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In these proceedings we summarize the current status of the study of the sensitivity of the
Cherenkov Telescope Array (CTA) to detect diffuse gamma-ray emission from the Perseus galaxy
cluster. Gamma-ray emission is expected in galaxy clusters both from interactions of cosmic
rays (CR) with the intra-cluster medium, or as a product of annihilation or decay of dark matter
(DM) particles in case they are weakly interactive massive particles (WIMPs). The observation of
Perseus constitutes one of the Key Science Projects to be carried out by the CTA Consortium. In
this contribution, we focus on the DM-induced component of the flux. Our DM modelling includes
the substructures we expect in the main halo which will boost the annihilation signal significantly.
We adopt an ON/OFF observation strategy and simulate the expected gamma-ray signals. Finally
we compute the expected CTA sensitivity using a likelihood maximization analysis including the
most recent CTA instrument response functions. In absence of signal, we show that CTA will
allow us to provide stringent and competitive constraints on TeV DM, especially for the case of
DM decay.
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1. Introduction

Galaxy clusters are the largest gravitationally-bound objects in the Universe, with masses
between My ~ 10'* — 101Mg. Dark matter (DM) is expected to account for about 80% of
their mass [1], while the rest is baryonic matter in the form of galaxies, gas and dust in the
intra-cluster medium (ICM). Although clusters are supposedly virialized objects, the presence of
hot gas, strong magnetic fields, galaxies and Active Galactic Nuclei (AGNs) produces turbulence
phenomena and complex baryonic feedback in the ICM. All these astrophysical processes act as
acceleration mechanisms, leading to production of cosmic rays (CR). The presence of CRs has been
confirmed through observations of diffuse synchrotron emission produced by the CRs electrons and
positrons at different wavelengths [2]. However, the gamma-ray emission, expected either from
neutral pion decay from accelerated CRs [3] and/or from DM annihilation or decay of Weakly
Interacting Massive Particles (WIMPs) particles [4], has so far avoided detection [5].

Galaxy clusters are considered excellent and complementary targets for gamma-ray DM
searches because of the large amount of DM they are expected to host. Given the large num-
ber of known clusters, it is key to determine which of them meet the most appropriate conditions to
be searched for in gamma-rays:

* Proximity to Earth (z < 0.1), so that substantial DM-induced fluxes are expected.

* High-mass clusters with well-determined masses, since the annihilation flux is proportional
to the mass.

* Low gamma-ray flux from conventional astrophysical processes [6].

In [7] authors studied how the most promising galaxy clusters compared to the known dwarf
Spheroidal galaxies (dSphs) in terms of their annihilation fluxes. Following results of DM-only
N-body simulations, the substructures in the main DM halo where for the first time included
for the computation of the annihilation flux. This substructures, usually called subhalos, are a
natural prediction within the standard ACDM structure formation scenario. The authors concluded
that galaxy clusters are competitive targets in terms of the annihilation flux, as long as the DM
annihilation happening in these subhalos is properly taken into account.

The Cherenkov Telescope Array (CTA) will be the next generation of Imaging Atmospheric
Cherenkov Telescopes (IACTs). CTA’s energy sensitivity will improve up to one order of magnitude
the sensitivity of current generation IACTs in the 20 GeV to 300 TeV energy range [8], will have 2.5
better field of view and 5 times better angular resolution. CTA will have two different arrays: the
Northern array in La Palma (Spain), and the Southern array in the Atacama desert in Chile. Having
an excellent spectral and angular resolution, CTA has superb capabilities to perform gamma-ray
DM searches, especially those focused on WIMPs.

