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Based on the Marenostrum-MultiDark SImulation of galaxy Clusters (MUSIC-2) we develop
semi-analytical models which provide multi-wavelength emission maps generated by dark mat-
ter (DM) annihilation processes in galaxy clusters and their sub-halos. We focus on radio and
gamma-ray emission maps from neutralino DM annihilation processes testing two different neu-
tralino masses, My, 35 GeV and 60 GeV along with two different models of magnetic fields. A
comparison of the radio flux densities from our DM annihilation model with the observed diffuse
radio emission from the Coma cluster shows that they are of the same order of magnitude. We
determine the DM densities with a Smoothed Particle Hydrodynamics (SPH) kernel. This enables
us to integrate the DM annihilation signal along any given line-of-sight through the volume of the
cluster. In particular it allows us to investigate the contribution of sub-halos to the DM annihi-
lation signal with very high resolution. Zooming in on a subset of high mass-to-light ratio DM
sub-halos, i.e. DM sub-halos with very low baryon content, we demonstrate that such targets can
generate prominent annihilation signals. The radial distribution of high mass-to-light ratio (M/L)
DM sub-halos is more strongly peaked at ~ Rjgocriy compared to the distribution of all sub-halos
which may suggest that the search for DM annihilation signals from sub-halos in clusters is most
promising at Rygoerit. The radio flux densities from DM sub-halos are well within the sensitivity
limit of Square Kilometer Array (SKA) with an integration time of 1000 hours and unlike clusters
their gamma-ray spectrum is seen to be dominated by pion decay over a wide range of gamma-ray
energies. Our model makes clear predictions for future radio and gamma-ray observations of the
DM annihilation signal in clusters and their sub-halos.
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1. Introduction

Galaxy clusters are the largest gravitationally bound structures in the universe composed of
galaxies 3%, intra-cluster medium (ICM) 12% and DM 85% [1]. Numerical simulations show
that galaxy clusters form through grouping of smaller objects or “accretion” of clumps along the
filaments and rarely through “mergers” with larger clusters which is also known as “bottom-up”
scenario. The largest clusters often form at the intersection of these filamentary structures [2] and
the formation of these structures is driven by DM [3].

Galaxy clusters are of great importance as they manifest the large scale structure formation of
the universe and that of DM. A type of cold DM particles which are weakly interacting massive
particles (WIMPs) known as neutralinos are believed to constitute DM [4]. The neutralinos are
Majorana type particles hence they are their own anti-particle. When two such particles come
close, they are expected to annihilate and produce electromagnetic emission over a broad spectral
range. In the following we will study the multi-wavelength emission from DM annihilation in our
simulations.

2. Numerical method

In order to determine the DM annihilation flux from neutralino ¥ we employ the MUSIC-2
simulation [5], which is a high resolution hydrodynamical, zoomed-in simulation of 282 galaxy
clusters. The mass resolution of the simulation is 9.01 x 108 h=! M., for DM. Figure 1 shows
the density profile of one specific cluster. The DM, gas and star density profiles are given in red
(solid curve), blue (dot-dashed curve) and green (dotted curve), respectively. At the outskirts of the
cluster the slope of the DM and gas density profiles are very similar. The dominance of the stellar
component in the inner part is a manifestation of the overcooling problem, a well known feature in
current cosmic simulations due to shortcomings in the prescription of feedback mechanism.

The evaluation of the DM annihilation flux from neutralino ¥ involves a product of two terms:
the term Apyy, the particle physics part, that depends on the particle physics model of the DM,
and the cosmological part which involves a line-of-sight volume integral of the square of the DM
density evaluated in each cube as given below

<I>:ADM/ p,dv, 2.1
lo.s

where p, is the DM density.

Taking the DM particle information at redshift zero we determined the density p; of the i'* DM
particle using Smoothed Particle Hydrodynamics (SPH) kernel, which evaluates the density at each
DM particle position taking in to account the 44 neighboring particles [6]. Once the densities are
calculated at each particle position the square of the DM densities is obtained by integrating along
the line-of-sight. In Fig. 2 we give the projected map of the square of the DM density of a cluster
2 Mpc across that are obtained using SPH kernel. The brightest colors in the map clearly show
enhanced DM density substructures which are required to correctly determine emissions from the
DM annihilation process in galaxy clusters.

*Speaker.
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Figure 1: The density profile of DM, gas and stars of a cluster in red (solid curve), blue
(dot-dashed curve) and green (dotted curve), respectively.

1.0Mpe/h

Figure 2: Projected map of the square of the DM density of a cluster 2 Mpc across obtained using
SPH kernel.

2.1 Magnetic field of a galaxy cluster

We have considered two magnetic field models in order to determine the magnetic field in each
cube:

(i) Model A is a model that evaluate the magnetic field strength from the density of DM as in [7].
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The magnetic field profile is given as

B(r) :Bo(1+ (r/rs)2> " 2.2)
where By is the central magnetic field strength, r is the radial distance from cluster center, r is
the scale radius of the DM density profile and ¢, is a scaling exponent chosen to be 0.5. As we
wanted to determine the magnetic field strength in each cube of size of 10 kpc, for each point
in the simulation box we determine their respective densities which will allow us to calculate the
magnetic field as a function of the DM density in each cube.

(i) Model B uses the best observational value for a central magnetic field in a coma cluster equal
to 4.7 uG (at electron number density of 3.44 x 1072 ¢m™>) from [8]. The magnetic field B of the
galaxy cluster is related to the electron number density n, by

0.5

B=47 uG(ne /3.44 % 10*3cm*3) . 2.3)
We evaluated the electron number density 7z, in cm 3 asin [5],
Ne = NePgas (1 —Z —Ype) /mp, (2.4)

where N, Pgas, Z, Y. and m), are the number of ionized electrons per hydrogen atoms, gas density,
metallicity, helium concentration and proton mass, respectively.

