The IceCube Neutrino Observatory [61-—
63] and the large high altitude air shower observatory (LHAASO) [64] also searched for
decaying dark matter with masses above PeV and set competitive limits. Future neutrino
experiments will extend the search for VHDM to > 1012 GeV [65].

In this work, we search for signals from decaying VHDM in galaxy clusters using 14
year gamma-ray data from Fermi-LAT. We select seven nearby galaxy clusters based on
their dark matter content [66]. We examine a wide range of dark matter masses, from
~ 103 GeV to the GUT scale (~ 106 GeV). As Fermi-LAT is only sensitive to gamma
rays with energies up to ~TeV, it cannot detect prompt gamma rays from most of the
mass range we consider. However, the high-energy gamma rays and electrons/positrons
(e*) produced by dark matter decay interact with the radiation and magnetic fields inside
galaxy clusters, causing electromagnetic cascades. The secondary gamma rays generated
through inverse-Compton and synchrotron processes are cascaded down to the energy range
that Fermi-LAT can detect [36, 43, 67—69]. We search for gamma-ray signals from dark
matter decay in galaxy clusters taking into account the electromagnetic cascades and place
limits on the lifetime of dark matter.

The rest of this paper is organized as follows. In section 2, we describe the expected
signals from VHDM decay, including the electromagnetic cascades. In section 3, we summarize
the selection of galaxy clusters. We provide the details about our data analysis procedures
in section 4. Subsequently, we present and discuss our results in section 5 and summarize
the paper in section 6.

2 Signals of VHDM decay

The expected intensity of generated gamma rays from decaying dark matter for given gamma-
ray energy E, = E! /(14 z) and direction Q on the sky is

1 1 dS

e (g Q)= — V/ 2.1

where 7, and m, are the lifetime and mass of dark matter particle x, and dS,/ alE’7 is
the gamma-ray spectrum from dark matter decay to Standard Model particles, which is
normalized via
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where the summation is for all particle species. Here, p, is the smooth density distribution
of dark matter, which is integrated over the solid angle 2 and the comoving line-of-sight
distance [. For dark matter halos of galaxy clusters, we use a Navarro-Frenk-White (NFW)
profile [70] in comoving coordinates as the following

_ Ps
px(r) = (/) (L4 7 /ra)2 (2.3)

where the scale density ps; and scale radius r; vary from cluster to cluster.

The generated gamma-ray energy flux within a cone with a sold angle of 2 is given by

2
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where dy, and d. are luminosity distance and comoving distance, respectively, and the angle-
integrated J-factor J4¢(Q) for decaying dark matter is given by [66]

Jdee(Q) = / s / dlpy(r) = / dQ79(Q), (2.5)

where 79 is the angle-dependent J-factor of the cluster. In this work, we use the public
software CLUMPY [71-73] to calculate 79 following the NFW profile. Note that the integration
over the virial radius gives J9¢ ~ M, / dg, where My, is the virial radius, and the normalized
J-factor becomes [36]
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where § = tan~!(r/d.).

In this study, we consider VHDM in the mass range between 103 GeV to 106 GeV
assuming that each dark matter particle decays into a pair of Standard Model particles. We
consider seven decaying channels: bb, tt, ete™, utu~, 7Hr~, 2920 and WTW~. To calculate
the prompt spectra, we use HDMSpectra [74], which incorporates all relevant electroweak
interactions. This contribution is crucial for VHDM.

Equation (2.4) is for the flux of generated gamma rays, but for gamma rays from VHDM
we must further take into account contributions from electromagnetic cascades that are
developed inside galaxy clusters following the treatments described in refs. [36, 43]. We solve
the Boltzmann equations of photons and e® considering e® pair creation, inverse-Compton
scattering and synchrotron radiation. Prompt e* from VHDM decay are trapped in the
galaxy clusters and lose energies by interacting with the cosmic microwave background (CMB)
and extragalactic background light (EBL) as well as intra-cluster magnetic fields, leading
to inverse-Compton and synchrotron emission. When dark matter is sufficiently heavy
(my 2 10TeV), prompt gamma rays are attenuated by radiation fields in the galaxy clusters
and secondary e® are generated. These secondary et also produce inverse-Compton and
synchrotron emissions. The final gamma-ray spectra from dark matter decay in galaxy
clusters combine the remaining prompt and the total secondary gamma rays. We include
the details about intra-cluster electromagnetic cascades in appendix A. After the gamma
rays leave the galaxy clusters and enter the intergalactic space, they are further attenuated