Among the local clusters that fulfill the requirements mentioned before, the Perseus cluster is
the brightest in the X-ray sky. It hosts two central AGNs, NGC1275 and IC310. Being one of
the most massive clusters in the nearby Universe, Perseus is one of the most promising clusters to
be detected in gamma-rays [9]. More precisely, given its position in the sky, it meets the optimal
conditions for observation by the CTA Northern array [8]. All these attributes make the Perseus
science case an excellent discovery opportunity for CTA [8].
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2. Dark Matter modelling in Perseus

The expected annihilation flux in gamma-rays from the Perseus cluster can be computed as
follows [10]:

Wy 0@ 105, ) = 22 (B x s801 1
d_E( ,Lo.s, )_d_E( ) X J(AQ, l.o.5), (1)
where % is the gamma-ray annihilation/decay flux, % is the particle physics term containing

the spectral information [4] and J is the so-called astrophysical factor. The particle physics term
can be written, assuming Majorana WIMPs, in terms of the selected annihilation/decay channel
(dNFF |dE), the mass (mpys) and the averaged annihilation cross section (< v >) or the DM
particle lifetime (7pas) as

Annihil
degy,"m <ov > dNPP

- ’ (2)
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The astrophysical factor or J-factor (D- for decaying DM) accounts for the DM distribution in
the halo, parametrized in the DM density profile ppas:

J(AQ,Z.0.5)=// P 4)
AQ Jl.o.s

D(AQ,l.o.s)z// ODM. 5)
AQ Jl.o.s

From the X-ray surface brightness data of the Perseus galaxy cluster, one can derive the cluster’s
main parameters. We build the DM density profile for the main halo starting from its measured
mass. In our study, we adopt the mass estimate in [11]. We also need to assume a DM profile, in
this case, the Navarro-Frenk-White (NFW) profile [12, 13]:

PO

(£)(1+2)

The two parameters in the NFW profile are computed by making use of the concentration-mass

(6)

PNEW (1) =

(¢ — M) relation in [14]. The obtained DM density profile parameters for Perseus are given in
Table 1.

Cluster (£, b) D M>o0 Ra00 £0 rs
[deg] [Mpc] | [10'* Mg] | [10* kpc] | [10® Mg kpc™] | [10% kpc]
Perseus | (150.57,-13.26) | 75.01 7.52 18.65 1.20 3.71

Table 1: DM density profile parameters for the Perseus galaxy cluster assuming the NFW profile and the
¢ — M relation in [14].
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We also include in the modelling the expected substructures that contribute to the DM-induced
gamma-ray flux. We note that this is only relevant for the annihilation case. We assume an NFW
density profile also to describe the internal structure of subhalos. We parametrize the population of
subhalos inside the main halo via three basic factors: radial distribution (SRD), mass distribution
(SHMF) and subhalo concentration. Following the state-of-the-art of the subhalo DM population
as given by N-body simulations, we will adopt:

* SRD: Anti-biased distribution following the results of the Via Lactea - II Milky-Way-sized
cosmological simulation [15].

e SHMF: g—ﬁ oc M™%, where a can take two values @ = 1.9, 2.0; following [16] and [15],
respectively.

* Concentration: We use the parametrization specifically derived for subhalos developed
in [17].

In our work, we define three different models of the subhalo population in Perseus. With the
definition of these three models, we will be able to provide an estimate of the uncertainty on the
exact configuration of halo substructure in Perseus. Indeed, we will obtain conservative values
(no substructure model) for the DM annihilation flux and also upper bounds (@ = 2.0 model).
To compute the J- and D- factors we use the CLUMPY free software [18-20]. The results of the
DM modelling for annihilation and decay are shown in Table 2 and the corresponding differential
annihilation flux profiles are represented in Figure 1.

