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Radio frequency, indirect dark matter searches have recently been gaining prevalence due to the high
sensitivity and resolution capabilities of the new generation of radio interferometers. MeerKAT is currently
one of the most sensitive instruments of its kind, making it ideal for indirect dark matter searches. By
making use of publicly available data from the MeerKAT galaxy cluster legacy survey we are able to use
both the observed diffuse synchrotron emission and nondetections to constrain the weakly interacting
massive particle (WIMP) dark matter parameter space. In addition to a subset of generic WIMP annihilation
channels, we probe the dark matter candidate within the 2HDM + S particle physics model, which was
developed as an explanation for anomalies observed in the Large Hadron Collider data from runs 1 and 2.
By undertaking a statistical analysis of the radio flux densities within galaxy clusters we are able to exclude
the thermal relic value for WIMP masses < ~1000 GeV for annihilation into bottom quarks with our
median case. This is competitive with the best constraints in the current literature.
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I. INTRODUCTION

The unknown nature of dark matter (DM) remains an
eyesore in our current cosmological paradigm. The nature
of DM can be probed through indirect searches, which look
for visible products of the annihilation or decay of a DM
candidate. Such searches are particularly promising for
weakly interacting massive particles (WIMPs), the most
investigated class of DM candidates [1]. Historically, these
searches have been dominated by gamma-ray experiments,
such as Fermi-LAT [2,3], due to their low attenuation, high
detection efficiency, and simplicity of the predicted signal.
For WIMP models with masses above a few GeV, the indirect
emission would be in the form of long-lived leptons which
then produce synchrotron radiation when interacting with the
object’s magnetic field [4]. In the case that the leptons, or
rather electrons, produced in an annihilation have energies
roughly below 10 GeV, the resulting synchrotron emission
will be in the radio band. Indirect searches in the radio band
were previously disfavored, due to complicating factors such
as the strong dependence on the magnetic field configuration
within the target object and the diffusion of the charged
particles, these being generally not well known in most
astrophysical structures. With the new generation of radio
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interferometers, such as MeerKAT [5] a precursor to the
Square Kilometer Array (SKA) [6], radio band DM searches
are gaining in prevalence. This is due to their superior angular
resolution to gamma-ray telescopes, imperative to limit
confusion between diffuse DM emission and unresolved
point sources, as well as a high sensitivity to faint flux levels
expected for diffuse DM emission. The advancements in
radio astronomy techniques and technology are beginning to
overcome the traditional obstacles in radio DM searches.
This is typified by a recent result that demonstrates that
ASKAP observations of the Large Magellanic Cloud are
capable of ruling out WIMPs annihilating in b-quarks
for masses <700 GeV [7], far in excess of Fermi-LAT
gamma-ray results in dwarf spheroidal galaxies [3].
MeerKAT is the precursor for the SKA midfrequency
array and is currently the most sensitive decimeter wave-
length radio interferometer array in the world. Operating with
64 antennas of 13.5 m diameter with an offset-Gregorian
feed. The array configuration allows for exceptional simul-
taneous sensitivity to a wide range of angular scales [8].
DM searches performed with MeerKAT will benefit from
the higher sensitivity available than prior searches per-
formed with instruments such as Green Bank Telescope
and the Australia Telescope Compact Array [9-11]. The
improved sensitivity is able to observe fainter diffuse
sources, expanding the DM parameter space that can be
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probed. The high angular resolution provided by the long
baselines allows for the simultaneous detection of large and
small-scale sources, thus reducing confusion caused by
unresolved point sources.

Previous radio frequency DM searches have focused on
nearby dwarf spheroidal galaxies, for example [7,10-17].
Dwarf galaxies are DM dominated and benefit from low
baryonic background emissions. However, the magnetic
field and diffusive uncertainties are large and strongly affect
the predicted surface brightnesses. Investigations of larger
structures, on the scale of galaxy clusters, have the advantage
that the effect of diffusion is less significant. Clusters of
galaxies are promising targets for radio frequency DM
searches, as they are massive, DM dominated, and are known
to host uG-scale magnetic fields. In addition to this, clusters
are far less sensitive to uncertainties in the predicted signal
induced by the diffusion processes, as a consequence of their
large scale. The potential of galaxy clusters as target objects
has been demonstrated with forecasting of limits with high-
resolution observations of well-known clusters [18].

In this work, we compare predicted DM fluxes within
galaxy clusters to the diffuse flux measured with MeerKAT
to produce limits for the annihilation cross-section across a
range of DM masses, with various methods of analysis.
This is achieved using MeerKAT galaxy cluster legacy
survey [19] (MGCLS) data products.'

Alongside a subset of generic WIMP annihilation chan-
nels, namely bb, y*u~ and 77~ this work aims to probe
the DM candidate within the two-Higgs doublet model
with additional singlet scalar (2HDM + S). 2HDM + S is
a particle physics model introduced as an explanation for
anomalies in the multilepton final states and a distortion of
the Higgs transverse momentum spectrum that have been
documented in run 1 and 2 data from the LHC experi-
ments, ATLAS [20], and the CMS [21]. This candidate is of
particular interest as the conjectured mass range of this
candidate overlaps with that of the astrophysically motivated
DM models for the payload for antimatter exploration and
light-nuclei astrophysics [22] antiparticle excesses and the
Galactic Center gamma-ray excess observed by Fermi-LAT.

We produce constraints on the DM parameter space for
annihilation through four channels for five galaxy clusters.
The most constraining results, for Abell 4038, assuming an
Navarro-Frenk-White (NFW) density profile, are compa-
rable to the most stringent previous results for generic
WIMPS, excluding annihilation through bottom quarks
for WIMP masses below 1000 GeV. Additionally, we have
begun to probe the 2HDM + S parameter space beyond the
forecast levels for dwarf galaxies, and the results show that
the 2HDM + S remains a viable explanation for various
astrophysical excesses.

This paper is structured to introduce the 2HDM + S
particle physics model in Sec. II. The formalism of radio
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emissions from WIMP annihilation is then reviewed in
Sec. III. In Sec. IV we present the galaxy cluster sample
investigated, with the results presented in Sec. VI. We
then present our conclusions in Sec. VII. Throughout
this work we assume a A-CDM cosmology, with Q , =
0.3089, Q, = 0.6911, and the Hubble constant H, =
67.74 kms~! Mpc~! [23].

II. TWO HIGGS DOUBLET MODEL
WITH SINGLET SCALAR

Despite the success of the Standard Model (SM) of
particle physics in its description of the subatomic world, it
is incomplete. The open questions include the composition
of dark matter and dark energy and the asymmetry between
matter and antimatter. The existence of beyond SM physics
is alluded to by anomalies at particle colliders, for example,
new resonances, nonresonant states, or any deviations in
the final states from the precise predictions of the SM [24].
Data from run 1 and 2 at ATLAS [20] and CMS [21] have
reported various anomalies in multilepton final states as
well as a distortion of the Higgs transverse momentum
spectrum [25-27].

The two-Higgs doublet model with an additional singlet
scalar 2HDM + S) [28] is a beyond SM particle physics
model that was introduced as an explanation for the various
anomalies. The model includes a heavy scalar boson, H
with my = 270 GeV, a scalar mediator, S, and a dark
matter candidate y. Scalar S acts as a mediator to the dark
sector through the decay chains H — hS, SS and S — yy,
where h represents the Higgs boson [29]. An implication of
this model in the production of multiple leptons as final
products of the above decay chains. Statistically compel-
ling excesses for opposite and same sign dileptons as
well as three lepton channels with and without b-tagged
jets were reported by [26,27,30]. The multilepton excesses
were examined in [25], and the best fit to the data was
obtained when mg = 150 =5 GeV. Evidence for the pro-
duction of a candidate for S with mass 151 GeV was
obtained by combining sideband data from SM Higgs
searches [31]. If all decay channels are included, then a
global significance of 4.8¢ was reported for the mass range
(130-160 GeV) required to explain the anomalies [31].

The potential of 2HDM + S [28] is expressed by

V(@ @, D) = m? @ 2+ m3, | D, > — m?, (@] @, + H.c.)
Mo A
+5 (@] +7(0)0,)°
+23(D] D)) (D5 D,) + 44 (] D) (P} D))

A 1
+2[(D]®,)? +H.c.]+=m2d2

2 2
A 2 2
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The fields @, and @, are the SU(2), Higgs doublets, and
terms with subscript S are contributions from the singlet
field. A more in-depth presentation of the formalism of this
model, the interaction Lagrangians and the constraints of the
parameter space can be found in [28,29]. The interaction
Lagrangian between S and a dark matter candidate, y, with
spin 0, 1/2, or 1 is expressed by Beck ef al. [32] as

1
Lo = 5myGu1xS, (2)
Lip=x(g +iglrs)xS. (3)
and
Ly = g3x"%,S. (4)

respectively. The factor g;; describes the strength of the scalar
coupling between S and the dark matter candidate, g)f is the
strength of the pseudoscalar coupling to S, and m,, is the mass
of the dark matter candidate.

