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Galaxy clusters are expected to be dominated by a component of Dark Matter (DM) of unknown
nature. The annihilation of DM particles in a galaxy cluster can produce relativistic electrons and
gamma rays, that can be used to test the properties of the DM particles and of the cluster itself.
Gravitational lensing measures provide the spatial DM distribution in a cluster, and can be used to
build detailed models to estimate the contribution of DM-produced electrons to the non-thermal
diffuse emission observed in some galaxy clusters. Therefore putting together the information
derived from radio and gravitational lensing measures in galaxy clusters can provide important
information about the properties of DM and the physics of clusters.
We apply this technique to two galaxy clusters where radio and gravitational lensing measurements are available. In the Bullet cluster a contribution of the DM to the diffuse radio emission
is possible because of the spectral changes visible in the overall spectrum, that suggest that more
than one component can be present; to better constrain this possibility information on the spectrum of the diffuse radio emission in smaller regions of the cluster is necessary. In the Coma
cluster the distribution of the DM sub-halos closely resembles the radio halo surface brightness
shape, and the overall radio halo spectrum is well reproduced by a DM model for the observed
properties of the magnetic field, without violating the gamma ray upper limits in the cluster; however, there are open issues, like the values of the annihilation cross section and of the substructures
boosting factor.
On the basis of these results, we conclude that the combination of radio and gravitational lensing
studies of galaxy clusters appears to be a very promising way to obtain information about the
physics of galaxy clusters and the DM properties. Present results suggest that a contribution from
DM to the total diffuse radio emission can be important, but require to study in detail the spectrum of the diffuse radio emission obtained in smaller regions of the clusters, and to have good
contraints on the components of baryonic origin. The application of this technique to a higher
number of clusters will be important to obtain better information and solve some open issues.
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1. Introduction

2. The DM model
Gravitational lensing measurements provide the position and the mass of DM halos inside a
galaxy cluster. From the mass of a halo Mhalo it is possible to derive the properties of the DM
spatial distribution inside the halo [8, 9]. The profile of DM density is written as a Navarro Frenk
White profile:
ρs
(2.1)
ρ (r) =   
2 ,
r
r
1
+
rs
rs
where the scale radius rs of the DM density profile can be derived from the the values of the
concentration parameter, cvir = Rvir /rs , and the virial radius Rvir . The former can be derived from
a fit to the results of cosmological simulations [8, 10]:
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Galaxy clusters are the largest gravitationally bound structures in the Universe, and are dominated by a component of Dark Matter (DM) of unknown nature. The annihilation of DM particles
in a galaxy cluster can produce relativistic electrons and gamma rays, whose detection can be used
to test the properties of the DM particles and of the cluster itself [1]. However, other processes
in galaxy clusters can produce diffuse non-thermal emission in several spectral bands, like radio,
X-rays, and gamma rays [2], making difficult to distinguish the emission of baryonic origin from
the one originated by DM annihilation.
Previous studies [1, 3] have shown that the diffuse radio emission due to DM-produced electrons interacting with the intra-cluster magnetic field can have intensity and spectrum similar to
the radio halos observed in several clusters, whereas the expected spatial distribution of the radio
surface brightness results to be different from the observed one. In these studies, the DM spatial
distribution was modeled as a single spherically symmetric halo centered on the X-ray center of
the cluster. However, gravitational lensing studies of the DM spatial distribution in galaxy clusters have shown that this assumption is not always accurate; in fact in the Coma cluster the DM
is structured in many sub-halos [4], and in the Bullet cluster the DM is concentrated in two main
halos located in different positions with respect to the X-ray emission of the cluster [5].
Therefore, gravitational lensing measures provide information on the DM distribution in clusters that need to be taken into account in accurate DM models. In this way, it is possible to obtain
more reliable information about the regions of the cluster where the DM can give a relevant contribution to the observed non-thermal emission, and to distinguish the DM from the baryonic emission
combining this information with the radio observations.
In this paper, we report the results obtained in the cases of the Bullet cluster [6] and the Coma
cluster [7], discuss and compare the results obtained in the two clusters, and discuss new possible
applications of this technique.
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where z is the cluster redshift and h is the Hubble constant in units of 100 km s−1 Mpc−1 , while
the virial radius is given by:
Mhalo
R3vir = 4
,
(2.3)
3 π ∆c ρcrit
where we assume ∆c = 100, and where ρcrit = 2.7755 × 102 h2 M⊙ kpc−3 is the critical density of
the universe. The characteristic density ρs is obtained from the relation:
(2.4)