Figure 3 shows the magnetic field profile for these two models. In the inner region of the
cluster the electron number density increases very fast causing the magnetic field as in the solid
curve in green color to rise fast. The magnetic model shown in dotted curve in red color shows a
very close value to the central magnetic field value of By = 5.0 uG except in the outer region of
the cluster where it falls fast. In the following, we will employ these two magnetic field models in
calculating the emission expected from the DM annihilation process.

2.2 Radio and Gamma-ray emission from DM annihilation processes
Synchrotron radiation

Diffuse radio emission has been observed in large number of clusters. The distribution of
magnetic field, and energetic electrons in the wider region of galaxy cluster is believed to be pro-
duced by synchrotron radiation. Synchrotron radiation is emitted when an electron gyrates about a
magnetic field lines. For an amplitude of magnetic field B the average power radiated by electrons
with an energy E from synchrotron processes at frequency Vv is formulated as in [9].

sin 62 K

2 3e e Fg’lc . 2-5
TV 3rmec Ve Fy, h(sme) (2.5)

T
Psynch(vaEvraZ) = A do

where m, is the electron mass, v, = 27:rﬁgc is the non-relativistic gyro-frequency, r, = m‘f—iz is the
classical electron radius, and the quantities k and Fjy,, are defined as
2\ 3
2v(1
K= (7_’—;) 1+ " 7 (2.6)
3y v(l+2)
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Figure 3: Magnetic Field Profile. The green solid curve is obtained taking the best observational
value for a central magnetic field in a coma cluster equal to 4.7 uG ( at electron number density of
3.44 x 1073 cm™3) from [8]. The red dotted curve is obtained taking the central magnetic field
strength By = 5.0 uG as in the first magnetic field model discussed above.

and
Fiynen(x) :x/ dyKs3(y) ~ 1.25x%e_x(648 +x2)ﬁ. (2.7)

One can obtain the local synchrotron emissivity as a function of electron or positron equilib-
rium distribution and synchrotron power Py, as

) My dn,-  dng
sznch(vvr?z) :/mg dE( d; ‘|‘dg>Psynch(V>Ea”>Z)- (2.8)
The quantity dgg is the electron or positron equilibrium spectra obtained after accounting for the

energy loss of electrons through the atmosphere of galaxy cluster, see [4], [7].

Once we obtain the electron equilibrium spectra at each particle position we calculate the
local synchrotron emissivity which will allow us to produce the synchrotron emission maps having
expressed the flux density within each cube of dimension of 10 kpc:

/ jsynch(v> rlvz)

Ssynch(vvz) - 0 d3l” 4nD? ) (2.9)
L

where Dy is the luminosity distance to the halo.

In a DM annihilation process, gamma-ray emission can be produced from pion decay, and
inverse Compton (IC) scattering and non-thermal bremsstrahlung processes. In the following we
will briefly describe these processes and the formulation used to calculate the gamma-ray flux.



Multi-wavelength emission from dark matter annihilation processes Remudin Reshid Mekuria

Pion decay

When DM annihilation produces neutral pions these unstable particles decay into gamma-rays.
The differential flux density from pion decay is then obtained by considering the annihilating DM
pairs with mass M, their velocity averaged annihilation cross-section < ¢ V > and integrating
the square of the DM density ppys over the volume of the clusters along the line-of-sight divided
by surface area of a spherical region of radius D;. Hence the differential flux which is number of
gamma-ray photons per area per time and per energy is given by

dFgamma <0V >dN (" ph,dV

= — : 2.10
dE 2MZ  dEy Jo 4mD7 10

where <4 dT is the initial gamma-ray spectrum.

IC scattering process

Relativistic electrons produced from the decay of the charged pions, which themselves are the
product of the DM annihilation process, scatter the CMB photons and boost them to gamma-rays.
The average IC power is given by

PIC(E% '}/,}’) =c EY/Owdgn(g)G(E7787Y)? (211)

where n(€) is the black body spectrum of the CMB photons, and ¢ (Ey, €,7) is the IC scattering
cross-section obtained using

3GT

O(Ey,&,Y) = ——>G(q,Te), (2.12)

where o7 is the Thompson cross-section, ¥ is the electron Lorentz factor, and

(Leq)’(1 —q)

G(q,Te) =[2qIng+ (1+2q)(1—q) + 2(14Tg)

l (2.13)

with

T, =4ey/(mc*),q = Ey/[Ce(ymc® — Ey)], (2.14)

The local emissivity is obtained by integrating the product of IC scattering power Pic(Ey,Y,r)
and electron equilibrium spectrum N, (7, r) across all electron energy as
ymax
jie(Eyr) = [ dyN () Pre(Ey 1,1). 2.15)
ymin

The flux of the gamma-rays can then be calculated by

 jic(Ey,r 2
Sic(Ey,?) / &t 47:1)2 JiclByr,2). (2.16)
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Non-thermal bremsstrahlung radiation

Non-thermal bremsstrahlung produces gamma-ray radiations when secondary electrons are
slowed by the electrostatic field of ions in the intra-cluster medium (ICM) and inter-stellar medium
(ISM). The average power of non-thermal bremsstrahlung emission is calculated by considering
the number density of ions 7;(r)

Pg(Ey,y,r) = cEyZn i(r)oj(Ey,E), (2.17)
where the interaction cross-section is given by

O(EpE) = aorlll+(1- 120~ 2(1— ")), 2.18)

ith
b 2E E—E, |

b =4l ey (* 1))~ )
Ymax

in(Err) = [ YN () Po(Ey.1.1). 219
Ymin

In a similar way to IC scattering the local emissivity jg(Ey,r) is obtained which will then be used
in

'] E 7r z
Sp(Ey,2) / &3 34731)2 Js(Eypr,z). (2.20)

to calculate the gamma-ray flux from non-thermal bremsstrahlung process.