WIMP-like DM candidates can annihilate into pairs of
quarks, leptons, Higgs, and other bosons. The hadroniza-
tion and further decay of these particles then lead to the
electrons/positrons that induce the synchrotron radiation
investigated in this work. When studying 2HDM + S
the simplest interactions that can be considered are yy —
S— Xandyy - S — HS/h — X, where X represents the
SM products of the annihilation, e~ /e* for our purposes.
The lowest DM mass that can be probed through these
reactions is that which can produce S, or H and h together,
respectively. For the former, the lower limit is approxi-
mately 75 GeV, while for the latter the lower limit is
approximately 200 GeV.

The per annihilation spectra of these two processes have
been computed through Monte Carlo simulations by Beck
et al. [32]. A notable result from [32] is that the particle
yield functions for 2HDM + S do not vary significantly
for the choice of spin of the dark matter candidate, when
spin 0, 1/2, and 1 were investigated. As such, we limit our
investigation to the spin-0 candidate.

I1I1. RADIO EMISSION FROM DARK MATTER

In this section, we detail the procedure that is followed in
order to produce a model of the dark matter radio emission.
The basic recipe of this procedure is as follows:

(1) Determine the source function of the electrons. This

is proportional to the square of the dark matter
density as well as the WIMP mass, according to the

e relat _ o p 2
following relation Q,(r, E) = (ov) > ‘75 By aye-

(2) Solve for the equilibrium distribution of the elec-
trons ¢(r, E), by solving the diffusion-loss equation.
(3) The synchrotron emissivity is then found by integrat-
ing the product of the electron equilibrium distri-
bution and the synchrotron power, jsync(u, rz) =

2f71"l/{1 dEl//(E9 r)Psync(’/9 E,r, Z)-

The following subsections provide further details and
discussions on each of these steps, where the modeling
of the dark matter signal is detailed in Sec. III A, the
electron equilibrium distribution can be obtained via
Green’s method (outlined in Sec. IIIB) or an operator
splitting method (Sec. III C).

A. Synchrotron emission

Radio emission can be a product of DM annihilation
when relativistic electrons and positrons are products of
the process. The interaction of these particles with the
magnetized environment within the DM halo then produces
synchrotron emission. Positrons and electrons will be
continuously injected into the halo environment from each
DM annihilation. This is typically described through a
source function, which can be expressed as follows:

f
0.rE) = o)) LB, ()
f

where (ov) is the velocity averaged annihilation cross
section for dark matter, 3 ¢ is the branching ratio to state f,

. . - dNS
and the particle production spectra for each state is <. For

general WIMP channels we make use of % from [33,34],
while for 2HDM + S we use results from [32]. The factor
N, (r) details the DM pair density, which can be further

2
expressed as N, (r) = 54
X

trons will evolve with time, as the particles diffuse and lose
energy. It is therefore necessary to solve for the equilibrium
distributions before determining the synchrotron emission.
In many works that consider galaxy clusters, e.g., [35-38],
the effects of diffusion are neglected due to the cooling time
of the electrons being much smaller than the diffusion scale
of galaxy clusters. This simplifies the diffusion-loss equa-
tion that is then solved. While the effects of diffusion on
large scales are minimal it is in principle more robust to
include diffusion when solving for the equilibrium distri-
butions of the electrons. In addition, relatively small scales
within the target clusters are considered in this work,
thus necessitating the inclusion of the diffusion effects.
In Fig. 1 the timescales of diffusion and energy losses are
depicted for a range of radii within the cluster and electron
energies. Here it can be seen that within the scale radius of
the dark matter halo, diffusion occurs quickly and therefore
contributes significantly to the diffusion-loss equation. It is
therefore robust to include diffusion when solving for the
equilibrium distribution of electrons within our regions of
interest.

Within this work, two methods are utilized to obtain the
required equilibrium electron distributions, which we have
outlined in Secs. III B and III C. Synchrotron emission is
produced when the high energy electrons, of energy E,
interact with the magnetic field, of strength B. The power of

The spectra of injected elec-
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FIG. 1. A two-dimensional plot indicating the ratio of the
characteristic timescale of diffusion (zp) to the timescale of
energy losses (zg) for a range of electron energies and radial
position from the center of the dark matter halo. The radius has
been restricted to physically relevant scales, where the minimum
scale is limited by the size of a pixel on the MeerKAT FITs
images and the maximum scale is the scale radius of the dark
matter halo. Abell 4038 has been used as an illustrative example.

this emission is dependent on both the observed frequency
v and the redshift, z, of the source. It is expressed as [39]

7 sin%0 K
Psync(u,E,r,z)z/ do 5 Zﬂ\/gremecygFSync<ﬂ),

0
(6)

. 2 .
with m, as the mass of an electron, r, = - the classical

m,c?
radius of an electron, and the nonrelativistic gyro-frequency

v, = 5B The parameter « is defined as
g 2zm,c

here v, is the plasma frequency, which is directly depen-
dent on the electron density of the environment being
modeled. The function Fy,. gives the synchrotron kernel,
with form

Fne(x) % 125 exp™ (648 + °)1. (8)

The synchrotron emissivity at a radius r within the dark
matter halo is then found be to

M,
jsync(l/’ r’Z) _2/ dEl//(Ev r)PSyﬂC<U7E’ r7Z)7 (9)

m,

where the factor of 2 comes from adding the ws for
electrons and positrons. The emissivity is then used to
calculate the flux density and the azimuthally averaged

surface brightness that would be observed. These quantities
have the form [4]

r jsync(’*r’z)
Ssync(y’z)—A d3r/—477,'D% , (10)

with D; the luminosity distance to the target, and

Isync(y» 0, AQ, Z) :/ dQ/ dl
AQ lLo.s

respectively. Note that, in Eq. (11), AQ represents the
angular binning scale and ® is the angular distance of the
line of sight from the cluster center.

The results of this modeling procedure can then be
compared to measurements of astrophysical sources to
probe the DM parameter space. A common way to go about
this is to compare the integrated fluxes of a region of
interest.

jsync(y’ T, Z)

11
4zAQ (1)

B. Diffusion of electrons: Green’s functions

The required electron distribution y(E, X) is obtained by
solving the diffusion-loss equation under the assumption of
vanishing time derivatives,

V(D(E,x)Vy) +aiE(b(E, X)y) + Q.(E.x) =0. (12
In the above D(E, x) is the diffusion function and b(E, x)
is the energy loss function. In order to facilitate the solution
of this equation we utilize a Green’s function method. This
requires that the diffusion and loss functions have no spatial
dependence. We define the diffusion function under the
assumption of Kolmogorov turbulence via [40]

B2, Ege\ '/
D(E) =3 x 10% <M> em?s~l, (13)
uG

where d,, is the coherence length of the magnetic field, B is

the average magnetic field, dypc = (]‘;%), B, = (%),
and Egey = (7). Although there is an uncertainty in the
choice of diffusion coefficient for extragalactic targets, the
final results are robust to variations in this value [41].
Additionally, Beck et al. [18] investigated the effect of
varying diffusion assumptions. By comparing results
obtained under the assumption of Kolmogorov turbulence
to those obtained assuming Bohmain diffusion, which is
given by [40]

E
Dpopmn(E) = 3.3 x 102 =5 cm2 71, (14)
BPG

the authors found that, for the different diffusion scenarios,
there is a relatively small difference in the predicted surface
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brightness at small radii only. As such in this work, the

results presented assume Kolmogorov turbulence and a

diffusion constant Dy = 3 x 10?® cm?s~!.

The energy loss function is given by

b(E) = bICE(23eV + bsyncEéeVBﬁG

+ bCOulﬁcmS <log <_ 4 ) + 73)
Nem3

+ bbremﬁcm37(10g(7) + 0'36)’ (15)

as in [42]. In this expression y = #, the average gas
density is 71, fiems = (=), B is the average magnetic field
and BPG = (%)
of the given process, these being inverse Compton scatter-
ing, synchrotron emission, Coulomb scattering, and brems-
strahlung, in the order they appear. The values of the
numerical coefficients are 0.25 x 10716(1 + z)* [for scat-
tering with cosmic microwave background (CMB) pho-
tons], 0.0254 x 10715, 7.6 x 107® and 7.1 x 1072,
respectively, in units of GeV s~'. We note that the utiliza-
tion of a Green’s function to solve for the equilibrium
electron distributions requires that the diffusion and loss
functions have no spatial dependence. This necessitates the
use of an average for the gas density and magnetic field.
These radial averaged values are calculated within the scale
radius of the dark matter halo, to ensure that they are
reflective of the environment in which a majority of
annihilations will occur [18]. For comparison the operator
splitting method outlined in Sec. III C retains the spatial
dependence of these functions.