Assuming that the DM particle is a Weakly Interacting Massive Particle (WIMP) with mass Mχ ,
the WIMP pair density is Nχ (r) = (ρ (r))2 /(2Mχ2 ), and the production rate of electrons and gamma
rays is given by [1]:
dN f
Qi (E, r) = Bhσ vi ∑ i B f Nχ (r) ,
(2.5)
f dE
where i is the index referring to the output product (i.e. electrons/positrons or photons), hσ vi
is the thermally-averaged WIMP annihilation cross-section, the index f labels annihilation final
states with branching ratios B f , the production spectra (dNif )/(dE) can be calculated using the
DarkSusy package [11], and B is a multiplicative boosting factor produced by the effect of smaller
DM substructures [12, 7]. In the following we will use the neutralino as a candidate WIMP, but the
results can be valid for a generic WIMP having similar properties.
By the effect of energy losses and spatial diffusion in the magnetized plasma of the cluster, the
electrons produced in DM annihilation reach the equilibrium according to the diffusion equation
[1]:




∂ dne
∂
dne
dne
= ∇ D(E, r)∇
+
b(E, r)
+ Qe(E, r) ,
(2.6)
∂ t dE
dE
∂E
dE
where (dne )/(dE) is the electron spectrum, D(E, r) is the spatial diffusion function, b(E, r) is the
energy-loss function and Qe (E, r) is the electron source function. The equilibrium solution in the
case of spherical symmetry and assuming that the energy losses and diffusion terms do not have
spatial dependence is of the form:
1
dne
(E, r) =
dE
b(E)

Z Mχ
E

dE ′ G(E, E ′ , r)Qe (E ′ , r) ,

(2.7)

where G(E, E ′ , r) is the appropriate Green’s function [1].

3. The case of the Bullet cluster
In the Bullet cluster gravitational lensing measures show two main halos located in different
positions with respect to the X-rays ones; these observations have been interpreted as due to a
separation between baryonic matter and DM as a consequence of a merging event [5, 13]. The
radio halo observed in this cluster has a complex shape, extending around the two X-ray peaks,
and also around the DM Eastern (DME) peak [14]. A suitable model to study the radio halo in
this cluster therefore can be built using the combination of two baryonic models located in the two
2
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Figure 1: Left Panel: the radio emission in the region of the MS of the Bullet cluster fitted with a WR model
with s p = 2.7 and B = 7.5 µ G. The data shown in this plot correspond to the central region of the cluster
as given by Liang et al. [18]. Right Panel: the radio emission in the different regions of the Bullet cluster
with: a WR model with s p = 2.7 and B = 7.5 µ G in the MS (solid line), a WR model with s p = 2.9 and
B = 60 µ G in the BS (dashed line), and a DM model with Mχ = 500 GeV, composition W +W − , B = 0.015
µ G, and hσ vi = 8.1 × 10−17 cm3 s−1 in the DME region. Data are taken from region # 3 of Liang et al. [18]
(diamonds), from region # 2 of Liang et al. [18] (triangles) and from the smaller region of Shimwell et al.
[14] (asterisks). Figures from [6].