3. Results and Discussion

In the following we present the results that we have obtained for synchrotron emission from
DM annihilation processes discussed in section 2.2 using the two magnetic field models (Model A
and Model B) discussed in section 2.1. The emission maps are based on the MUSIC-2 dataset [5],
a high-resolution cosmological simulation containing DM, gas, stars and feedback processes. We
compute the expected flux for synchrotron emission processes from DM annihilation by dividing a
cluster of dimension 2 Mpc into cubes of size 10 kpc. We based our studies of radio emission from
DM annihilation processes by taking neutralinos to be primarily and dominantly composed of bb
species and/or light and intermediate DM mass models as in [10]. We consider neutralino masses
M, of 35 and 60 GeV, and we take the velocity averaged annihilation cross-section, < oV >, of
1.0 x 10726 cm? s~! from Fermi upper limit.

3.1 Synchrotron emission maps and flux in galaxy cluster

The synchrotron emission maps in Fig. 4 and 5 show the radio flux obtained at 110 MHz and
1.4 GHz. These two frequencies were chosen to represent the SKA-low and SKA-mid frequencies
[11]. The synchrotron emission maps in both Fig. 4 and 5 are obtained using magnetic field model
A for neutralino mass of M, = 60 GeV. The central region of the cluster shows a strong radio
flux because of its high DM density. The synchrotron emission flux calculation is able to resolve
the contribution from DM dominated regions in the cluster, thus halos and substructures that are
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residing off center are also be clearly visible in the maps. The maps also show the presence of
two main halos in the cluster which are approximately 0.5 Mpc apart. Comparison between Fig. 4
and 5 (i.e maps that are produced at 110 MHz and 1.4 GHz frequencies, respectively) do not show
any noticeable difference on the background structure of the emission apart from the difference in
the output flux at the two frequencies. Point-by-point comparison between the two radio emission
maps show flux values at 110 MHz (Fig. 4) varies between 9 to 80 times that of flux at 1.4 GHz
(Fig. 5).

=12 _log (Flux/Jy) =14 logy (Flux/Jy)

Figure 4: Radio emission map at 110 MHz Figure 5: Radio emission map at 1.4 GHz
using magnetic field of Model A for DM using magnetic field of Model A for DM
model 60 GeV. model 60 GeV.

Figure 6 shows the radial variation of the flux with radius. It is obtained from the flux values
in the maps of Fig. 4 and 5, by picking the flux values starting from the center of the map and
moving to the bottom of the map. The sharp flux variations shown at large radii indicate that the
flux from substructures are dominant in the outer parts the cluster. The two solid curves in the top
part of the figure are obtained for frequency of 110 MHz, and the bottom ones in the dotted curves
are for frequency of 1.4 GHz. The flux profile obtained with the two magnetic field models are
indicated as Model A in red color and Model B in black color, respectively. In the inner region of
the cluster the flux values based on Model A are slightly lower than that based on Model B and vice
versa in the outer region. This is due to the magnetic field values of Model B which have higher
values in the inner region as shown in Fig. 3. Moreover, the flatter regions which show the cuts
that are observed around the end of the curves, or central distance of ~ 700 kpc, arise due to our
subtraction of the SKA sensitivity (from [11]) of the flux values per beam at the two frequencies.

In order to explore better the difference in the emission maps that are obtained using the two
magnetic field models, we also produced maps shown in Figs. 7 and 8 which are obtained using
magnetic field of Model B and neutralino mass of 60 GeV. Point-by-point comparison between the
two radio emission maps show flux values at 110 MHz (Fig. 7) varies between 6 and 38 times that
of flux at 1.4 GHz (Fig. 8).

For the neutralino mass of 60 GeV used, we have mentioned above that a point-by-point com-
parison between the two radio emission maps that are obtained using magnetic field model A shows



Multi-wavelength emission from dark matter annihilation processes Remudin Reshid Mekuria

10°
— -2
£ 10
(o]
8
., 107
)
o,
EZ 107°
b
=
= 107%F .
1071° i e
10 100 1000

Radius [kpc]

Figure 6: Flux profiles at frequency 110 MHz, solid curves, and 1.4 GHz, dotted curves. The mass
of neutralino used is 60 GeV along with magnetic field Model A indicated in red color and Model
B in black.

flux at 110 MHz (Fig. 4) varies between 9 and 80 times that of flux at 1.4 GHz (Fig. 5). On the
other hand the flux values obtained using magnetic field Model B (Figs. 7 and 8) varies with smaller
values between 6 and 38. Hence in Fig. 9 we see a flatter appearance of the flux density curve for
magnetic field of Model B (cyan color) than that of Model A (red color).