by the EBL. We calculate such attenuation, but ignore intergalactic cascade emission as
in previous works [36]. This is because they are expected to form a giant pair halo with
a size of \y,/d [75-77], where \,, is the mean free path to the two-photon annihilation
process and d is the source distance. The mean free path of 100 TeV gamma rays is around
Ayy ~ 3 Mpc [78], and higher-energy gamma rays are cascaded inside clusters. The mean
free path of 10 TeV gamma rays is A, ~ 100 — 200 Mpc, which is larger than the distance to
nearby clusters. Therefore most of the intergalactic cascade emission contributes to diffuse
or even quasi-isotropic emission, and it is reasonable and more conservative to ignore the
contribution for the present analyses. See ref. [79] for the total contribution from a source
and extended/diffuse intergalactic cascade emission.

Figure 1 and figure 2 show the prompt gamma-ray and et spectra resulting from dark
matter decay, respectively. The gamma-ray and et fluxes are normalized by assuming
Tx = 1028 s and .J9¢¢(Q) of the Virgo cluster. The grey area denotes the energy range to which
Fermi-LAT is sensitive. These figures assume m, = 10* GeV and include seven channels.
For the bb, tt, Z°Z°, and W+W~ channels, the decaying final states are largely hadronic,
resulting in similar gamma-ray spectra at low energies. The gamma-ray spectra of the ete™
and 1" p~ channel is very hard and peaks at ~ m, /2 as they are dominated by the final-state
radiation. Therefore, including electromagnetic cascades is more critical for the ete™ and
pwp~ channel. The 777~ channel is intermediate since the leptonic and hadronic decays
are comparable [66]. Figure 3 shows the expected gamma-ray spectra from dark matter
decay when electromagnetic cascades are considered, for m, = 10* GeV. We assume that the
magnetic field in the cluster is B, = 0.3 uG [80] and the size of the emission region is set
to R = 3 Mpc. We discuss the impact of these parameters later in section 5. Comparing
to figure 1, the spectra including electromagnetic cascades extend to lower energies due to
contributions from inverse-Compton and synchrotron radiation processes. The spectra are
also undulating when transitioning from prompt to secondary gamma rays. When dark
matter is sufficiently heavy, Fermi-LAT will only be able to detect secondary gamma rays,
as demonstrated in figure 4 for m, = 10'2GeV. In this case, gamma-ray spectra in the
Fermi-LAT energy range are dominated by synchrotron radiation and are broad and smooth.

3 Samples of galaxy clusters

We choose the galaxy clusters from the catalog presented in ref. [66]. This catalog was
initially developed based on [81, 82]. Here, we select seven clusters with the largest Jd
Table 1 summarizes the properties of the clusters, including locations, redshifts (z), and dark
matter halo parameters. The selected clusters have virial masses of My, ~ 1014 — 1015M@.
The virial radius ryi; and the concentration parameter cyi, are related to the scale radius
of the dark matter halo, rs = ryir/cyir. We also report the angular size of the dark matter
halo at the virial radius, which is given by

Ovir = tan_l(rvir/dc)- (31)

The Virgo cluster has the largest J4°¢, which is ~ 10%° GeV cm™2 sr, and is the closest
cluster with a redshift z = 3.58 x 1073. Therefore, the dark matter halo of Virgo extends
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Figure 1. Prompt spectra of gamma rays from Figure 2. Same as figure 1, but of e*.

dark matter decay. Here, we show the case of
m, = 10* GeV and show seven decaying channels:
bb, tt, ete=, ptu—, vtr=, Z2°Z° and WHtW—.
The grey area shows the Fermi-LAT energy range.
The fluxes are normalized by J9¢(€) of Virgo.
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Figure 3. Gamma-ray spectra from dark matter Figure 4. Same as figure 3, but for m, =

decay when electromagnetic cascades are consid- 1012 GeV.
ered.