Unfortunately, in literature there are not available radio spectra integrated in the regions around
the Bullet Subcluster (BS) region and the DME peak separately, but only spectra integrated in a
wide area including both these regions and the MS. The data sets relative to this wide region [18, 14]
show a radio halo spectrum with a power-law shape with spectral index αR ∼ 1.6 up to a frequency
3
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X-ray peaks, and one DM model in the DME peak [6]. In the following analysis, the properties of
the baryonic regions are taken from X-rays [15, 16, 17], and the ones of the DM regions are taken
from gravitational lensing analysis [5, 13].
The Main Subcluster (MS) is located where the X-ray emission has its main peak [17] in a
very hot region, where also the radio brightness maps show a peak [14]. The radio spectrum of this
region has a spectral index of αR ∼ 1.4 [18]. This spectrum can be tentatively described by using a
Warming Rays (WR) model [19], where it is assumed that the structure of the temperature observed
in the cluster is given by the equilibrium of the heating provided by cosmic ray protons and the
cooling of the Intra Cluster Medium (ICM) by thermal bremsstrahlung, and that the radio emission
is due to the secondary electrons produced by hadronic interactions of the cosmic ray protons with
the ICM nuclei. By normalizing the amount of cosmic ray protons in this way, it is obtained that
their best-fit spatial distribution is proportional to the thermal one, their energy spectrum is a power
law with spectral index s p = 2.7, their pressure is of the order of 42% of the thermal one, and the
required magnetic field intensity is of the order of 7.5 µ G [6] (see Fig.1, left panel). Alternatively,
the radio emission can be produced by primary electrons that are responsible of the non-thermal
Sunyaev-Zel’dovich effect possibly observed in the Bullet cluster if their normalized minimum
momentum p = β γ is of the order of 1 [20], for a magnetic field of the order of 8 µ G [6]. In both
cases the radio emission in this region can be explained with a baryonic model, with comparable
values of the required magnetic field.
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We note that an incorrect sources subtraction, which is a delicate operation for extended
sources, can alter the estimate of the diffuse radio halo spectrum. Searching for sources inside
the radio halo region of the Bullet cluster, we found that the source labeled with A by Liang et al.
[18] and with L by Shimwell et al. [14], at coordinates (J2000) RA 06:58:37.9 and Dec -55:57:25,
is the only one inside this field with a relatively high flux (∼ 20 mJy at 1.3 GHz), and slightly
extended compared with the ATCA resolution of 2.7" [14]. It is possible that the procedure of the
flux removal of this source can induce some errors in the estimate of the residual flux attributed
to the halo. This source is located very close to the DME peak, and between two galaxies with B
magnitude of 20.3 and 21.0 [22]; therefore the radio emission of this source can be produced by
one of these galaxies or by an interaction between them, or can be actually the peak of the DM
emission. In this case the DM model in the DME region should take in account the flux produced
by this source. This is done in Fig.2 (left panel), where the DME emission is normalized to the
A(L) flux spectrum; in this case the baryonic model in the BS requires a flatter protons spectral
index compared to the previous case, and a reduced value of the magnetic field (but still high, of
the order of 27 µ G) in order to reproduce the residual emission. In the figure it is shown also the
expected radio emission from the DMW region (assuming the same magnetic field as in the DME
region), that instead is not observed.
In Fig.2 (right panel) we show the calculated surface brightness map at 1.5 GHz produced by
the same four components as in the left panel, centered on the corresponding positions of the map.
This map can be compared to the observed radio map reported in fig.5 of Shimwell et al. [14]. In
the simulated map the DM emissions have narrow and intense peaks, but also extended residual
emissions; therefore, it is possible that the DM peaks in previous papers have been interpreted as
point-like (or slightly extended) sources, while the residual halos have been included in the diffuse
cluster emission. We also note that the emission produced in the BS has a limited spatial extension,