The equilibrium solutions to Eq. (12), assuming spheri-
cal symmetry, are given by [43,44]

. Each term represents the energy loss rate

1

l//(raE):@

/M" dE'G(r,E,EQ(r,E). (16)

The Green’s function has the form

1 - T r
G(r,E,E) = -1 ”/ dr' — feo.,, 17
( ) \/mn:z_oo( ) 0 rnfG, ( )

where 7y, is the diffusion limit, where it is expected that y
approaches zero, and n € Z.

fon= (exp G%} - (_(r/ - 21)2)) %(U)

(18)

with internal functions expressed as [4]

Av =v(E)—v(E) (19)

and

w(E) = /E " i((j:)) (20)

C. Diffusion of electrons: OS method

This solution method is an operator splitting (OS)
method [45,46] which follows the scheme used in the
public code GALPROP [47] and in [10].

In this case, we take the diffusion function in galaxy
clusters to be

B(r)
B(0)

1
31
D(E,r) = 102°< > ELycem?s™l. (21)
This is designed to generate a similar magnitude to the
Green’s approach in the cluster center. We then discretize
the diffusion-loss equation according to the scheme

yit -y el — ey 4y
At 2At
i — oyl + 0‘31//?“
: 22
+ AL + Q.0 (22)

where i are spatial or energy indices and n are those for
time. The a coefficients are determined by matching to
Eq. (12) with nonzero time derivative of y on the right-
hand side. This can be rearranged to form a tridiagonal
equation

a 1 a 13 1
—El//?j + <1 4’7)‘/’7+ _?W?L
a

= Q0. ;Ar+ D)

s 24}

wig+ |\ =5 Jwi+5 v (23)
2 2

matching the form Ay"*! = By" + Q, where A and B are

tridiagonal matrices.

1. Operator splitting

The time derivative is then split into two operators, one
depending on energy and the other on radius. Each of these
will be acted independently on y sequentially to produce
the full update from time n to n + 1. We then transform the
variables E and r to use a logarithmic scale, to better
account for the range of physical scales involved, i.e. E =
log,o(E/Ey) and 7 =logy(r/ry), where E, and r, are
chosen scale parameters. We discretize the r derivative term
as in a generalized Crank-Nicolson scheme [46]

10

d By =W
—20— (I’ZD _dw> e (ro 1Og(10)10ri)_2 |:4W1+1 l//l_l
reor r

2A7

or

Vigl — Zl/fi T Wi D|}
AP !

x <log(10)D + a_p)

i

+

(24)

123536-5



LAVIS, SARKIS, BECK, and KNOWLES

PHYS. REV. D 108, 123536 (2023)

with the energy derivative

0 L |bwi —biy;
o 0) = (Bytog(10)10) [PV32 20 (as)

where A7 and AE represent the radial and energy grid
spacings, and the time superscripts have been suppressed as
they are all identical. Note that in the case of the energy
derivative we use only forward differencing, as energy is
only lost in the problem, not gained. The updating scheme
is then given by

W= () (26)

l[/n+1 — \P;<wn+1/2), (27>

where Wy, and W; are the partial updating operators:

a _ o W(0)D+2 p
Ar*c7< aF T AR

i

P @ = ;2 (%) i (28)
_» (In(10)D+2
&= Crz(T‘) + %) ,.
and
5=0
_1 b
Wriq 5= Ch gt - (29)
§=C'%E

Here C; = (rylog(10)107) and Cj = (Eylog(10)105).
Note that determining y"*!/2 and yw"*! each require
solving a tridiagonal system of equations.

2. Boundary conditions

The final aspect of the solution is to specify boundary
conditions. These are taken to be

w =0, F = Fraxs (30)
0
a_l;’:()’ 7 = Fmin- (31)
These conditions then imply
E=0
F=Tmin * Z_ZI o ;2 (%) i (32>

3. Convergence and timescales

To determine convergence we need to specify the loss
and diffusion timescales as

oSl

= 33
floss = (E. 7) (33)
and
~2
7.
— Tmin_ 34
= D(E,7) (34)

These can be compared to the timescale on which the
solution changes

PO — (35)

1% ’<wn+1_wn)—1‘
At

When 7, is less than both loss and diffusion timescales at
all r and E the solution is considered to have converged.

In practice we adopt the same accelerated convergence as
GALPROP [47]. This involves starting at a large time step
value ~10° years performing a minimum of 100 steps (we
require the solution’s fractional change per time step has
fallen to 1073) and then reducing the time step by a factor
of 2. This continues till we reach a minimum scale
~10 years. Final convergence is then determined by
comparison of timescales and the requirement that the
solution’s fractional change per time step has fallen to 1073,

In Fig. 2 we show the equilibrium electron distribution as
a function of both electron energy and radial position for
Abell 4038. This plot shows that the electrons are con-
centrated toward the center of the cluster and fall off as the
radial distance is increased.

3.0
—20 5
2.5 !
7 i
= Z
—20 —25 O,
z s
15 =
3 &
1.0

0.5 1.0 1.5 2.0
logyy(E) [GeV]

FIG. 2. Log-log plot of the equilibrium electron distribution
as a function of the electron energy and radial position, where
we have used Abell 4038 as an illustrative example. The solid
black line indicates the scale radius of the dark matter halo
of Abell 4038.
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D. Boost factor

The above modeling procedure for predicting the syn-
chrotron emission assumes a smooth DM profile, and it
is reasonable to expect that the presence of substructure
will affect the strength of the annihilation signal. Molin é
et al. 2017 [48] investigate the effect of substructure on
the annihilation signal. The authors present a parametric
equation for the boost factor as a function of host halo
mass. The boost is given by

Sl

where the best-fit parameters b; are presented for two
values of the slope of the subhalo mass function, @ = 1.9
and @ = 2. In this work, we utilize the parametric equation
with @ = 2 to calculate the full boost factor within the
virial radius, denoted by [}, Here, elaboration is required
for the use of the term “full boost.” It must be noted
that the authors formulated the expression for this factor
with primarily y-ray annihilation signals in mind. On the
contrary, synchrotron emission cannot benefit from this
enhancement in the signal. This is due to the fact that
subhalos are more common on the outskirts of the host
halo [49], where magnetic fields are weaker. Thus, it is
necessary to scale the boost to the regions where synchro-
tron emission is more likely. This is achieved through
the consideration of the spatial distribution of the sub-
structure within the host halo, as well as the magnetic field
distribution. This leads to the scaled boost taking the form
presented in Beck er al. 2022 [18]:

B(R) = 47[A drr? S boost (BBE(’;)

where Py, (r) is the subhalo mass density normalized to 1
between 0 and the virial radius. It can be understood as the
host halo mass density multiplied by a modifier function
from [49]. The factor fi,. 1S the full boost factor described
above. The substructure fluxes appear to exhibit a depend-
ency on B rather than B, and it is possible this is due to the
effect of the energy losses [18].

The flux from the host halo is then multiplied by B(R) to
account for the presence of substructure, and obtain the
total expected flux from dark matter annihilation. It is noted
however that the uncertainties of the subhalo distribution
will affect any constraints of dark matter properties that are
deduced through comparisons of integrated fluxes.

)pw), (37)

IV. THE GALAXY CLUSTER SAMPLE AND
MODELING PARAMETERS
A. Galaxy cluster sample

The MGCLS [19] consists of ~1000 hours of observa-
tions of 115 galaxy clusters in the L. band. The sample is

heterogeneous, with no mass or redshift criteria applied in
the selection. The clusters can be categorized as either
“radio selected” or “x-ray selected.” Clusters in the radio-
selected group have been previously searched for diffuse
emission, and as a result, have a bias towards high-mass
clusters that host radio halos and relics. The x-ray selected
group consists of clusters selected from the meta-catalog of
x-ray-detected clusters (MCXC) [50], chosen with the
intention to form a sample without a bias to radio proper-
ties. Of the 115 clusters observed, 62 clusters were found to
contain a form of diffuse cluster emission, many of which
were previously undetected [19].

MGCLS data release 1 (DR1)” includes primary beam
corrected images, referred to as enhanced data products.
There are two types of advanced products available: five-
plane cubes consisting of the intensity at the reference
frequency (1.28 GHz), spectral index, brightness uncer-
tainty estimate, spectral index uncertainty, and the y> of
the least squares fit, as well as a frequency cube of intensity
images with 12 frequency planes. There are two resolu-
tions provided in DR1, 7” and 15”. In this work the full
resolution (7”) images are utilized for the identification of
compact point sources, while the convolved images (15”)
images are used to identify the faint diffuse emission of
radio halos or minihalos. Details of the data reduction
process are available in [19].