Cluster l b 2 x10°  cyip Tvir Ovir  logqo Myir logoJ dec.
[deg] [deg] ko [deg]  [Mo]  [GeV em™2 si]

Virgo 283.94  74.52 3.58 6.36 2023.32 7.28 14.66 20.41
Centaurus 302.22 21.65 8.44 6.40 1971.53 3.02 14.62 19.63
Norma 325.29 —-7.21 17.07 5.60 284243 2.16 15.10 19.51
Perseus  150.58 —13.26 17.62 5.63 2796.52 2.06 15.08 19.46
Coma, 57.20  87.89 24.45 540 3132.32 1.67 15.23 19.33
Hydra 269.55  26.41 10.87 6.74 1687.23 2.01 14.42 19.21
Fornax 239.98 —56.68 4.17 8.47 873.63 2.71 13.56 19.17

Table 1. Sample of galaxy clusters. The parameters are taken from ref. [66].

to Oyir = 7.28°. The remaining clusters are: Centaurus, Norma, Perseus, Coma, Hydra, and
Fornax. They typically have J9 ~ 10! GeV cm™2 sr, and 6y ~ 2° — 3°.

4 Data analysis

We analyze 14 year Fermi-LAT Pass8 data collected between Aug 4 2008 and Aug 4 2022.
We select photon events from the ULTRACLEANVETO class and include both FRONT and BACK
types. We apply a quality filter “DATA_QUAL>0 && LAT_CONFIG==1" and limit the maximum
zenith angle to 90°. For each galaxy cluster, the region of interest (ROI) is a 20° by 20°
square centered at the cluster’s location with an angular resolution of 0.1°. The energy range
of the gamma rays is from 100 MeV to 1TeV, with 5 logarithmic energy bins per decade.

We fit the Fermi data using the open-source Python package fermipy [83]. For each
cluster, we include the Galactic interstellar emission model gl1l_iem_v07.fits and isotropic
diffuse template iso_P8R3_ULTRACLEANVETO_V3_v1.txt as the background models. Also
included are the point sources resolved in the LAT 12-year source catalog (4FGL-DR3) [84, 85]
that are up to 5° away from the boundary of the ROI. Since the 4FGL-DR3 only contains
point sources resolved with 12 years of Fermi data, new point sources may emerge in the 14
year data we use. These new point sources, if they exist, must be included in the background
model. Otherwise, their photons may be attributed to dark matter models. We use the
find_sources algorithm provided by fermipy to search for new point sources in each ROI
and include them in the background model. We find seven new point sources in the ROIs for
four of the galaxy clusters in our list. Table 2 summarizes these new point source locations,
offsets from the galaxy clusters, and test statistic (TS).! There sources are included in the
background models and their normalizations are allowed to vary.

We consider the gamma-ray signal from dark matter as an extended emission in the ROI
up to the virial radius of the dark matter halo. We use the public software CLUMPY [71-73] to
calculate the angular-dependent J-factor dJ4¢¢ /dQ(¢) of the cluster following an NFW profile
and use it as a diffuse template in the analysis. CLUMPY has been widely used to generate

'We note that the find_sources algorithm provided by fermipy only offers a straightforward routine to
search for potential new sources after fitting the known background sources. We include this procedure to
optimize our background models for the search of VHDM signals. The true nature of these sources requires
further investigation.



Cluster Name l b offset TS
[deg]  [deg] [deg]

Centaurus PS J1320.6—4524 308.29 17.15 7.28 68.12
Centaurus PS J1158.2—4419 293.00 17.51 9.62 30.01
Norma, PS J1524.6—6320 319.16 —5.40 6.36 33.34
Perseus PS J0254.84-3934 147.40 —17.36 5.12 38.28
Perseus PS J0400.1+3710 159.61 —11.91 8.92 35.55
Coma, PS J1323.3+3212 71.07  81.42 6.56  45.37
Coma, PS J1316.6+2056 347.17 81.55 7.98 32.06

Table 2. Additional point sources included in the ROIs.

templates of dark matter halos that can be directly used in the analysis of Fermi-LAT data.
In each fit, we fix m, and the decaying channel of dark matter and the only free parameter
of the dark matter model is the normalization of the gamma-ray flux, which is inversely
proportional to 7,. The best-fitting model is found by maximizing the Poissonian likelihood
function summed over each pixel ¢ and energy bin j for the k-th cluster, which is given by

hy(0)"s e

k
nij!

ch0) =11

ij

(4.1)

k
tj
counts at the pixel ¢ and energy bin j of the k-th cluster. The parameter § = {7,,>; \;} is a

Here, n;; represents the observed photon counts, and ufj (0) represents the predicted photon
set of parameters includes the dark matter lifetime 7, and the parameters of the astrophysical
backgrounds A;. For the backgrounds, we vary the normalizations and spectral shapes of the
diffuse emissions and the point sources within 10° from the centers of the ROIs.