that does not explain the extended emission observed on the north and on the south of this region.
Therefore, to reproduce the full size of the observed radio emission, it is probably necessary to
consider the emission produced in a wider region surrounding the BS, or the contributions coming
from other sources, like the galaxies halos.
4
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of ν ∼ 2.3 GHz, a flattening between 2.3 and 5 GHz, and a further steepening at ν >
∼ 5 GHz. This
complex spectral shape might suggest that the total spectrum is due to the superposition of different
components, one of which can be the BS, and a second flatter component that dominates the overall
spectrum at 2.3 <
∼ν <
∼ 5 GHz, and steepens at higher frequencies. In Fig.1 (right panel) we show
a combination of the previously described WR model in the MS, a second WR model in the BS
(where the required pressure ratio between non-thermal and thermal components is 67%), and a
DM model with Mχ = 500 GeV, composition W +W − , and magnetic field B = 0.015 µ G in the
DME region, that results to be the best case among a variety of DM models with different mass
and composition we considered. This combination of models appears quite good in fitting the data,
excluding the point at 8.8 GHz that is overestimated. However, the magnetic field values required
by this model are too high in the BS and too low in the DME region compared to galaxy clusters
typical values [2], and the required annihilation cross section is higher by a factor of 108 compared
to the order of magnitude of upper limits found in galaxy clusters with Fermi-LAT measures [21].
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4. The case of the Coma cluster
Gravitational lensing observations in the Coma cluster [4] show that the DM is structured in
many sub-halos; interestingly, Brown & Rudnick [23] noted that the shape of the Coma radio halo
morphology is more similar to the distribution of the DM rather than to the X-ray brightness map.
In the region centered on the Coma center having a radius of 30 arcmin, roughly corresponding to
the radius of the Coma radio halo [24], it is possible to identify the position and the mass of 15
sub-halos and of the main halo, having a mass of 1.24 × 1015 M⊙ [4].
The equilibrium spectrum of DM-produced electrons is calculated in the main halo and in
each sub-halo, considering the effect of the diffusion. The resulting synchrotron emission is calculated using the magnetic field derived from Faraday Rotation measures in the cluster, B(r) =
B0 (nth (r)/nth (0))δ with δ = 0.5 and B0 = 4.7 µ G [25], where the thermal gas profile is derived
from X-ray measures [26]. Since the size of the DM sub-halos is generally small compared to the
dimension of the cluster, we assume that the magnetic field and the gas density are constant within
each sub-halo, with the values calculated at the center of the sub-halo.
We assume for the DM particle a neutralino with the compositions and masses corresponding
to the models that best fit the Galactic center gamma ray excess according to Abazajian & Keeley
[27]: these are the case with Mχ = 9 GeV and composition τ + τ − , and the case with Mχ = 43 GeV
and composition bb̄. Once the neutralino mass and composition are assumed, the only quantity that
remains as a free parameter for fitting the data is the normalization, given by the DM annihilation
5
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Figure 2: Left Panel: radio emission from the different regions in the Bullet cluster with a WR model with
s p = 2.7 and B = 27 µ G in the BS (solid line), two DM models with Mχ = 500 GeV, composition W +W − ,
B = 10 µ G, and hσ vi = 4.3 × 10−22 cm3 s−1 in the DME region (dashed line) and in the DMW region (dotdashed line), and a WR model with s p = 2.7 and B = 7.5 µ G in the MS (three dots-dashed line). Data are
from region # 2 of Liang et al. [18] (triangles), from the smaller region of Shimwell et al. [14] (asterisks),
from radio source A(L) from Liang et al. [18] (crosses), and region # 3 of Liang et al. [18] (diamonds).
Right Panel: Radio map of the Bullet cluster at 1.5 GHz simulated using the same models as in the left
panel, centered on the corresponding positions on the map. On the axes are the values of the coordinates
differences (in arcmin) w.r.t. the origin, fixed in the point RA 06:58:50 and DEC -55:59:00 (J2000). Contour
levels correspond to: (1 × 10−6 , 5 × 10−6, 1 × 10−5 , 5 × 10−5 , 1 × 10−4, 5 × 10−4 , 1 × 10−3 , 5 × 10−3,
1 × 10−2, 5 × 10−2, 1 × 10−1, 5 × 10−1, 1, 5, 10, 50, and 100) Jy arcmin−2. Figures from [6].