Similarly we have considered the case of neutralino mass of 35 GeV for in our point-by-point
comparisons. We have obtained the flux values in the emission maps of Figs. 38 and 39, which are
obtained using magnetic field of Model A for the two frequencies of 110 and 1400 MHz, varies
between 12 to 433, respectively. Whereas we obtained the flux variations for the emission maps
which uses magnetic field Model B (Figs. 40 and 41) at the two frequencies of 110 and 1400 MHz,
varies at smaller ranges of 7 to 77. To see what these variations obtained from point-by-point
comparisons translates into, we have calculated the spectral indexes of this four cases. Table 1
provides these results of our comparison of the spectral index for synchrotron flux densities that
are calculated taking 110 and 1400 MHz frequencies for which we showed their emission maps in
the above discussions. We found the highest negative value for spectral index of 35 GeV neutralino
mass and magnetic field Model A as compared to all the four cases given in table 1.
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Figure 7: Radio emission map at 110 MHz Figure 8: Radio emission map at 1.4 GHz
using magnetic field of Model B for DM using magnetic field of Model B for DM
model 60 GeV. model 60 GeV.
Neutralino Mass Magnetic Field Spectral Index
[ GeV ] Models
35 Model A —1.16
35 Model B —0.98
60 Model A —1.05
60 Model B —-0.91

Table 1: Comparison of the spectral index for radio flux densities using neutralino annihilation
final product of bb species.

Figure 9 shows the flux density from synchrotron emission in comparison with the observa-
tional data of the Coma cluster (blue data points) [12], taking mass of neutralino 60 GeV, dotted
curves and 35 GeV, solid curves. Magnetic field model used are indicated in cyan and red color for
Model A and B, respectively. The fact that these flux densities show a very good agreement with
the observational result of the Coma cluster data without invoking a boost factor from DM sub-
structures shows that the distribution of sub-structures is described well in the simulations which
boosted the signals from DM annihilation processes exactly to the level of observed flux.

As our result of the spectral index reflects in table 1 we see a steeper profile among the four
case for magnetic field Model A and 35 GeV neutralino mass. Hence the best fit to the observational
result of [12] is obtained taking neutralino mass of 35 GeV and magnetic field model A. However,
we have also observed the flux density for the radio halo spectrum obtained for neutralino masses
of both M, = 60 and 35 GeV as in Fig. 9 are flatter than the measured result of [12] at higher
frequency ranges. A more recent paper by [13] has shown that the best agreement in the overall
flux density spectrum is obtained using smaller values of neutralino mass of 9 GeV and magnetic
field of Model B.

In order to understand why we see a flatter spectrum when we use magnetic filed Model B,
we constrain the magnetic field values of Model B. That is the flux densities for magnetic field



Multi-wavelength emission from dark matter annihilation processes Remudin Reshid Mekuria

-- M, =60GeV

M, =35GeV

flux density [Jy]

10* 1(|)2 153 10*

frequency [MHz]
Figure 9: Our estimates for the flux density from synchrotron emission are compared with
observations of the Coma cluster from [12] for neutralino masses of 60 GeV (dotted curves) and
35 GeV (solid curves). Magnetic field model used are Model A, in red and Model B in cyan color.

Model B constrained are obtained by setting the magnetic field values which are above 7.0 uG
to 7.0 uG. As shown in Fig. 10 the flux densities of Model B constrained indicated in red curve
shows a steeper spectrum than that of Model B which is indicated in cyan color. We find that the
main effect of the high magnetic field is an enhancement of the radio flux density from the central
region of the cluster. However, this enhancement can be reduced by constraining the magnetic field
as shown by using Model B constrained in the red curve. This is resulted as some values of the
radio flux densities at higher frequencies get shifted to the values at lower frequencies. Over all this
shows us both magnetic field models, Model A and Model B are able to reproduce the radio flux
spectrum. It is worth mentioning why we have not constrained the magnetic field according to the
“B-model”. The reason is that for our calculation of magnetic field using the electron density from
the MUSIC-2 simulation we wanted to see it following the gas density or equivalently the electron
number density. However, the 3-model uses the gas densities that are constrained as

BL
nei(r) = o (1+ (r/re)?) (.1

where f3 is a constant, n,;  is the central gas density,  is the radial distance from cluster center and
r. the cluster core radius.

It is worth mentioning that the simulated clusters we have used for our studies of DM an-
nihilation processes in galaxy clusters, from the MUSIC-2 cluster simulations, in general show
higher values of gas densities in their central regions as they suffer from cooling. Thus they give
larger values of magnetic field based on the formulation of equation 2.3. Despite this drawback
the magnetic field calculations based on electron densities of magnetic field Model B show a fair
agreement in large part of the cluster volume. In addition to this the formulation in equation 2.3,

10
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unlike the electron number densities constrained as in equation 3.1, will allow us to apply our mag-
netic field calculations for all the 282 clusters we studied. This simple modification we made thus
has the following advantages: (i) it is able to give magnetic field values at each grid as compared to
the constrained model which follows a radial variations which assumes spherical symmetry in the
cluster, (ii) it reduces model dependencies and, (iii) it allows a robust study of both magnetic field
and emission processes from DM annihilation processes.

10? ;

= Model A

= Model B

= Model B Constrained
101 L
10°

flux density [Jy]

10'2 L L
10? 10° 10° 10

frequency [MHz]
Figure 10: Flux density of synchrotron emission process for neutralino mass of 35 GeV (solid
curves) is compared with observational result of Coma C data (blue data points) from [12].
Magnetic field models used are indicated in cyan, magenta and red for Model A, Model B, and
Model B constrained, respectively.

3.2 Gamma-ray emission maps and flux in galaxy cluster

In this section we will present some of the results we have obtained for gamma-ray emission
from the DM annihilation processes in galaxy clusters. We have produced emission maps and cal-
culated the gamma-ray flux by considering all important processes: pion decay, inverse compton
(IC) scattering and Bremsstrahlung radiation processes which will produce gamma-ray emission
from DM annihilation processes. Based on the result in Fig. 9 we chose neutralinos mass of M,
of 35 GeV and composition of bb which is the best fitting DM species and mass for DM annihila-
tion models as it has also been suggested by the data of cosmic ray antiproton spectrum obtained
by PAMELA [14] which is in agreement with the result of [13]. We use neutralino annihilation
velocity averaged cross-section of 1.0 x 10726 cm? s~! for our calculation.