We obtain the limit on 7, at the 95% confidence interval (CL) using the profile likelihood
method [86, 87]. For each individual cluster, we scan 7, and refit the background parameters
A; to find the change in the likelihood function from the best-fitting model. The 95% CL
limit on the dark matter lifetime is set by finding the set of nuisance parameters for which

~2Alog L = =2 (log £¥(0) — log £4(9) ) = —2.71, (4.2)

where 0 is the best fit parameters we found for cluster.

5 Results and discussion

In figure 5, we present the 95% CL lower limits on 7, for five decaying channels from the Virgo
cluster for 103 GeV < my < 10'6 GeV. Overall, the most stringent limits have Ty 2 10%7s at
m, ~TeV. The limits become less stringent when m, increases since the expected signals
change from prompt dominated region to secondary (inverse-Compton) dominated region,
which gradually becomes less intense. The limits weaken to 7, > 10%° s when m,, is around
EeV. For m, 2 EeV, synchrotron emission from prompt and secondary et becomes important
in the Fermi energy range, and the limits tend to recover from m, ~ EeV. For bb and tt and
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Figure 5. Limits on 7, for five decaying channels Figure 6. Limits on 7, for the bb channel from
from the Virgo cluster. seven galaxy clusters.

Z9Z° and WHW~ channels, the limits gradually increase and eventually reach to Ty 2 10%7
at m, ~ 100 EeV. Above m, ~ 100 EeV, the limits gradually become weaker as the peak of
the synchrotron emission pass the Fermi energy range. For ete™, ump~ and 777~ channels,
the behavior of the limits is different since these channels are largely leptonic. The limits
recover early and quickly to 7, 2 10%7 s at m, ~ EeV. The limits also show a second peak at
10" GeV since the inverse-Compton photons are attenuated and pair-create e®, generating
a secondary synchrotron component.

Figure 6 shows the limits for the bb channel from seven galaxy clusters. Generally, larger
Jdec in clusters provide more stringent limits, as expected. Across the entire mass range, the
most stringent limits are set by two clusters: Virgo and Centaurus. The Virgo cluster has a
Jde¢ nearly one order of magnitude larger than that of Centaurus. However, the limits set
by Centaurus are overall comparable to and often stronger than Virgo. This is largely caused
by the fact that the Messier 87 (M87) galaxy at the center of Virgo cluster is detected as an
active galactic nucleus by Fermi-LAT [88]. Since we refit the background sources when we
derive the limits, a fraction of the gamma-ray flux from MS87 is attributed to dark matter
in the Virgo cluster due to their spatial overlapping, leading to weakened limits on 7,. On
the top panel of figure 7, we show TSyirgo, the TS value of the dark matter component in
the Virgo cluster for each m, and decaying channel. In most cases, TSyj.g, are less than 1.
On the bottom panel, we show —ATSyg7, the reduction of the T'S value of M87 when the
corresponding dark matter model is included in the fit. It is obvious that —ATSyg7 correlates
with TSvirgo. This clearly shows how M87 affects the inferred dark matter limits from the
Virgo cluster. It is known that background sources are impactful for dark matter constraints
in general. By refitting background sources in all clusters, we obtain conservative and robust
limits. Figure 8 shows the limits for the remaining decaying channels. Same as the bb channel,
the Virgo and Centaurus clusters together set the most stringent constraints on 7.
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Figure 7. Top. TS value of the dark matter component in the Virgo cluster for each m, and decaying
channel. Bottom. Reduction of the TS value of M87 for the corresponding m, and decaying channel.