Galaxy clusters investigated in this work are selected
from the MGCLS catalog based on the availability of the
DM halo properties in the current literature. The sample
includes 12 clusters with giant radio halos. Furthermore,
two clusters with minihalos and three clusters with non-
detections of diffuse emission are investigated. These
fainter sources are considered to probe the effects of the
presence of large baryonic backgrounds on the DM con-
straints. The properties of the galaxy clusters investigated
are listed in Table I, where the clusters with giant radio
halos are sample 1 and the rest are sample 2.

B. Modeling parameters

We model the DM halo density profile with a form of the
Hernquist-Zhao density profile [62],

P = et (38)

where we consider two halo indexes, a =1 which
describes an NFW density profile, and a = 0.5 which
describes a more shallowly cusped profile. Sarkis ez al. [41]
find that a more cuspy profile results in stronger constraints
on the annihilation cross section. This is a consequence of a
higher DM density in the central region of the DM halo.
While the DM density profiles of the targets are uncertain,
there is evidence that supports an NFW-like density profile

2https://doi.org/ 10.48479/7epd-w356
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TABLE 1.

Cluster and DM halo properties. (2) Redshift. (3)-(4) Sample I—NED cluster position, Sample 2—MCXC central

coordinates. (5) Halo mass. (6) Halo concentration. (7) Contrast ratio for mass and concentration. (8) Diffuse emission (DE)
classification as found in [19]. (9) References. The ¢ values marked with an asterisk are estimated to match simulation results [51] with

intrinsic scatter from [52].

Cluster name (1)

z (2) R.A.jg0 (deg) (3) Decpygo (deg) (4) M(10°Mg) (5)

Sample 1

Abell 209 0.206 22.990 —13.576
Abell 370 0.375 39.960 —1.586
Abell 545 0.154 83.102 —11.543
Abell 2667 0.230 357.920 —26.084
Abell 2813 0.29 10.852 —20.621
Abell S295 0.3 414 —53.038
Abell S1063 0.348 342.181 —44.529
J0303.7-7752 0.274 45.943 —77.869
J0528.9-3927 0.284 82.235 —39.463
J0638.7-5358 0.233 99.694 -53.972
J0645.4-5413 0.167 101.372 —54.219
J1601.7-7544 0.153 240.445 —75.746
Sample 2

Abell 4038 0.028 356.93 —28.1414
Abell 133 0.057 15.6754 —21.8736
RXCJ0225.1-2928 0.060 36.2937 —29.4739
J0600.8-5835 0.037 90.2012 —58.5872
J0757.7-5315 0.039 119.4437 —53.2636

c (6) 6 (7) DE (8) References (9)
1.35+0.18 2.55+1.18 200 Halo [19,53]
3.11 £ 0.60 5.83+0.84 200 Halo [19] [52,54]
0.76 +0.07 3.4 4+0.93* 500 Halo [19,55]
0.92 +0.09 3.4 4+0.93* 500 Halo [19,56]
1.241 £0.243 345+1.15 200 Halo [19,53]
0.51 +0.195 3.7+1.23 200 Halo [19,53]
1.494+0.314 33+1.1 200 Halo [19,53]
0.69 + 0.07 3.4+£0.93* 500 Halo [19,56]
1.4£0.28 514 200 Halo [19,57]
0.67 +0.07 3.4 4+0.93* 500 Halo [19,56]
1.24 +£0.31 3.65+1.22 200 Halo [19,53]
0.75 +0.08 3.4+0.93* 500 Halo [19,56]
0.46 £0.14 6.66 £ 1.4* Virial Mini halo [19,50,58]
0.389 £0.048 6.61 & 1.4* Virial Mini halo [19,50,59]
0.096 £0.004 10.7 +4.2 500 [19,50,60,61]
0.043 £ 0.004 3.8+ 0.93* 500 [19,50]
0.11 +0.01 3.4+0.93* 500 [19,50]

in galaxy clusters [18,63,64]. As such, we consider the
shallowly cusped profile to be the upper bound for the
uncertainty in the structure of the halo profile.

Our method to determine halo parameters relies on two
inputs: a concentration cs and a mass M. These are linked
via a contrast § as follows:

3Ms \1/3
e <4ﬂpc5> ’ (39)
Cs = ?, (40)

N

where p,. is the critical density of the Universe. There are
three common ¢ values: 200, 500, and

Syir = 187% — 80x — 39x2, (41)

1
x=1-

1-Q,,0
Lt g, iy

(42)

If we do not possess a cs value, then we estimate it aiming
for consistency between M,y and c,yy, requiring they
match the scaling relation from [51]. We then impose an
uncertainty consistent with a Ac,;;y = 1.4 which is the
intrinsic observational scatter from [52]. In some cases,
such as A133, ¢y values are available [52] but are highly
uncertain and vary strongly between x-ray and optical
experiments. In these cases, we again resort to consistency
with [51] (the resulting values fall on the lower end of

estimates from [52] so constitute a conservative estimate).
With these in hand, we determine our halo parameters
ry and p, by Markov chain Monte Carlo (MCMC) sampling
using the EMCEE’ package [65] and determining appro-
priate posterior distributions. The calculated values are
displayed in Table II. The corner plot of Abell 4038 is
shown as an example in Fig. 3.

In addition, in order to model the synchrotron emission
we must first model the electron distribution and the
magnetic fields. For this, we require the gas density
normalization factor, the scale radius, and the index of
the radial profile, and similarly for the magnetic field. At
present these properties were not available in the literature
for many of the target clusters. For clusters where the
information was unavailable the properties of the Coma
cluster were scaled to the size of the target. The gas
normalization factor is scaled according to

1/3
M yiia) ) /
MComa,virial

The gas scale, r.,, and magnetic field scale, rg, are
assumed to have the same value, following the behavior
displayed by Coma. This factor is scaled with the virial
radius using the following relation:

ng = nComa,O( (43)

Tvirial
Te/B = Te/B.Coma (7 . (44)
T'virial,Coma

*https://github.com/dfm/emcee
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FIG. 3.
determined through MCMC sampling with the use of the EMCEE
package for Abell 4038.

The corner plot of the uncertainty of r, and p,

The properties of the Coma cluster are listed in Table III.
For Abell 133, Abell 4038, and RXCJ0225.1-2928
properties of the gas density distribution were found in
the literature. The gas density distribution for Abell 133
is best described by a double beta profile, while single
beta profiles provide more realistic indexes for Abell
4038 and RXCJ0225.1-2928. The gas density distribution
parameters for these clusters are listed in Table IV. The
gas density distribution parameters for J0600.8-5835 and
JO757.7-5315 are scaled with the Coma parameters
according to Eqs. (43) and (44).

The magnetic field strength, B, does not have a mass
dependence but rather depends on the dynamical activity
occurring within the cluster. Faraday rotation analyses
of radio sources within or behind the cluster are a key
technique used to obtain information on the cluster’s
magnetic field strength. Govoni ez al. [73] find that rotation
measures are extremely high in clusters that contain cool
cores. The derived magnetic field strengths range from 5 up
to 30 pG in extreme cases. Dynamically disturbed clusters
have rotation measure data that is consistent with pG
central magnetic field strengths, with values ~2-8 pG. A
more recent study by Osinga et al. [74] utilizes the
depolarization of radio sources within and behind clusters
to probe magnetic field parameters. Through a statistical
analysis, the authors found that the best-fitting models have
a central magnetic field strength 5-10 pG. Due to insuffi-
cient detections within the core regions, no significant

TABLE II. Calculated halo parameters. (2) The scale radius of
the dark matter halo in Mpc. (3) The scale density of the dark
matter halo. (4) Scaled boost factor. The scale radius for the more
shallowly cusped profile is 1.5 times smaller than that of plain
NFW and p, changes to ensure normalization.

ry (Mpc)  pg (10°MgMpc=3)  Scaled
Cluster name (1) 2 3 boost (4)
Sample 1
Abell 209 0.69-016 049791 3.69
Abell 370 0.467006 235108 >.78
Abell 545 0.39+007 2034037 5.30
Abell 2667 0.409:007 1.494082 1.92
Abell 2813 0562013 0.72193 2.84
Abell $295 0.407019 0.78+04¢ 5.58
Abell $1063 0.67013 0.73503% >.74
J0303.7-7752 0.367006 1591083 4.34
J0528.9-3927 0.421008 1.491 056 1.82
J0638.7-5358 0.662:1097 15120 5.28
J0645.4-5413 056013 0.7159% 4.27
J1601.7-7544 0.39:097 1.397037 3.06
Sample 2
Abell 4038 0.30+08 1155082
Abell 133 0.287007 1235973
RXCJ0225.1-2928  0.067003 21261764
J0600.8-5835 0.14+004 156108
J0757.7-5315 0.21+006 1.2810¢7

difference between cool core and noncool cores was
observed. We take a conservative estimation of 5 and
8 uG for the magnetic field normalization for disturbed
clusters and cool-core clusters, respectively. This central
value is a source of uncertainty and as such we consider the
potential effects of the central magnetic field strength on the
upper limits of the annihilation cross section. An illustrative
example of the effects of B, on the upper limits for Abell
4038 is shown in Fig. 4. We take M, =100 GeV,
annihilation through bottom quarks, and an NFW DM
density profile for Abell 4038. The bounds on the anni-
hilation cross section scales with the inverse square of the
magnetic field strength for small values and flattens with

TABLE III. Properties of the Coma cluster used in the scaling
relations to obtain values for similar clusters.