Figure 11 and 12 show the gamma-ray emission maps obtained from non-thermal Bremsstrahlung
process at a photon energy of 100 MeV. These two gamma-ray emission maps are obtained using
a varying electron density given in Eqn. 2.4 from reference [5] and a constant average electron

3

density of neg = 3.4 x 1073 cm 3, respectively. We have used this central value of neo from the

11
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Coma cluster only for the purpose of comparison. The gamma-ray flux emanating from the dense
central point of the cluster, shown in bright color of Fig. 11, is 10 times larger than that of Fig.
12, which results from the non-thermal bremsstrahlung power dependence on the electron number
density that has its peak in the center of cluster. In Fig. 12 we also see that a wide variation (11 or-
ders of magnitude 1072* to 4 x 10~!®) between lower and higher values of differential gamma-ray
flux in the color bar.
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Figure 11: Gamma-ray emission from non- Figure 12: Gamma-ray emission from

thermal bremsstrahlung process at 100 MeV non-thermal bremsstrahlung process at 100 MeV
using radially varying thermal electron density using a constant average electron density as
from reference [5] in units of (o V). found in the Coma cluster.
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Figure 13: Gamma-ray emission from pion
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of 10710 (c V).
The gamma-ray emission map obtained from pion decay and IC scattering processes at a pho-

ton energy of 100 MeV are shown in Figs. 13 and 14 respectively. The magnitude of the flux
obtained from IC scattering processes is 15 orders of magnitude less than that of pion decay at

12
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gamma-ray photon energy of 100 MeV. It is expected that for neutralino mass used, 35 GeV, the IC
scattering contribution is negligible below photon energy of 10 MeV.

107} == Pion Decay
Non-thermal

bremsstrahlung |
= |C scattering

= 107 |

1(‘)'3 1(I>'2 16" 1IOD 16‘

Gamma-ray Energy [GeV]
Figure 15: Differential gamma-ray flux at frequencies above 100 MeV. The gamma-ray flux from
pion decay, non-thermal bremsstrahlung and IC scattering processes is given in the plot by blue,

green and magenta colors.

In Fig. 15 we show the differential gamma-ray flux densities obtained from pion decay, non-
thermal bremsstrahlung and IC scattering processes, respectively. The frequencies range on the
x-axis starts at mass of electron 0.511 MeV to a complete annihilation/decay of neutralino mass
of 35 GeV used. The contribution of the gamma-ray flux from IC dominates at lower energies.
Non-thermal bremsstrahlung is most prominent at intermediate energies. At about 35 MeV pion
decay takes over until it decays completely at the mass of neutralino 35 GeV. The shape of spectra
we obtained here for neutralino mass of 35 GeV and composition bb is in agreement with the recent
work in reference [13] of a similar (intermediate range) neutralino mass of 43 GeV composition
bb.

In table 2 we provide comparison of gamma-ray integrated flux above 100 MeV, 1 GeV, and
10 GeV with the Fermi upper limits [15]. Our integrated gamma-ray flux values are roughly 4, 3
and 4 orders of magnitude less than the Fermi upper limits for gamma-ray energies above 0.1, 1
and 10 GeV, respectively.

Band Upper limit Flux (35 GeV model)
GeV cm 2 g1 cm 2 ¢!

> 0.1 42 x107° 4.0 x 10713

> 1 1.13x 10710 1.02x 1071

> 10 6.0 x 10712 5.72x 10716

13
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Table 2: Gamma-ray upper limits set by Fermi for energies above 0.1, 1 and 10 GeV (from [15])
and the comparison with our flux calculation using neutralino mass of 35 GeV and bb species.

3.3 The search for DM dominated sub-halos

When two galaxy clusters undergo a merger they will leave the DM structure physically sepa-
rated from the gas and stars [16]. The DM structure resides in the outer part of the cluster making it
a suitable place to look for the DM annihilation signals. Another promising place to study the DM
annihilation emission process is to focus on DM halos which contains a very small proportion of
gas and stars or DM halos that are entirely devoid of gas and stars. Here within, we will consider
the latter option to study an emission process from self annihilating DM particles.

The Rockstar halo finder provides an efficient method to identify halos in a seven-dimension
phase space (position, velocity, time) [17]. Rockstar can provide different halo properties, the
halo masses at several radius, halo radius, halo center position and velocity, halo spin and angular
momentum, etc.

A very promising place to look for an emission from a DM annihilation process is to isolate
those sub-halos containing a small fraction of gas and stellar content, which are dominated by their
DM compositions. Using the mass-to-light ratio, M/L, we isolate sub-halos in the region of the
emission map of 2 Mpc diameter we discussed previously. Figure 16 shows the DM sub-halos over
plotted in filled black dots on the top of the synchrotron emission.

0.20

0.15

0.05

x [Mpc]

Figure 16: Identifying the DM sub-halos filled Figure 17 Synchrotron emission map at 110
MHz of DM sub-halo 1, the DM dominated

sub-halo indicated by the arrow in the map on
the right.

black dots on the top of the synchrotron
emission.

Having high M/L is not sufficient as sometimes a tidal disruption produces a high M/L. Look-
ing into the particle distribution within a cubic section is therefore important to assess if the sub-
halo displays an enhanced DM distribution. Having gone through the halos in Fig. 16, the sub-halo
within the lower-left quadrant indicated by the arrow in Fig. 16 stands out as a best candidate to
study synchrotron emission from the DM annihilation process. This sub-halo has a M/L of 30.55
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which shows an enhancement in the DM distribution and a gas fraction of ~ 0.5% and stellar
fraction of ~ 3%.

