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We investigate a scenario where the recently discovered non-thermal hard X-ray emission from
the Ophiuchus cluster originates from inverse Compton scattering of energetic electrons and
positrons produced in weakly interacting dark matter pair annihilations. We show that this
scenario can account for the detected X-ray emission. We demonstrate that GLAST will
conclusively test the dark matter annihilation hypothesis. Depending on the particle dark
matter model, GLAST might even detect the monochromatic line produced by dark matter
pair annihilation into two photons.

Clusters of galaxies are the largest bound dark matter (DM) structures in the universe.
As such, they are natural targets for the search for observational signatures of particle DM 1.
If DM is in the form of weakly interacting massive particles (WIMPs), DM pair annihilations
generically produce γ-rays as well as a non-thermal energetic electron-positron (e±) population.
The latter, in turn, is expected to yield secondary emissions at soft γ-ray, X-ray and radio
frequencies via inverse Compton scattering, bremsstrahlung and synchrotron radiation, opening
up the possibility of a multi-wavelength approach to particle DM detection. A generic feature
of the broad-band DM annihilation spectrum is a significant hard X-ray component 1.

Interestingly, the discovery of a non-thermal hard X-ray emission from the Ophiuchus cluster,
detected with relatively robust statistical significance in a 3 Ms observation with the IBIS/ISGRI
and JEM-X instruments on board INTEGRAL, was recently reported in Ref. 2. The Ophiuchus
cluster is a nearby (z ≃ 0.028) rich cluster with a high temperature plasma (kT ∼ 10 keV),
featuring the second brightest emission in the 2-10 keV band. In addition to X-ray observations,
the steep-spectrum radio source MSH 17-203 was associated to the Ophiuchus cluster, indicating
the presence of relativistic electrons. However, the cluster was not detected at γ-ray frequencies
by EGRET 3.
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Figure 1: The hard X-ray and γ-ray spectrum for three DM particle models, plus a single-temperature MEKAL
model for the thermal X-ray emission, compared with the INTEGRAL data and with the EGRET upper limit.

While ordinary astrophysical mechanisms, including merger shocks, can be invoked to ex-
plain the non-thermal electrons presumably responsible for the observed non-thermal activity
in galaxy clusters, in the present analysis we propose and investigate a novel scenario where
WIMP annihilations produce, or significantly contribute to, said non-thermal population re-
sponsible for the hard X-ray detection in the Ophiuchus galaxy cluster. In a model independent
approach, we determine the parameters of the particle DM setups that provide the best fits to
the INTEGRAL X-ray data, and we compute the resulting multi-wavelength spectra. We refer
the reader to Ref.1 for a discussion of the computation of secondary radiation from e± produced
by WIMP pair annihilations. In this study we are primarily interested in the IC scattering of
the non-thermal e± on target CMB and starlight photons, giving rise to a spectrum of photons
stretching from below the extreme ultra-violet up to the soft γ-ray band, peaking in the X-ray
energy band.

We show in Fig. 1 the photon flux in the hard X-ray and γ-ray bands for three benchmark DM
particle model accounting for the INTEGRAL data. We also include a thermal component from
the bremsstrahlung emission of the intra-cluster medium, obtained with a single-temperature
MEKAL model 4 with the abundance fixed to 0.49 compared to the solar value and kT = 8.5
keV. The thermal component was normalized to produce the best fit for the INTEGRAL data
below 20 keV. The DM models were instead normalized to obtain the best global fit to the data
above 20 keV. We chose DM models with Bf = 1 for f = bb̄, W+W−, τ+τ−, i.e. each model
pair annihilating into a single Standard Model final state. The three particular final states were
selected for two reasons: (1) the resulting e± spectra dNf

e /dEe range from the softest (bb̄) to
the hardest (τ+τ−) possible case 1; (2) the three final states correspond to common well-defined
cases found in supersymmetric DM models. For instance, in the minimal supergravity scenario
f ≃ bb̄ corresponds to the so-called bulk and funnel regions where the neutralino has a relic
abundance compatible with the cold DM density, τ+τ− is found in the coannihilation region
(where neutralino pair-annihilation proceeds predominantly through scalar tau exchange) and
W+W− in the focus point region.

For each final state, we selected the DM particle mass giving the lowest χ2 in the fit to the
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Figure 2: The preferred pair annihilation cross section (a), the integrated γ-ray flux above 100 MeV (b) and the
minimal branching ratio for the detection of the monochromatic γ-ray line at Eγ = mDM (c), as a function of the
DM particle mass. In panel (a) the upper lines refer to the case of no substructures, the lower lines refer to the
substructure setup described in the text, and the gray shaded region is ruled out by EGRET and H.E.S.S. data

on the gamma-ray flux from the galactic center region.