Property Value Reference
By 4.7 uG [66]

n 0.5 [66]
ng 3.49 x 1073 cm™3 [67]

g —-0.654 [67]

T, 253 kpc [67]
M, 1.24 x 10° M, [68]
Tyir 2.7 Mpc [68]
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TABLE IV. Electron distribution properties of the clusters analyzed by surface brightness. (2) The gas normalization factor. (3) The
second gas normalization factor is applicable in a double beta profile. (4) The gas scale, where (5) gives the second gas scale for the

double beta profile. (6) gives the exponent of the profile and the second exponent for the double beta profile is given in (7).

Cluster name (1) ny (em™3) (2)  ng, (em™3) 3)  r. (kpe) @) 7, (kpe) (5) B (6) P, (7)) References (8)
Abell 4038 0.022 75.87 —0.54 [69,70]
Abell 133 [71]
Double beta profile 0.007 0.001 81.18 391 —0.75 —-1.08

RXCJ0225.1-2928 [72]

Beta profile 0.004 112 e -0.8

larger values. The pixel-by-pixel method shows less varia- _ ne(r)\" 45
. . . P B(r) - BO - ) ( )
tion in (ow), across the considered range. This is likely due no

to the OS method incorporating the spatial dependence of
the magnetic field, rather than taking an average value, and
therefore reducing the uncertainty of the results due to the
modeling parameters.

We take 2 pG as the lower limit for the central magnetic
field, following values found for other galaxy clusters in
literature e.g. [75-77]. We find that for the cool-core
clusters, the limits are weakened by an order of magnitude
for the flux uncertainty method and roughly a factor of 4
for the pixel-by-pixel method. For the non-cool-cored
clusters, the limits are weakened by a factor of 7 and 4
for the flux uncertainty method and the pixel-by-pixel
methods, respectively, when Bj, is reduced from 5 to 2 pG.

As many magnetic field parameters are currently
unavailable we utilize general scaling relations that have
been noted by Faraday rotation measure studies performed
on clusters of galaxies [76,78,79]. A common choice is to
assume that the magnetic field distribution follows that of
the gas density through

1072

> —27 | >SS
R <o
________ ——
M, = 100GeV,
10728, bB
2 1 6 8 10

B (uG)

FIG. 4. The impact of the magnetic field strength on the bound
on the annihilation cross section, in an example taking
M, = 100 GeV, annihilation through bb, and an NFW density
profile for the median scale parameters of Abell 4038. The points
show the magnetic field strength used in the analysis.

predicted through both cosmological simulations and the
comparison between thermal and radio brightness profiles
[80]. The choice of 7 = 0.5 corresponds to a magnetic field
whose energy density decreases with radius in the same
way as the gas density [78].

For sample 1 the DM upper limits are determined by a 26
exclusion of the DM signal from the measured diffuse flux
of the radio halos present. Due to the much larger physical
scales investigated in this sample, the effects of varying
central positions are negligible. For sample 2 the DM signal
is injected into the MeerKAT surface brightness maps. The
signal would ideally be centered on the center of the DM
distribution. This position is typically estimated by the
center of the galaxy cluster. However, the various measures
of the cluster center (e.g. the peak and centroid of the x-ray
luminosity, the position of the brightest central galaxy, the
peak of the density and the minimum of the gravitational
potential) are offset in galaxy clusters that are not in
complete equilibrium. Here we consider the DM profile
centered on the x-ray peak value from the MCXC [50]. This
is a good indicator of the cluster center in relaxed clusters
[81,82]. The effects of different central positions will be
discussed in Sec. VIIL.

V. METHODOLOGY

In order to determine upper limits for the DM cross
section the 2¢ exclusion is derived by comparing a predic-
ted DM signal to the diffuse emission of a radio halo, or the
value of the noise in the case of a nondetection. Therefore,
it is required to remove the contributions of compact
emission from the total measured flux. Contributions to
the surface brightness from compact sources are identified
with PYTHON Blob Detector Source Finder (PyBDSF)
[83],* using the 7" primary beam corrected MGCLS data
products. The superior resolution of these images allows
PyBDSF to more accurately identify the boundaries of
compact sources. The default island and boundary thresholds

4https ://github.com/lofar-astron/PyBDSF
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are utilized, 30, and 50, respectively. The residual
images are produced as an output of PyBDSF.

A. Integrated flux comparison

For galaxy clusters within the sample that contain a giant
radio halo, we attempt to place an upper limit on the
annihilation cross section via a comparison of the measured
integrated flux and the modeled DM flux over the region of
the radio halo. A 20 confidence level can be obtained
through

S+ 2Gunco:rtainty

S8 (46)

(ov) =

where S is the measured flux density of the radio halo,
Cuncertainty 18 the uncertainty in the measured flux, S, is our
modeled dark matter induced flux density as given in
Eq. (10) where the cross section dependence has been
extracted and B is the boost factor due to the presence of
substructure within the dark matter halo [see Eq. (37)].

The region spanned by the radio halo is determined by
applying a 30,,,, contour, where o, is the local rms noise.
This is done on the 15” images, which are more sensitive to
the faint diffuse emission. For simplicity, we choose our
region of interest to be a circular region extended to contain
the radio halo contours. An example of this is shown
in Fig. 5.

The integrated flux of the region of interest is obtained
with the PYTHON plugin RADIOFLUX.” The package can be
used with the FITS image viewing software SAOImageDS9°
[84] or standalone. This package calculates the total flux
within a user-specified region by summing the values of all
the pixels that fall within the region and applying a
conversion factor of the area of the beam to a solid angle.
The beam is assumed to be Gaussian, where its area is
defined by the two-dimensional integral,

Q- 7OMATOMIN

4In2 (47)

where Oya; and Oy are the full-width half maximums
along the major and minor axes, respectively, in terms of
pixels [85].

Selecting the background subtraction option provided
takes into account the noise of the image map, and
estimates a statistical uncertainty.

There are various sources of uncertainty that accumulate
through this procedure, and it is nontrivial to accurately
account for their effects. A statistical estimate of the
uncertainty of the flux within the circular region is obtained
by accounting for the noise. The systematic uncertainty is
estimated to be ~6% of the measured flux, obtained via a

5https://Www.extragalactic.info/(~)mjh/radi0—ﬂux.html
6https://sites. google.com/cfa.harvard.edu/saoimageds9
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FIG. 5. Illustrative example of the procedure for obtaining the
diffuse flux, depicting Abell 370. The contours shown are —3¢
and 3¢ in dark and light blue, respectively, where o is the local
rms noise. The black circular region is the region chosen, that
aims to contain the entire radio halo. The beam is shown in the
lower left corner. Upper: the surface brightness at 15” resolution.
The crosses indicate the presence of point sources identified by
PYBDSF in the full-resolution image, which are then removed.
Lower: the residual image produced by PyBDSF of region of the
radio halo.

flux density comparison of the MGCLS compact sources to
the corresponding sources in the NRAO VLA Sky Survey
and the Sydney University Molonglo Sky Survey [19]. A
simple estimation of the uncertainty is obtained by adding
these two quantities in quadrature,

_ 2 2
Ouncertainty — \/Gstatistical + asystematic‘ <48)

An additional source of uncertainty comes from the
identification of the compact sources by PyBDSF. We
recall that PyBDSF attempts to fit Gaussian functions to
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bright islands of emission. However, it does not take into
consideration that a peak in emission might have contri-
butions from both compact sources and the diffuse emis-
sion present in the region. This can lead to oversubtraction
when removing the contributions from compact sources.
This uncertainty is nontrivial to quantify, but we make note
that the effect of oversubtracting may be lowering the
diffuse flux density measurement, and biasing our obtained
upper limits on the annihilation cross section to lower
values.