Dark Matter in Galaxy clusters

P. Marchegiani

Figure 3: Left Panel: radio flux produced in Coma from the DM halos for a neutralino with Mχ = 9 GeV,
composition τ + τ − and B × hσ vi = 6 × 10−25 cm3 s−1 . With the solid line it is shown the total emission,
with the dashed line the contribution from the main halo and with the dotted line the contribution from the
sub-halos. Data are from Thierbach et al. [28] and references therein. Right panel: gamma ray flux produced
in Coma from the DM halos for the same model as in the left panel. The solid line shows the total emission, the dashed line shows the contribution from the main halo and the dotted line shows the contribution
from the DM sub-halos. Fermi-LAT upper limits are from [21]. We also plot the expected sensitivities of
ASTROGAM for an effective exposure of 1 yr (from http://astrogam.iaps.inaf.it/scientific_instrument.html)
and CTA for 1000 hrs (from [34]). Figures from [7].

The map of the surface brightness at 2.675 GHz produced according to these models is reported
in Fig.4 (left panel). The distribution of DM in Coma gives origin to a radio emission at this
frequency with a shape that is quite similar to the observed one. We also note that the procedure
6
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cross section hσ vi, eventually multiplied by the substructures boost factor B.
Between the two models considered, the one with mass 9 GeV is found to better fit the shape
of the radio halo spectrum of Coma, including the steepening at high frequencies [28]: in Fig.3
(left panel) we show the flux produced from the main halo, the sub-halos, and their sum, and
compare with the observed spectrum. The sub-halos give a contribution to the total flux of the
order of 5 − 20% depending on the DM model. The required values of the normalization of the
DM model for the 9 and 43 GeV cases are B × hσ vi = 6 × 10−25 cm3 s−1 and 4 × 10−24 cm3 s−1
respectively. Comparing these numbers with the best fit values for the annihilation cross section
found in the Galactic center [27], we found that the required value of the substructures boosting
factor is of the order of 30–50 for the two models with 9 and 43 GeV mass, that is reasonable for
galaxy clusters [3, 29, 7]. If instead the values of the cross section are fixed to the upper limits
found in Dwarf Galaxies studies with Fermi-LAT [30] or in CMB studies with Planck [31], we
found that the boosting factor should take values of the order of 150–300, that are more difficult
but not impossible to have in galaxy clusters [32, 7].
We also found that the gamma ray emission produced in this model is not in excess compared
to the Fermi-LAT upper limits (see Fig.3, right panel). This is very interesting, because the present
gamma ray upper limits put strong constraints on the level of particle acceleration in galaxy clusters,
and severely challenge many of the baryonic models presently used to explain the diffuse radio
emission in galaxy clusters [33]. At present, DM models seem to not be affected by this problem.
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of obtaining the maps of diffuse radio emission is quite delicate, and depends critically on the
removal of point or slightly extended sources, and can alter the real shape of the diffuse emission
(for example, note that the radio halo maps observed at 1.4 and 2.675 GHz have peaks in different
positions [24, 28]), because by subtracting the emission of discrete sources it is possible that also
part of the DM emission in the same location is subtracted, as already noted in the Bullet cluster.

The azimuthally averaged radio surface brightness profile at 1.4 GHz produced in this model
is shown in Fig.4 (right panel), compared with the data of Deiss et al. [24]. In the same figure
we also show with the squares the average of the radio surface brightness calculated in concentric
rings having the same properties than in Deiss et al. [24]. We notice that, outside the most internal
circle having a radius of ∼ 5 arcmin (where the radio emission is probably dominated by the halo
around the cD galaxy NGC 4874), the DM sub-halos produce an average surface brightness profile
wider than the emission of the main DM halo alone, allowing to have a better agreement with the
observed data out to large radii, that instead is not possible to obtain by considering the main DM
halo alone.