For neutralino mass, My, 35 GeV and DM annihilation cross-section, (o V), of 1.0 x 1026
cm® s~! and magnetic field calculated using the electron density at each particle position using
the expression given in equation 2.3 of [8] we produce a synchrotron emission map for a single
sub-halo that is analyzed above. The maps are obtained by centering at the center of the halo with
diameter of 200 kpc and resolution of Ly =Ly = 1kpc, and L, = 10 kpc.

Henceforth we refer to the above discussed single sub-halo as DM sub-halo 1 whose some
of its properties are listed in Tabs. 3 and 4. The synchrotron emission map at frequency of 110
MHz and the flux density for DM sub-halo 1 are shown in Figs. 17 and 18, respectively. The
obtained values of the flux density for DM sub-halo 1 will be shown latter to be in the range of
SKA sensitivity limit (see last part of Section 4). The comparison of shape and slope with the
simulated Coma like cluster and the Coma cluster data of [12], is given in Fig. 19. The spectral
shape for DM sub-halo 1 (red curve), which is shown with the scaled comparison, is steeper than
its host cluster and seem to match the Coma cluster observational data (blue data points) over wide
wavelength range as compared to its host cluster (cyan curve).
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Figure 18: Radio flux density of DM sub-halo 1 Figure 19: Slope comparison of the flux density

compared with the host cluster (Cluster 280) for synchrotron emission of DM sub-halo 1 with

and observational data of the Coma cluster the host cluster and observational data of the

(blue data points). Coma cluster (blue data points).

From all the 282 MUSIC-2 clusters we have obtained a total of 466,621 sub-halos of which
132,614 are with in 2.5 Rpgoci¢ Of their host cluster, an approximate distance where we can obtain
resolved particles. A linear plot of the mass-to-light ratio of all these halos plotted against their
relative distance to their respective clusters ( i.e., ratio of the sub-halo distance by the cluster radius
they belong to (R/Raocrit) ) is shown in Fig. 20. I We observe some behavior of grouping of
sub-halos with high M/L (~ 360 4 70) as indicated in the shaded region around R ~ 0.5 X Rogocrit
of their host clusters.

'Ro00crit is the cluster radius obtained at the over-density of 200 times the critical density.
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The scatter plot given in Fig. 21 shows the mass-to-light ratio of the sub-halos plotted against
the stellar mass within the sub-halos. We see that sub-halos which have single stars and less gas
fraction are seen to be located on the left upper part of the plot. However, to choose the best
candidates of “naked” DM sub-halos which will allow us to study the multi-wavelength emission
from DM annihilation processes, we first need to look closer into their particle distribution and
identify if there is an enhancement in the DM particle distribution. More importantly we also have
to check on the gas and star content of the sub-halos. Following these procedure we have identified
large number of high M/L. DM sub-halos. In section 4 we will provide some of the result of the
multi-wavelength emissions produced in these objects.

1000}

1x10™® 1x107* 1x10”' 1x10° 1x10' 1x10*
Stellar Mass [10'° Mg h™']

Figure 20: Scatter plot of the DM sub-halos

based on M/L and the ratio of their radial Figure 21: Scatter plot of the DM sub-halos
distance (R) to radius of their clusters

(R200 = Rogocrit)-

based on their M/L and stellar content.

As was pointed out earlier a clean signal from DM sub-halos requires to locate high M/L DM
sub-halos which contain less baryons (gas and stars).In this regard it is important to find out where
we have a relatively high chance of finding high M/L. DM sub-halos. We will study these using the
following scatter plots and histograms. The scatter plot in Fig. 22 and 23 gives the relative distance
of DM sub-halos in the clusters they belong to identified based on M/L and stellar content. We
have indicated the DM sub-halos which have M/L above 50 and 100 by red color and among all
DM sub-halos identified with in radial distance of 2.5 Rpgoci¢ in Fig. 22 and 23, respectively. These
two plots show that the high M/L DM sub-halos are rarely found in the inner part of clusters.

In Fig. 24 we show the probability density distribution p(r) of sub-halos versus their relative
location in their cluster r = R /Rapocrit (the ratio of the distance from the center of the cluster to the
radius of the cluster at an overdensity 200 times the critical density of the universe). DM sub-halos
with M/L above 1, 50 and 100 are indicated in blue, green and red, respectively. The standard error
for a count of the DM sub-halos is also indicated by the vertical error bars. From the histogram
we see that the probability of finding DM sub-halos with M/L above 100 (red curve) in the inner
region is low as it shows a sharp decline in the lower values of r. From the peak of the histogram
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Figure 22: Scatter plot of DM sub-halos based  Figure 23: Scatter plot of DM sub-halos based

on their stellar content at M/L of 50.

on their stellar content at M/L of 100.

we deduce that while some high M/L DM sub-halos exist in the outer part they are seen to be more

populated around r ~ Rogocrit-

0.8

0.6

0.2

2

0.5

1.0 1.5 2.0 2.

Figure 24: The probability density distribution p(r) vs cluster centric distances of sub-halos r
based on their M/L. DM sub-halos with M/L above 1, 50 and 100 are shown in blue, green and

red, respectively.