INTEGRAL data: mDM(f = bb̄) = 46 GeV, mDM (f = W+W−) = 82 GeV and mDM(f =
τ+τ−) = 10 GeV. In the portion of the spectrum shown in Fig. 1 the value of the magnetic field
is not crucial, and was fixed here, for reference, to B = 0.1 µG. As shown in the inset, the fit to
the INTEGRAL data improves dramatically with the contribution from DM annihilation. Also,
the emission in the γ-ray band is compatible with the EGRET limit 3, shown for reference with
a horizontal orange line.

What is the DM pair annihilation cross section required to reproduce the spectra shown in
Fig. 1? To answer this question we need to integrate the number density of DM pairs over the line
of sight. In turn, this requires knowledge of the DM density profile for the Ophiuchus cluster.
We assume here, for reference, the DM density profile obtained in the numerical simulations
of Ref. 5 (namely ρ(r) = ρ0g(r/a), with g(x) = exp[−2(xα − 1)/α] and α ≃ 0.17) and the DM
substructure setup outlined in6. We verified that using other DM profiles changes our predictions
by less than one order of magnitude. We derived from Ref.7 a virial mass of ∼ 1.5×1015M⊙h−1

and a virial concentration of ∼ 10. We parametrize the contribution of substructures via the
fraction fs of total mass in subhalos, and assume a ratio Rs = 5 between the concentration
parameter in subhalos and that in isolated halos with equal mass, Rs ≡ 〈cs〉/〈cvir〉. In Fig. 2 (a)
we compute the cross section as a function of the DM particle mass, for the three benchmark
final states, giving the best fit to the INTEGRAL data. We assume fs = 0.5 for the lower lines,



as suggested by numerical simulations 8, while we neglect the contribution from substructures
for the upper lines.

While we find rather large values for the pair annihilation cross section compared to the
naive expectation 〈σv〉0 ≃ 3 × 10−26 cm3s−1 motivated by requiring a thermal WIMP relic
abundance compatible with the CDM density through simple scaling arguments, the range we
get is consistent with several examples of supersymmetric DM models (see e.g. Fig. 15 in 1).
Also, the values we obtain for both 〈σv〉0 and mDM are consistent with all available particle
physics constraints on DM, and are compatible with WIMPs being in the right density today
provided, for instance, non-thermal production or a modified cosmological expansion rate is
assumed at the time of WIMP freeze-out 9.

Panel (b) in Fig. 2 shows the integrated γ-ray flux above 0.1 GeV for the best fit models as
a function of mDM. In all cases we find that the expected γ-ray flux is well above the anticipated
GLAST LAT integral flux sensitivity, estimated to be around a few ×10−10 cm−2s−1 (see Ref.10).
Fig. 2 (c) shows the branching ratio 〈σv〉tot/〈σv〉γγ for the monochromatic DM DM → γγ
channel needed to obtain, for the best fit models, the detection of at least 10 photonsa with
Eγ = mDM. Notice that the values shown are independent of the assumed DM profile. While
〈σv〉tot/〈σv〉γγ is entirely model dependent, the range we obtain is generically consistent with
what is expected e.g. in supersymmetry. GLAST can therefore easily detect a sizable number
of monochromatic energetic γ rays, depending on the specific DM particle model.

In summary, we showed that the origin of the non-thermal particles plausibly responsibly for
the recently firmly discovered non-thermal hard X-ray emission from the Ophiuchus cluster might
be generated by electrons and positrons produced in WIMP pair annihilations, provided the rate
for the latter is large enough. This scenario is compatible with all observational information on
the cluster, with particle DM production and searches, and, more importantly, will be thoroughly
tested by GLAST. The future γ-ray telescope might even detect the monochromatic two-photon
emission provided the particle model has a large enough branching ratio in that channel. Other
galaxy clusters exhibiting non-thermal activity will similarly be outstanding sites for GLAST to
look for signatures of WIMP DM pair annihilation.
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7. T. H. Reiprich and H. Böringer, Ap.J. 567 (2002) 716.
8. J. Diemand, M. Zemp, B. Moore, J. Stadel and M. Carollo, Mon. Not. Roy. Astron. Soc.

364 (2005) 665 [arXiv:astro-ph/0504215].
9. See e.g. S. Profumo and P. Ullio, JCAP 0311 (2003) 006 [arXiv:hep-ph/0309220] and

R. Catena et al., arXiv:0712.3173 [hep-ph].
10. http://www-glast.slac.stanford.edu/

aThe branching ratio corresponding to a larger photon flux can be obtained by linearly rescaling the lines in
Fig. 2 (c).