B. Flux uncertainty exclusion limits

For targets with a fainter diffuse background, we
attempt a variation of a flux comparison. This approach
requires modeling the DM annihilation signal and
injecting this into the MGCLS map in the region of the
cluster center. We note that the electron equilibrium
distributions for this method are calculated using
Green’s method. This requires the assumption that the
diffusion and loss functions have no spatial dependence,
in contrast to a Crank-Nicolson scheme [18] which retains
the spatial dependences of these functions. Beck et al. [18]
compare the results from the two methods and found
that for integrated flux measurements, the assumption that
the diffusion and loss functions do not have a spatial
dependence does not overly affect the results. This is
expected due to the large physical scales used to deter-
mine the integrated flux. In order to reduce the required
computational time the MGCLS surface brightness plane
is cropped to a 20’ by 20’ square centered on the
pointing coordinates listed in Table I. The contribution
to the surface brightness from compact sources is removed
with PyBDS F.” The signal injection is performed with the
Common Astronomy Software Applications package
CASA [86]. Thereafter, we compare the flux within the
region of interest before and after signal injection to
determine the upper limits on the annihilation cross
section. However, we recall that dark matter halos, and
therefore their signals, do not have a defined size. In order
to choose an appropriate radius over which to measure the
total flux we consider the relative size of the expected
annihilation signal’s dependency on the integration radius.
We recall that the signal can be characterized by the J
factor, Jon (@) = [, P*(¢.1)dl, an integral of the square
of the density distribution. Noting that the density dis-
tribution is spherically symmetric we can perform a
volume integral of the profile to determine how much
of the annihilation signal will be contained within a given
radius. The contained signal is proportional to

a  x? 1 1
S S 4
A 2O+ 3 3@+ 1) (49)

7https://pybdsf.readthedocs.io/en/latest/

where a = r/r,. From this, we are able to deduce that
approximately 70% of the anticipated dark matter signal is
contained within » = 0.5r; or a = 0.5. We chose this to be
the default choice for the region of integration.

The upper limit on the annihilation cross section is then
found through

26unccrtainty ( 5 0)

(ov) = 10726 cm?®s~!
SInjected - Soriginal

where Soriginal and Stpjeciea are the total fluxes in the same
region before and after the injection of the DM signal,
and Gypcerainyy 18 the statistical uncertainty of Serigina-
Requiring that the excess flux after the injection is twice
the uncertainty approximates a 95% confidence level. The
factor 10720 assumes that the injection is performed with a
modeled DM signal that has (ov) = 10726 cm? 57!

The integrated flux is calculated by taking into account
the noise via a background subtraction. For a signifi-
cant DM signal in the background region, the required
cross section is approximately two orders of magnitude
larger than the upper limits determined. Therefore ensur-
ing that the background subtraction does not remove
more than the intrinsic noise of the image. The result of
this process is a set of exclusion curves for (6v), shown
in Figs. 8-12.

C. Pixel-by-pixel method

We also implement a statistical analysis of the MGCLS
data that compares the radio surface brightness values at
each individual pixel to the model values at corresponding
sky locations. This method has been used in [41], and is
similar to the one described in [7,87].

To compare these quantities at the pixel level, we first
ensure that the MGCLS data and the calculated DM
models are projected onto the same sky coordinates,
using the ASTROPY REPROJECT module.® For each target,
we select a square region of the sky centered on the
MCXC central coordinates (as defined in Table I) and
consider a region of interest (ROI) that is 2.5’ x 2.5 in
angular size. After the removal of compact sources with
the PyBDSF package, we mask any negative pixels that
have an absolute value that is larger than three times the
combined uncertainty estimate from the MGCLS plane
cubes and the rms output from PyBDSF, in a similar
manner to [7].

In each target, the ROI contains several thousand pixels,
while the full-width half maximum of the synthesized beam
in each case contains ~45 pixels. If we consider the pixels
inside a beamwidth to be highly correlated, while assuming
those outside the beamwidth have no correlation, we are
left with hundreds of effective resolution elements with
which to do the analysis. Thus, under the aforementioned

8https ://reproject.readthedocs.io/en/stable/
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assumption, we adopt a Gaussian likelihood for our model,
such that

L=e7, (51)

where

N,
1 AN —sn 2
2 _ E model data ) 52
o Npm £ ( Orms ) 52)

n=

Here the standard y? statistic has been weighted by the
number of pixels per beam (Ngiam), which we use to
approximately account for the correlation effects men-
tioned above, and the sum runs over all the pixels in the
ROI (N,y). In this case, the of,, values correspond to a
combination of the MGCLS uncertainty and PyBDSF rms
estimates. Our free parameter in this analysis is the thermal
annihilation relic cross section (ov), which gives us a set of
Simodel Values with which to calculate y>. We then find a
one-sided upper confidence level for (ov) by performing a
standard likelihood ratio test over each model (denoted by
the subscript i):

Ao = =210 [L:/ Lo,
= e =17 = Xhin- (53)

Since the quantity 2. here is the one which maximizes the
likelihood, we can manipulate the value of 1. to define
the extent of the confidence level; for example, a value of
A. = 0 will result in a best-fit model. In this work, we
consider a 20 confidence level, which means that in the
probability function that describes the likelihood,

_ [ exp(=7/2)
P= /\/Zd)( S = 00s. (54)

which yields 1, = 2.71. We use this in Eq. (53) to find an
upper-limit model for (6v), which we then repeat for each
WIMP mass and DM parameter set. The result of this
process is a set of exclusion curves for (ov), shown in
Figs. 8-12.

The statistical tests employed are valid for the amount of
data points used in each image. In addition, the analysis is
performed in the same way for all the images. By utilizing
every available pixel within the ROI and comparing to the
model in a direct way, the analysis can be considered
robust. It is important to note that, unlike [7,87], we do not
profile the likelihood. Instead, we consider a range of upper
limits resulting from the choice of halo profile configura-
tions and separately consider the effect of the magnetic
field strength.

VI. RESULTS

In this investigation, WIMP masses are probed from 10
to 1000 GeV. For the 2HDM + S model the lowest mass
that can be probed is 75 GeV for the annihilation chain
studied, see Sec. II. This is the lowest DM mass that is able
to produce the mediator boson, or the heavy scalar boson
together with a Higgs boson. The effect of this is evident by
the reduced range of the 2HDM + S cross section limits in
the results.

A. Integrated flux comparison

The upper limits of the annihilation cross section for
clusters containing giant radio halos assume an NFW DM
density profile. In addition, the electron distributions are
obtained through the use of Green’s functions.

The results for Abell 370 are depicted in Fig. 6. These
are the most constraining results of the 12 clusters inves-
tigated. With the median case NFW limits we are able to
exclude annihilation through putu~ below 60 GeV, and
through 77z~ below 30 GeV.

More constraining limits on DM properties can be
obtained from clusters with giant radio halos by removing
the contribution to the flux density due to normal diffuse
cosmic rays. This would require radio continuum spectral
data and has been attempted by Chan et al. [35,36,38]. In
these works, it is argued that radio continuum spectrum
data could be used to differentiate the contributions of

10721_ IJ+IJ_
TrT™

107224 bb
2HDM+S

10! 102 ' 108
M, | GeV

FIG. 6. Upper limits on the DM annihilation cross section at a
95% confidence level for Abell 370, determined the integrated
flux comparison of the DM signal and the diffuse emission of the
radio halo. An NFW profile is assumed to produce the median
case limits (shown by the solid lines), while the lower bound of
the uncertainty band accounts for the upper limits of the scale
radius and density, while the upper bound of the band utilizes the
lower bound of r; and p,, a modified NFW density profile
(a = 0.5), as well as reducing B, from 5 to 2 pG. The dotted line
represents the calculated thermal relic value of the cross section,
taken from [88], below which models are excluded.
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cosmic rays and dark matter to the diffuse emission as the
spectral index could be different. However, the spectral
shape of the cosmic ray contribution depends on the
assumed model for the production mechanism, primary
electron emission models, secondary electron emission
models, or in situ acceleration. Parametric equations [36]
for the cosmic ray contributions are

v \¢ 1
Scr = Scro (GHZ) [1 n (L)F:|’ I'=05 or 1,

(55)
as well as
v —a
Scr = Scro oz (56)
and
Ser = S VN exp—220) 57
CR CR.0 GHz exXp > ( )

respectively. In the above Scrg, vy, and a are free
parameters for the fitting to the observed radio spectrum.
Such an analysis assumes that the measured flux with its
uncertainty is the expected flux density. This is valid in
cases where the contribution from star formation is neg-
ligible [89] but should be used with caution, particularly for
smaller-scaled structures where the contribution from star
formation is significant.