Annihilation | log,,J [GeVZem™] || Decay | log;, D [GeV cm™]
Jr 17.42
Jr0 18.48 Dr 19.20
Jz0 18.93

Table 2: Annihilation of the different DM models (no substructure, SHMF a = 1.9, SHMF « = 2.0) and
decay results for Perseus, integrated up to Rygo (symbolized as the sub-index T'). See text for for details.
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Figure 1: Two-dimensional spatial templates showing the expected spatial morphology of the DM annhilation
flux in Perseus. The inclusion of different amounts of substructure as described in the text alters the flux
especially in the outskirts of the cluster.
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From the J-factor values of Table 2 we can notice the effect of taking into account the sub-
structure in the cluster. This enhancement of the J-factor when including the subhalos in the DM
modelling is known as the subhalo boost factor B, defined as B = 0 for the case where no sube-
structure is included. For the model with @ = 1.9 the boost factor is B = 10.5, and for @ = 2.0 we
obtain B = 31.4.

3. CTA sensitivity to DM-induced gamma-ray from Perseus

We use the most up-to-date Instrument Response Functions (IRFs - prod3b-v2) to compute
the prospects for observing gamma-rays from Perseus using CTA. Besides, we also use the two
available softwares to perform the analysis, gammapy! and ctools?. In our analysis, we include
DM annihilation/decay as gamma-ray source. In future steps of the project, we will consider also
CR-induced gamma-ray emission and the emission from the two AGNs hosted in Perseus. An
illustrative sketch of the analysis pipeline to follow in our work is shown in Figure 2.

Total DM-induced y-rays Total CR-induced y-rays Total AGNs y-rays
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7130]
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Figure 2: Sketch of the analysis pipeline to compute the sensitivity of CTA to gamma-ray induced DM
signal. The bottom right plot is only shown as an example of constraints from this type of searches, and was
extracted from [21].

The analysis strategy is based on the widely used ON/OFF observation method [22]. We
define the different OFF regions according to Table 3. Given the stochastic nature of the emission
of astrophysical gamma-ray photons and the detection of these by CTA, we create 50 simulated
observations for the SHMF o = 1.9 DM model case and average the results in order to obtain
statistically meaningful results.

As a first order approximation, we assume Perseus cluster to be a point-like source. No signal
is found in these simulations, thus we compute the 95% confidence level (C.L.) upper limits to the
gamma-ray flux. Then, we proceed and compute 95% C.L. upper limits to the DM annihilation

Thttps://docs.gammapy.org/0.18.2/index.html
2http://cta.irap.omp.eu/ctools/
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Nops 50
Tobs [h] 300
Obs. strategy 1 ON /3 OFF
Pointing (I, b) [deg] | (150.57, -13.26)
Offset [deg] 1.0
On Region [deg] 1.0
Energy range [TeV] 0.03 - 100

Table 3: Observation parameters set-up for the Perseus DM-search campaign with the ON/OFF method.

cross section (Eq. 2) and decay lifetime (Eq. 3). The preliminary results are shown in Figure 3 for
the bb, 7+t~ and W*W~ channels.

From the left panel of Figure 3 we can see that our constraints to DM annihilation are, at best,
around two orders of magnitude above the thermal relic cross section, even with the inclusion of
halo substructure. Yet, for decay DM, the results of the right panel show that CTA will be able to
improve the limits from [23] by up to two orders of magnitude in the lowest considered mass range.
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Figure 3: 95% C.L. upper limits on the DM parameter space. Left panel: Averaged annihilation cross
section versus DM mass. The thermal relic cross section is shown as a black dashed line. Right panel: DM
particle lifetime versus DM mass. For comparison, we show in red dotted line the constraints obtained from
202 h observation of Perseus for the bb channel with the MAGIC telescopes [23].

In the future, our analysis will necessarily consider the three known gamma-ray sources
in Perseus, as well as the extension of the involved gamma-ray signals. An extended analysis,
i.e. taking into account the extension of the cluster, is expected to worsen the obtained DM
constraints. We will also include systematic uncertainties. An alternative analysis approach will
also be performed via a template analysis fitting, as done for CTA in [24]. The result of this analysis
yield the first DM annihilation constraints for Perseus from any IACT, that are complementary to
the ones obtained by the Fermi-LAT Collaboration [25-27].
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