4. High M/L sub-halos and the radio emission from DM annihilation processes.

Here we present and discuss some of the results we obtained for density square maps, the

Synchrotron/radio emission processes using radio maps and flux densities for two representative
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samples of high M/L DM sub-halos, whose properties are listed in Tabs. 3 and 4. These calculation
were made for neutralino mass of My, 35 GeV which is chosen based on our result in section 3.1
and velocity averaged DM annihilation cross-section, (¢ V), of 1.0 x 10726 cm® s~! from Fermi
upper limit.
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Figure 25: Map of the square of the DM Figure 26: Map of the square of the gas density
density for DM sub-halo 1 integrated along for DM sub-halo 1 integrated along the
the line-of-sight. line-of-sight.
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Figure 27: Map of the square of the DM Figure 28: Map of the square of the gas density
density for DM sub-halo 2 integrated along for DM sub-halo 2 integrated along the
the line-of-sight. line-of-sight.

In Figs. 25 and 26 we show the map of the square of the DM and gas densities of the DM
sub-halo 1, respectively. We see a clear enhanced DM concentration around the center of the map
of the square of the DM of the DM sub-halo 1, as the bright color in the map reflects. We also see
that these regions are offset with respect to enhanced regions on gas density map of Fig. 26, which
is crucial to reduce or avoid emission contamination from baryonic matter.

The second DM sub-halo we consider is DM sub-halo 2 whose DM and gas density square
maps are given in Figs. 27 and 28. There are three dense DM structures located in different regions
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with respect to the gas density enhancement regions. It also shows higher values of DM densities
compared to DM sub-halo 1.

In Figs. 29 and 30 we show the synchrotron emission maps obtained at 110 for DM sub-halo
1 and 2 in units of (o V) [ Jy | whose DM and gas density square maps are provided in Figs. 25, 27
and 26, 28, respectively. The synchrotron emission maps show similar features of to the DM maps
as the DM density square values are the locations where emission takes place.
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Figure 29: Synchrotron emission map of Figure 30: Synchrotron emission map of
DM sub-halo 1 at 110 MHz. DM sub-halo 2 at 110 MHz.
Halo ID M/L Maximum density of | Total mass of the halo in
DM [ M, kpc 3] 30 kpc radius [ M, |
DM sub-halo 1 30.5 3.4 x10° 3.18 x 1010
DM sub-halo 2 317 5.8 x 10° 3.01 x 10'°

Table 3: Halo ID, maximum DM density summed along the line-of-sight and total mass with in 30
kpc radius for the two high M/L DM sub-halos considered in our study.

Halo ID Gas Star DM Radial
fraction fraction fraction distance [Mpc]
DM sub-halo 1 0.00594977 0.03272370 0.96132700 0.9785210
DM sub-halo 2 0.00944456 0.00314819 0.98740700 1.2760991

Table 4: Halo ID, fraction of gas, star and DM in the halo with in 30 kpc radius, and radial
distance from the center of the cluster for the two high M/L. DM sub-halos considered in our study.

Figure 31 shows the radio flux density of DM sub-halo 1 and 2 in red and cyan color, respec-
tively. The flux densities for both DM sub-halos are above the SKA sensitivity shown in magenta
color [11]. In Fig. 32 we give the scaled comparison of the flux densities of DM sub-halo 1 and 2
with the observation of the Coma cluster (blue data points) from [12], they both fit in most part of
the data with a little deviation at higher frequencies.
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Figure 31: The radio flux density of the two Figure 32: Scaled comparison of spectral feature
DM sub-halos in comparison with the SKA of the two DM sub-halos with observational data
sensitivity from [11]. of the Coma cluster (blue data points).

5. High M/L sub-halos and the gamma-ray emission from DM annihilation
processes.

In the following we discuss some of the results we have obtained for the gamma-ray emission
maps and flux densities for the three high M/L DM sub-halos we have chosen, whose properties are
listed in table 3 and 4. These calculation are made for neutralino mass of My, 35 GeV and velocity
averaged DM annihilation cross-section, (¢ V), of 1.0 x 1072 cm?® s~! from Fermi upper limit.

The emission expected from DM annihilation process forming neutral pions and consequen-
tially decaying to gamma-rays is often said to be the cleanest signal from the DM annihilation
process, as they are not affected by the interaction of the halo environment such as the magnetic
fields of the intra-cluster medium. The gamma-ray emission maps from the pion decay process
at 100 MeV for DM sub-halo 1 and 2 are given in Figs. 33, 34. These maps look exactly like
the corresponding maps of the square of the DM density (Figs. 25 and 27), which justify the fact
that the gamma-rays from the pion decay process are the cleanest signal expected from the DM
annihilation process. In Figs. 35 and 36 we show the gamma-ray emissions from the non-thermal
bremsstrahlung process at 100 MeV for DM sub-halo 1 and 2. Comparing between the emission
maps of the gamma-rays produced by the two emission processes we find ~ 6 and 5 orders of
magnitude drop for DM sub-halo 1 and 2 as the values in the color bar indicate, respectively. We
interpret these as the effect of the gas content which is required in the determination of the non-
thermal bremsstrahlung process, which have resulted in the lower flux values for the gamma-rays
from the non-thermal bremsstrahlung process.