B. Comparison of flux uncertainty
and pixel-by-pixel method

For the clusters investigated through these methods,
we have depicted our median limits, where the median
values of the dark matter halo parameters are utilized,
with a standard NFW profile, and the default magnetic
field strength of either 5 or 8 pG for non-cool-cored and
cool-cored clusters, respectively. The lower bound of the
uncertainty band is found with the upper bound on the
scale density while maintaining the default magnetic
field strength and an NFW profile. The upper bound of
the annihilation cross section limits is obtained with the
lower bound on the scale density, a modified NFW profile
(¢ =0.5), and a reduced magnetic field strength of 2 puG.
We assume that for any reasonable modeling parameters,
the upper limits on the annihilation cross section will lie
within the band of uncertainty. We note that the shallower
dark matter density profile weakens the upper limits on the
annihilation cross section by a factor of 2, while the
reduction in B, weakens the limits by a factor of 7 (10
for cool-cored) or 4 for the flux uncertainty method and
the pixel-by-pixel method, respectively. Therefore it can
be seen that the chosen central magnetic field value can

Abell 133 le-5

21°45' {

50

Dec (J2000)

55 B

o
Surface Brightness (Jy/beam)

-22°00"

RA (J2000)

Abell 133, subtracted le-5

-21°45'

Dec (J2000)
o
Surface Brightness (Jy/beam)

-3

02Mm403 208
RA (J2000)

1h03m20° 00°

FIG. 7. Abell 133 focused on the MeerKAT pointing coordi-
nates, cropped to a 20’ x 20" square. The beam size is shown in
the lower left corner of all maps. The dark and light contours
correspond to —2¢ and 2o of the local average rms, respectively.
Upper: the MGCLS 7" surface brightness map. Lower: the
residual image produced by PyBDSF showing over-subtraction.

induce a greater uncertainty on the derived upper limits
than the uncertainty from the shape of the dark matter
density profile.

We display the results for both flux uncertainty
and pixel-by-pixel methods for Abell 133, Abell 4038,
RXCJ0225.1-2928, J0600.8-5835, and J0757.7-5315.
The bounds on the annihilation cross section obtained
through the flux uncertainty method solve for the equilib-
rium electron distributions through the use of Green’s
functions. We do not expect the bounds on the annihilation
cross section to vary significantly if a Crank-Nicolson
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FIG. 8. Upper limits (2¢) on the annihilation cross section for
WIMPs in Abell 133, annihilating via 3 generic intermediate
channels as well as through 2HDM + S. The solid line represents
the limits obtained with the median value of the scale dark matter
parameters, with the default B, value (8 pG) and an NFW density
profile. The uncertainty bands consider the uncertainty in the
calculated dark matter scale parameters, the uncertainty in the
slope of the density profile, and the uncertainty in the magnetic
field. The upper bound of the uncertainty band is found with the
lower values of the scale density, a modified NFW profile with
a = 0.5, and a reduced magnetic field strength By = 2 pG, while
the lower bound considers the default magnetic field, an NFW
profile and the upper value of the scale density. The dotted line
represents the calculated thermal relic value, taken from [88].
Upper: results obtained through the flux uncertainty comparison.
Lower: results obtained through the pixel-by-pixel method.

scheme is used instead when utilizing an integrated flux
value. The bounds on the annihilation cross section
obtained through the pixel-by-pixel method make use of
the OS method to solve for the electron distributions.
For Abell 4038, RXCJ0225.1-2928, J0600.8-5835, and
J0757.7-5315 the residual image produced by PyBDSF is
used as the sky image, either as the initial image for
signal injection or pixel-by-pixel comparison. The cen-
tral region of Abell 133 contains an extremely bright
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FIG. 9. Upper limits (2¢) on the annihilation cross section for
WIMPs in Abell 4038, annihilating via three generic intermediate
channels as well as through 2HDM + S. The solid line represents
the limits obtained with the median value of the scale dark matter
parameters, with the default B, value (8 pG) and an NFW density
profile. The uncertainty bands consider the uncertainty in the
calculated dark matter scale parameters, the uncertainty in the
slope of the density profile, and the uncertainty in the magnetic
field. The upper bound of the uncertainty band is found with the
lower values of the scale density, a modified NFW profile with
a = 0.5, and a reduced magnetic field strength By = 2 pG, while
the lower bound considers the default magnetic field, an NFW
profile and the upper value of the scale density. The dotted line
represents the calculated thermal relic value, taken from [88].
Upper: results obtained through the flux uncertainty comparison.
Lower: results obtained through the pixel-by-pixel method.

radio galaxy, with an extended radio tail. When this
contribution was removed with PyBDSF this resulted in
extreme over-subtraction, see Fig. 7. As a consequence,
this produced nonphysical values for the surface bright-
ness and the integrated flux. For this reason, we keep the
contribution of this radio galaxy intact for the flux
uncertainty method. As significantly negative pixels are
masked in the pixel-by-pixel method, this procedure
makes use of the residual image. The results for
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FIG. 10. Upper limits (20) on the annihilation cross section for
WIMPs in RXCJ0225.1-2928, annihilating via three generic
intermediate channels as well as through 2HDM + S. The solid
line represents the limits obtained with the median value of the
scale dark matter parameters, with the default B, value (5 pG)
and an NFW density profile. The uncertainty bands consider the
uncertainty in the calculated dark matter scale parameters, the
uncertainty in the slope of the density profile, and the uncertainty
in the magnetic field. The upper bound of the uncertainty band is
found with the lower values of the scale density, a modified NFW
profile with a = 0.5, and a reduced magnetic field strength
By = 2 pG, while the lower bound considers the default mag-
netic field, an NFW profile and the upper value of the scale
density. The dotted line represents the calculated thermal relic
value, taken from [88]. Upper: results obtained through the flux
uncertainty comparison. Lower: results obtained through the
pixel-by-pixel method.

Abell 133, Abell 4038, RXCJ0225.1-2928, J0600.8-5835
and JO757.7-5315 are depicted in Figs. 8—12.

The DM candidate within the 2HDM + S particle
physics model is of interest as the mass range of this
candidate overlaps with that of DM models for various
astrophysical excesses. At present, the only constraints
on this candidate have been determined by a parameter
space fitting of yy — S — X to the AMS-02 positron
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FIG. 11. Upper limits (20) on the annihilation cross section for

WIMPs in J0600.8-5835, annihilating via three generic inter-
mediate channels as well as through 2HDM + S. The solid line
represents the limits obtained with the median value of the scale
dark matter parameters, with the default B, value (5 pG) and an
NFW density profile. The uncertainty bands consider the un-
certainty in the calculated dark matter scale parameters, the
uncertainty in the slope of the density profile, and the uncertainty
in the magnetic field. The upper bound of the uncertainty band is
found with the lower values of the scale density, a modified NFW
profile with @ = 0.5, and a reduced magnetic field strength
By = 2 uG, while the lower bound considers the default mag-
netic field, an NFW profile and the upper value of the scale
density. The dotted line represents the calculated thermal relic
value, taken from [88]. Upper: results obtained through the flux
uncertainty comparison. Lower: results obtained through the
pixel-by-pixel method.

data performed by Beck et al. [32], and the overlapping
regions of the antiproton and the Fermi-LAT Galactic
Center gamma-ray excess parameter spaces. In Fig. 13
we display these fittings with the annihilation cross section
constraints for the five galaxy clusters investigated. The
results show significant overlap for both the flux uncer-
tainty method and the pixel-by-pixel method. As such, the
DM candidate within the 2HDM + S model remains a
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FIG. 12.  Upper limits (20) on the annihilation cross section for
WIMPs in J0757.7-5315, annihilating via three generic inter-
mediate channels as well as through 2HDM + S. The solid line
represents the limits obtained with the median value of the scale
dark matter parameters, with the default B, value (5 pG) and an
NFW density profile. The uncertainty bands consider the un-
certainty in the calculated dark matter scale parameters, the
uncertainty in the slope of the density profile, and the uncertainty
in the magnetic field. The upper bound of the uncertainty band is
found with the lower values of the scale density, a modified NFW
profile with @ = 0.5, and a reduced magnetic field strength
By = 2 pG, while the lower bound considers the default mag-
netic field, an NFW profile and the upper value of the scale
density. The dotted line represents the calculated thermal relic
value, taken from [88]. Upper: results obtained through the flux
uncertainty comparison. Lower: results obtained through the
pixel-by-pixel method.

viable explanation for the astrophysical excesses, espe-
cially considering the uncertainties of the modeling param-
eters. The results show that with MeerKAT we are able to
begin to probe the 2HDM + S parameter space. These
results exceed the relatively crude sensitivity predictions
made for 100 hours of MeerKAT observations for
Reticulum II [32]. This is achieved with less than 10 hours
of on-target observation with actual MeerKAT data.
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FIG. 13. Upper limits of the dark matter annihilation cross

section determined at a 95% confidence level for the 2HDM + S
annihilation channel overlaid with the parameter space fittings for
the positron, antiproton, and gamma-ray excesses determined by
Beck et al. [32]. The solid colored lines indicate the upper limits
in the median case. The dotted line represents the thermal relic
value, below which models can be excluded. Upper: upper limits
obtained through the flux uncertainty method. Lower: upper
limits obtained through the pixel-by-pixel method.