5. Discussion and conclusions
The combination of radio and gravitational lensing observations of galaxy clusters is a very
promising way to obtain information about the physics of galaxy clusters and the properties of DM.
The spatial information about the DM distribution, combined with information on the baryonic
matter derived from X-rays, can allow to identify the regions where the DM is expected to be
dominant, and attribute the radio emission produced in these regions to the electrons produced by
DM annihilation. In this paper we have presented two examples of application of this technique.
7
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Figure 4: Left Panel: map of the radio surface brightness at 2.675 GHz in Coma from the DM halos for the
9 GeV neutralino model as in Fig.3. The map is smoothed on a scale of 9.35 arcmin, and is compared with
the contours of fig.4 of Thierbach et al. [28]. Right Panel: azimuthally averaged radio surface brightness
at 1.4 GHz for the same 9 GeV neutralino model as in left panel. The solid line is the total emission, and
the dashed line is the emission of the main halo. Triangles are data from Deiss et al. [24], squares are the
average of the surface brightness calculated in concentric rings with the same centers and extensions than in
Deiss et al. [24]. Figures from [7].
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In the Bullet cluster the spatial displacement of the regions where the baryonic and the DM
are dominant allows to study the radio spectrum in the different regions using different models. At
the moment the lack in literature of separated spectral data for the BS and the DME regions does
not allow to obtain definite conclusions; a contribution from the DM to the overall radio emission
is possible because of the spectral changes visible in the total spectrum, that suggest that more than
one component is producing the diffuse radio emission; possibly even some compact or slightly
extended sources, if located far from visible galaxies and close to DM peaks, can be due to DM
annihilation.
In the Coma cluster the distribution of the DM sub-halos closely resembles the radio halo surface brightness shape, and the model with mass 9 GeV and composition τ + τ − allows to reproduce
well the overall spectrum for the observed value of the magnetic field without violating the gamma
ray upper limits. An open issue is related to the values of the DM annihilation cross section and the
substructures boosting factor: if the value of the cross section is of the order of the one found in a
study of the Galactic Center gamma ray excess [27], the required value of the boosting factor is of
the order of what is expected in galaxy clusters, whereas if the value of the cross section is lower
as suggested in other studies [30, 31], the required value of the boosting factor is higher. However,
other baryonic sources of diffuse radio emission can be present in the cluster, like secondary electrons of hadronic origin, electrons accelerated or re-accelerated by shocks or turbolences, electrons
emitted by radio galaxies lobes (see, e.g. [2]), and therefore it is possible that the DM-produced
electrons produce only a fraction of the total emission; in this case the required value of the product
of the annihilation cross section by the substructures boosting factor would be smaller.
We also checked the dependence of these results on the assumptions that have been made to
describe the properties of DM halos. One possible difference compared to the model for the profile
of DM density as described in Sect.2 is the use of cored radial profiles having a flatter shape in the
internal part of the halo, as possibly found in halos of size of galaxies or smaller (e.g. [35]). In this
respect, we note that the radius of the largest sub-halo in the Coma cluster is of the order of 115
kpc, corresponding to ∼ 4 arcmin at the distance of Coma; since we are comparing our results with
surface brigthness profiles having HPBW of 9.35 arcmin [24], we expect that a different shape
of the internal profile of sub-halos should be diluted inside the beam, and the difference should
not impact heavily on the contribution of sub-halos to the surface britghntess profile of the whole
cluster. A different conclusion should be obtained if also the main halo should have a cored profile:
in this case we would expect that the central cusp in the surface brightness profile should be less
evident, and the accordance of this profile with the observed one might be more accurate in the
central region of the cluster compared with the results presented in this paper (see Fig.4).
Another possible issue is the correct relation between the halo mass and the concentration
parameter (eq.2.2), that in recent papers has been recalculated on the basis of results of recent
numerical simulations (e.g. [36]). Using the mass/concentration relation as presented in the last
cited paper, we calculated the radio flux produced by DM annihilation for halos located at the
redshift of Coma, with different values of the mass between 1012 and 1015 M⊙ , and for a fixed
magnetic field of 3 µ G. We have found that the flux expected from a generic halo obtained using the
new concentration model is smaller than the one found with our model, and the difference is bigger
for small sized halos. Specifically, the radio flux produced by halos with mass 1012 − 1013 M⊙
with this assumption is of the order of 3.3–2.4 times smaller than the one found in our results,
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