In figure 9, we compare our results with limits set by galaxy clusters from recent gamma-
ray and neutrino observations. For decaying dark matter, MAGIC has reported limits on 7,
in the mass range between 200 GeV and 200 TeV from the Perseus cluster using 400 hours
of data between 2009 and 2017 [52]. HAWC has also performed a search from the Virgo
cluster for dark matter masses between 1 TeV and 100 TeV using 1523 days of observation [53].
Using 6-year neutrino data, IceCube has constrained decaying dark matter in the mass
range between 10 TeV and 10 PeV from observations of three clusters (Virgo, Coma, and
Perseus) [63]. In figure 9, we show the HAWC limits in dashed lines, the MAGIC limits
in dashed-dotted lines, and the IceCube limits, which we have converted from 90% CL to
95% CL according to the x? distribution, in dotted lines. We compare these limits with our
results from Virgo (blue solid lines) and Centaurus (orange solid lines) since they set the
most stringent limits. We compare the limits for 10° GeV < m,, < 107 GeV. Our limits are
more stringent than MAGIC for the four available channels (bb, u*p~, 7777, and WHW ™).
At m, = 103 GeV, our limits are stronger than MAGIC’s by about 2 to 3 orders of magnitude
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Figure 8. Limits on 7, for the other decaying channels: tt, ete™, ptp=, 7r77, Z°Z% and WHW~.

since Fermi-LAT can fully cover the prompt emission from dark matter. HAWC limits
are not available for the u*pu~ channel. For other channels, HAWC limits are generally
stronger than MAGIC by one order of magnitude. Our limits are usually stronger than
HAWC for m, < 10 GeV. We note that limits from MAGIC and HAWC do not consider the
electromagnetic cascade from VHDM decay. IceCube limits are available for the bb and 717~
channels. Our limits are competitive with IceCube for m, < 10° GeV. However, IceCube can
access much higher energies, and therefore has set the strongest limits for m, > 10° GeV.

5.1 Combined analysis

So far, we have reported limits on 7, from individual clusters. It is also possible to combine
the analyses and define the total likelihood function of all seven clusters:

£(0) =[] £*). (5.1)
k
We derive the combined limits at 95% CL at

~2Alog £ = —2 (log £(0) — log L(6) ) = —2.71. (5.2)

Naturally, 7, is assumed to be the same in all clusters and the likelihood functions are
combined. The background parameters A\; now include all the point sources and diffuse
emissions in the ROIs of the clusters. Although we use the same models for the diffuse
emissions, their parameters are allowed to have different values for different clusters.
Figure 10 shows the combined limits from all seven clusters. Overall, they are slightly
weaker than the strongest limits set by Virgo and Centaurus individually. This is driven

,10,
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Figure 9. Comparisons between our limits and recent gamma-ray (MAGIC [52] and HAWC [53])
and neutrino (IceCube [63]) observations on galaxy clusters.

by clusters with small J9. Figure 11 shows the contributions to —2Alog(£) from the
seven clusters when the 95% CL limits on 7, are set for the bb channel and for different
my. Fornax, Hydra, Coma, and partially Norma contribute negatively to the —2Alog(L),
meaning that including them in the combined analyses weakens the limits. This is due to
their small expected signals and potentially more complicated background environments
(e.g., Norma is located close to the Galactic plane). Previous study also finds similar results
in combined likelihood analysis [34]. Therefore, we find that promising individual clusters

provide the strongest probe of VHDM.
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Figure 10. Limits on 7, for five decaying channels Figure 11. Contributions to —2Alog(L) at the
from combined analyese of seven clusters. 95% CL limits for the bb channel from seven clus-
ters in the combined analyses.

5.2 Systematic uncertainties

To derive limits on 7,, we take into account the electromagnetic cascades of prompt gamma
rays and et from dark matter decay. Therefore, we have to consider systematic uncertainties
raised from the calculation of the cascade flux. Two factors are mostly influential: the
magnetic field B in the cluster in which e® lose energies and the escaping distance R at
which gamma rays leave the cluster and enter the intergalactic space. We have adopted
By = 0.3 uG and R, = 3 Mpc. Typical intracluster magnetic fields in galaxy clusters average
to ~ 0.1 — 1 uG [80]. For the seven clusters in this work, their virial radii are ~ 1 — 3
Mpc (see table 1). In figure 12, we show the limits from Virgo for the bb channel by using
By =0.1,0.3, and 1.0 4G. The limits are largely the same at lower masses when the prompt
emission is more important. The limits slightly change shapes for m,, > 10° GeV but maintain
roughly the same level. Realistically, the magnetic fields within the volume of the galaxy
clusters vary, and the spectral features of the VHDM signals would alter correspondingly.
Nonetheless, the constraints are not expected to dramatically change, as they are primarily
determined by the predicted fluxes in the Fermi-LAT energy range and electromagnetic
cascades smear out the spectra. Therefore, the impacts of varying magnetic fields within
the volume of the clusters are expected to lie around the range of the constraints shown in
figure 12. Figure 13 shows the limits from Virgo for the bb channel, using R = 1 and 3
Mpc. For m, 2 1019 GeV, the limits from R = 3 Mpc are slightly stronger since stronger
synchrotron emission is expected from larger R.. However, the effect is not significant. We
expect similar uncertainties for different clusters and decay channels. Overall, our limits
are robust when B, and R are in reasonable ranges.
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Figure 12. Limits on 7, from Virgo for the bb Figure 13. Limits on Ty from Virgo for the bb
channel assuming different B,. channel assuming different R.;.