VII. DISCUSSION AND CONCLUSION

The constraints produced in this analysis of three galaxy
clusters (A4038, A133, and RXCJ0225.1-2928) using a
cuspy NFW DM halo profile, with median values of the
modeling parameters, are comparable to the constraints
produced by Regis et al. [7] for the Large Magellanic
Cloud. Results within the uncertainty bands are comparable
to those found in the literature for various astrophysical
targets [16,42,90]. The most constraining results are pro-

duced for Abell 4038 and RXCJ0225.1-2928 thereafter.
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We find that, even within the uncertainties, the upper limits
for Abell 133 are superior to those determined with Fermi-
LAT data of a sample of 49 clusters [91]. For the less
massive clusters, J0600.8-5835 and J0757.7-5315, the
median case limits are superior to those determined with
gamma-ray data obtained with Fermi-LAT [91-94], while
remaining comparable within the uncertainties. Notably,
the pixel-by-pixel method produces weaker results than the
integrated flux case. This should be attributed to the
background subtraction performed for the integrated analy-
sis. Importantly, we have confirmed that this process did
not oversubtract via the inclusion of significant DM flux. In
further work, we will attempt to improve the pixel-by-pixel
analysis to provide additional robust confirmation of the
integrated flux results. Additionally, the results from [7] are
subject to some recent uncertainty, as the Milky Way mass,
and thus that of the Large Magellanic Cloud too, may be
three to five times smaller [95] than the estimate used in [7].
This would very probably weaken the limits from [7] by an
order of magnitude.

In galaxy clusters with extended source emission with a
complicated morphology, PyBDSF with the standard param-
eters is unable to remove its contribution to the surface
brightness adequately. This can result in an unrealistic number
of pixels with a significantly negative flux value. Future
studies may therefore benefit from a compact source sub-
traction procedure that is tailored to complex morphologies.

An analysis of galaxy clusters is able to overcome some
of the uncertainties faced by studies on more common
targets, such as dwarf spheroidal galaxies. In galaxy
clusters, the uncertainties of the modeling parameters are
significantly reduced, in particular the magnetic field
structure and the effects of diffusion. Consider the effects
of the chosen diffusion constant. In dwarf spheroidal
galaxies, very little is known about the value of D, for
dwarf spheroidal galaxies, due to their low luminosity. It
can be seen that varying the diffusion coefficient and
magnetic field strength over 2 orders of magnitude causes
the derived upper limits on the cross section to vary two to
three orders of magnitude, for example [96]. In contrast,
the upper limits on the cross section in galaxy clusters are
more robust to variations in this constant where the
difference in the derived upper limits is negligible
[18,41]. When considering the magnetic field it is evident
that the uncertainties are greatly reduced in galaxy clusters.
The magnetic field strength in dwarf spheroidal galaxies
can be varied over as much as three orders of magnitude
[96,97] as it is extremely difficult to gain observational
insight through polarization studies, and instead the mag-
netic field strengths are typically estimated through an
empirical scaling relation with the star formation rate [10].
In contrast, recent studies place cluster magnetic field
strengths within a factor of 5 [73,74].

The uncertainties can be further reduced by a tailored
observation of a source for which the multiwavelength
archival data is available, with longer exposure times.

However, one key uncertainty faced is the strength of
magnetic fields within clusters.

Faraday rotation measures are one of the most powerful
methods of constraining magnetic fields. The observation
of background or embedded sources of galaxy clusters will
be able to probe the magnetic field properties. MeerKAT
has demonstrated its ability to sample large sources at a
high resolution and derive polarization and spectral infor-
mation with only a few hours of observational data [98].
These capabilities will become more powerful with the
SKA [99], allowing for detailed magnetic field constraints
for many galaxy clusters. This will allow for a more
accurate analysis, and potentially strengthen the constraints
on the DM parameter space. This advantage may not be
available in dwarf galaxies, due to their low luminosity and
small size, any polarized emission may be too weak to be
detected [100].

In this work, we have injected the DM signal directly
into the image plane of the clusters considered. Typically
modeled signals are injected into the visibility plane. The
linear nature of the Fourier transform between the planes
means that it should be possible to perform the injection in
either the image or the visibility plane. However, due to the
nature of interferometers, the transform is not ideal. If the
injection is performed in the visibility space, the recovered
flux of an injected source depends largely on the uv
sampling. As any measured visibility function is a limited
subset of the true visibility function it is unlikely to recover
the full signal from an injected source. Thus, if the signal
was injected into the visibility plane we expect to recover a
weaker signal in the image plane, and therefore obtain less
constraining upper limits of the annihilation cross section.
This effect will be compensated for by performing the
compact source subtraction in the visibility plane, which
will reduce the effects of oversubtraction. In the upcoming
SKA era, visibilities are unlikely to be available, due to
the high volumes of data collected. As such, improvements
to image plane source subtraction are required for future
studies. A detailed investigation will be performed in
future work.

The DM signal is highly concentrated around the
modeled central position of the DM density distribution.
Thus, it is expected that the central coordinates of the
cluster at which the injection is performed will have an
effect on the resulting upper limits. As the central position
of the galaxy cluster depends on the tracer used there can be
a significant offset between the MCXC central positions
and the MGCLS central positions. We find that the flux
uncertainty method is more robust to changes in the central
position, while the pixel-by-pixel method is sensitive to
changes. We consider RXCJ0225.1-2928 as an example.
The MGCLS central coordinates are (36.3750°, -29.5°)
and the MCXC central coordinates are (36.293750°
-29.473889°). This is an offset of 0.076° or 324 kpcs.
We find that the cross section upper limits for the flux
uncertainty method vary between these positions by
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FIG. 14. Comparison of the size of chosen ROIL Two sizes are
considered, 2.5" x 2.5" and the reduced region of 1.0/ x 1.0'. As
an example, we have considered annihilation through bottom
quarks in the RXCJ0757.7-5315 cluster. The lower bound of each
uncertainty band corresponds to the optimistic case while the
upper bound corresponds to the pessimistic case. The thermal
relic value is depicted by the dotted black line.

approximately ~1.2, while for the pixel-by-pixel method,
the cross sections vary by approximately an order of
magnitude. This is likely caused by a sensitivity to the
surface brightness values of individual pixels within the
chosen ROI. Additionally, the size of the ROI has been
chosen to ensure that there are a sufficient number of
resolution elements for the statistical method to be valid. A
2.5" x 2.5 region has been used in the analysis, however
in cases where there are a large number of pixels in the
image, a smaller region may be considered. As an example
case, when the ROI in the J0757.7-5315 image is reduced
to a square of size 1.0 x 1.0/, the annihilation cross section
upper limits are improved by a factor of ~2, as shown
in Fig. 14.

The constraints for the annihilation cross-section for the
2HDM + S DM candidate show significant overlap for the
flux uncertainty method. As such, 2HDM + S remains a
potentially viable explanation for the various astrophysical
excesses investigated by Beck et al. [32]. The upper limits
derived with the use of MeerK AT allow us to begin to probe
the 2HDM + S parameter space. The results presented here
are more constraining than those determined with gamma-
ray data from Fermi-LAT [2], as well as the preliminary
MeerKAT predictions for Reticulum II determined by Beck
et al. [32].

We have presented the annihilation cross section upper
limits for galaxy clusters from MGCLS. Two methods of
analysis have been compared, that use the integrated flux
and surface brightness values, respectively. The integrated
flux method appears the more reliable of the two methods,
due to the subtraction of the intrinsic noise of the map.
The most constraining results are produced for Abell 4038
and RXCJ0225.1-2928 thereafter. In order to determine

which properties were crucial for this we investigated
annihilation through bottom quarks for Abell 4038. The
mass of the dark matter halo was varied through three
orders of magnitude. Additionally, the gas density param-
eters were scaled according to Coma properties, in
contrast to the values found in the literature. It was found
that the most significant change to the upper limits was
caused when varying the mass of the dark matter halo. The
upper limits were weakened by up to a factor of 15 when
the dark matter halo mass was reduced by an order of
magnitude. We, therefore, conclude that the more massive
halos studied were able to produce more stringent upper
limits.

With the results from Abell 4038, we are able to exclude
WIMP values up to approximately ~1000 GeV for annihi-
lation into bottom quarks. We note that these results assume
that the observed synchrotron emission is baryonic in nature.
Chan et al. [37] fitted the observed synchrotron flux with the
various models for the cosmic ray emission. The authors
found the largest likelihood values when the data was fit to an
in situ acceleration model [37], which has the form

v\ - 2
Scr = Scro <—GHZ> exp (—1/2 ) (58)
Us

with the free parameters Scg, @, and v,. The authors found
that the total flux was better described when a DM compo-
nent was added. This resulted in 6¢ preference for a model
containing a DM component to the synchrotron emission for
four popular annihilation channels. Our conservative
assumption strongly excludes the models in Chan et al. [37].

In conclusion, we have demonstrated the ability of
MeerKAT to constrain the WIMP parameter space by
searching for diffuse synchrotron emission in galaxy clusters.
These initial results show that MeerKAT has the potential to
become the forefront of indirect DM searches. It can be
expected that more accurate upper limits will be obtained
once detailed polarization studies of galaxy clusters with
MeerKAT begin. Our results serve as proof of concept for
more sensitive dark matter searches in the upcoming
SKA era.
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