In Fig. 37 we show the gamma-ray differential flux from pion decay and non-thermal bremsstra-
hlung process for the two high M/L. DM sub-halos whose DM and gas density square maps inte-
grated along the line-of-sight is given from Fig. 25 to 28. The pion decay shown by the sold curves
in Fig. 37 stays above the bremsstrahlung flux values shown in dashed curves for almost all energies
between the mass of electron, m,, 511 keV and the mass of neutralino My, 35 GeV for both DM
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Figure 33: Gamma-ray emission map from Figure 34: Gamma-ray emission map from
pion decay at 100 MeV for DM sub-halo 1. pion decay at 100 MeV for DM sub-halo 2.
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Figure 35: Gamma-ray emission map from Figure 36: Gamma-ray emission map from
non-thermal bremsstrahlung process at non-thermal bremsstrahlung process at
100 MeV for DM sub-halo 1. 100 MeV for DM sub-halo 2.

sub-halos. This is because the gamma-ray flux from pion decay is the initial gamma-ray spectrum
multiplied by the square of the DM density values integrated along the line-of-sight. While these
DM sub-halos have high DM densities or DM fractions as shown in Tabs. 3 and 4 they also show
much lower fraction of gas content which enters in to the calculation of thermal electron density.
The later is also required to calculate the non-thermal bremsstrahlung emissions, hence it produces
a lower value of non-thermal bremsstrahlung flux as compared to the gamma-ray flux from pion
decay. As a result the gamma-ray flux from high M/L sub-halos will be dominantly contributed
from pion decay processes as shown in Fig. 37 with a combined gamma-ray flux density from IC
scattering (even though not shown here), non-thermal bremsstrahlung and pion decay processes
having a close resemblance to the flux densities from pion decay process.

21



Multi-wavelength emission from dark matter annihilation processes Remudin Reshid Mekuria

10 T T T T T
Tﬁ
-
[
&}
T
w
[ ]
[
©
-
(R
|| = Pion Decay Yoo
El'q mc 10 r \‘ \‘ 4
<~ - . Non-thermal L
Bremsstrahlung v
10%* | === DM sub-halo 1 .
=== DM sub-halo 2 ’
10-30 1 1 I I I
107 10 107 10° 10"

Gamma-ray Energy [GeV]

Figure 37: Differential gamma-ray flux of DM sub-halos 1 and 2 from pion decay and
non-thermal bremsstrahlung processes.

6. Conclusions and future work

Most of the matter in the universe is in the form of non-luminous DM. The particle nature
of DM is still unknown. DM self-annihilation would provide a mechanism for indirect detection
via electromagnetic emission from secondary electrons production. The spectral features of the
emission are expected to be closely related to the nature, composition and mass of the DM particles
[4]. We determine the radio and gamma-ray emissions from neutralino DM annihilation processes
considering two neutralino masses, M, = 35 GeV and 60 GeV along with two different models of
magnetic fields.

Using the Marenostrum-MultiDark SImulation of galaxy Clusters (MUSIC-2) [5], we develop
a semi-analytical model which provide multi-wavelength emission maps from DM annihilation
processes in galaxy clusters and sub-halos. The high resolution and number of MUSIC-2 clusters
allows us to single out DM sub-halos where it can be expected that the DM annihilation signal
exceeds ordinary emission. Applying a Smooth Particle Hydrodynamics (SPH) kernel allows us to
determine the DM density at arbitrary locations within the cluster volume which is used to focus
on the contribution of sub-halos to the multi-wavelength emission maps of clusters.

The DM radio flux densities for a neutralino mass of 35 GeV and the magnetic field based
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on Model A match best the observed diffuse radio emission of Coma [12]. The fact that the flux
density shows a very good agreement with the observed one without invoking a boost factor from
DM sub-structures shows that the distribution of sub-structures is described well in the simulations
which boosted the signals from DM annihilation processes exactly to the level of observed flux.
Our model also predicts gamma-ray emission from pion decay, non-thermal bremsstrahlung and
IC scattering processes. The contribution to the overall gamma-ray flux from IC dominates at low
energies. Non-thermal bremsstrahlung is most prominent at intermediate energies. At energies
above ~ 35 MeV pion decay dominates.

In order to investigate the annihilation signal from ‘“naked” sub-halos we select sub-halos
with exceptionally high mass to light ratios from all 282 MUSIC-2 clusters. These sub-halos are
expected to be good candidates for studying the nature of DM via the indirect detection of signals
from secondary electrons. The radial distribution of high M/L DM sub-halos is more strongly
peaked at ~ Rppoeric compared to the overall distribution of sub-halos.

We demonstrate that the non-thermal emission of DM annihilation from three selected sub-
halos is above the sensitivity limit of the Square Kilometer Array (SKA) with an integration time of
1000 hours. The gamma-ray flux densities of high M/L sub-halos show relatively low gamma-ray
flux from non-thermal bremsstrahlung. In some cases their non-thermal bremsstrahlung spectrum
stays below the pion decay spectrum at almost all energies. Consequently, the overall gamma-ray
flux spectrum from high M/L sub-halos is dominated by the pion decay process.

In the current work we have considered the energy loss of secondary electrons as they interact
with the ICM. However, we have not taken into account the diffusion of secondary electrons which
would be required for a more realistic study of DM annihilation signal from sub-halos. Also, small
amounts of baryons in the high M/L sub-halos may contaminate the annihilation signal which
needs to be determined quantitatively. Finally, comparison of our results with observations in the
gamma-ray band is required to confirm our DM annihilation signal predictions. Very recently, a
gamma-ray detection from a DM sub-halo has been reported by [18]. The y-ray spectrum they
present is consistent with DM annihilation into final state bb also used in our model. This opens
the opportunity for a future comparison with our model prediction.
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Appendix A
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Figure 38: Radio emission map at 110 MHz Figure 39: Radio emission map at 1400 MHz
using magnetic field of Model A for DM model using magnetic field of Model A for DM model
35 GeV. 35 GeV.
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Figure 40: Radio emission map at 110 MHz Figure 41: Radio emission map at 1400 MHz
using magnetic field of Model B for DM model using magnetic field of Model B for DM model
35 GeV. 35 GeV.
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