6 Summary

We searched for gamma-ray signals from very heavy dark matter decay from nearby galaxy
clusters using 14 year Fermi-LAT data and set lower limits on the lifetime of decaying dark
matter as a function of dark matter mass. Notably, we considered gamma rays from both the
prompt emission and the electromagnetic cascades in the clusters. The cascade component is
essential for constraints at large masses. Seven decaying channels are included: bb, tt, ete™,
ptp=, 777=, 2°2° and WTW~. We use the profile likelihood method to obtain the limits
for seven galaxy clusters: Virgo, Centaurus, Norma, Perseus, Coma, Hydra, and Fornax. We
found that gamma-ray observations in the direction of Virgo and Centaurus clusters provide
the most stringent limits on dark matter lifetime. We also reported the limits from combined
analyses of seven clusters. Our limits remain strong and robust when we consider different
magnetic field strengths and sizes of the clusters. Our results are competitive with limits
from other gamma-ray observations on galaxy clusters and are complementary to previous
gamma-ray and neutrino constraints on decaying very heavy dark matter.
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A Electromagnetic cascades inside galaxy clusters

Following ref. [36] (see also refs. [79, 89, 90] in the context of cosmic rays), our numerical
code solves the following Boltzmann equations in a time-dependent manner,

L ~ N, /d / — p)co (g, 1) — Ny (A.1)

tesc

dp doic
E/Ne E / —/— 1-— E
+/d ( ) dgdE 2 ( M)CdE/y (87/’1’7 )

syn

+ 7 + ;“J,
M) _ N, / a2 [0 pyeoc(ean) (A2)
+ /dE’N7 (E") /d5£ %u(l —u)cfi(gz (g, 1, E")
+ /dE’Ne (E') /ds(flz %"(1 - M)CCZ;S (e, 11, E')
9

m_]
aE [PsynN ] + Q

The background photon number density is dn/de at the energy e. For infrared and optical
photons in galaxy clusters, we adopt the low-IR model of the EBL light from ref. [91] with a 10
times enhancement to account for contributions from the galaxies in the clusters [36, 92, 93].
This is reasonable within uncertainties (see refs. [90, 93, 94]). The CMB is also included.
We have implemented the accurate cross sections for pair production (o) and inverse-
Compton scattering (oyc) including the Klein-Nishina effect, as in calculations of intergalactic
propagation of gamma rays and cosmic rays [77, 78, 95, 96]. Here, Psyy, is the energy loss rate
due to the synchrotron radiation. The differential synchrotron radiation spectrum JN3¥" /Ot is

V3e3B
mec?2mhE,

INS(E,

- / dE'N, (E') —Y2C0 ), (A.3)
1.81e™"

(213 + (3.62/m)2) "/

G(z) ~ (A.4)

where ¢ = E,/E. and E. is the critical energy. The function form G(z) is an accurate fit
to the synchrotron radiation spectrum [97, 98]. The diffusion of electrons and positrons is
negligible for high-energy radiation [78]. For example, at TeV energies, the e cooling time

TeV

iS teool & tig ~ 1 Myr ( ° ) (UCMB> [78]. This is much shorter than the light crossing
E, Urad

time, tese = Re/c ~ 10 Myr 3 Nﬂ)c . The diffusion time scale tq;f is always longer than

the light crossing time tese, implying teool < taiff, which is also the case in the calculations of
cascade gamma rays induced by cosmic rays confined in galaxy clusters [36, 79].

The Boltzmann equations are numerically binned in finite energy and time steps and are
solved iteratively to obtain essentially steady-state spectra for high-energy gamma rays [36].
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