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ABSTRACT

Aims. Observations with the Very Large Array telescope at 1477 MHz revealed the presence of a radio mini-halo surrounding the
faint central point-like radio source in the Ophiuchus cluster of galaxies. In this work we present a study of the radio emission from
this cluster of galaxies at lower radio frequencies.
Methods. We observed the Ophiuchus cluster at 153, 240, and 614 MHz with the Giant Metrewave Radio Telescope.
Results. The mini-halo is clearly detected at 153 and 240 MHz, the frequencies at which we reached the best sensitivity to the lowsurface brightness diﬀuse emission, while it is not detected at 610 MHz because of the too low signal-to-noise ratio at this frequency.
The most prominent feature at low frequencies is a patch of diﬀuse steep spectrum emission located at about 5 south-east from the
cluster centre. By combining these images with that at 1477 MHz, we derived the spectral index of the mini-halo. Globally, the mini240
halo has a low-frequency spectral index of α153
240  1.4 ± 0.3 and an high-frequency spectral index of α1477  1.60 ± 0.05. Moreover, we
measure a systematic increase of the high-frequency spectral index with radius: the azimuthal radial average of α240
1477 increases from
about 1.3, at the cluster centre, up to about 2.0 in the mini-halo outskirts.
Conclusions. The observed radio spectral index agrees with that obtained by modelling the non-thermal hard X-ray emission in this
cluster of galaxies. We assume that the X-ray component arises from inverse-Compton scattering between the photons of the cosmic
microwave background and a population of non-thermal electrons, which are isotropically distributed and whose energy spectrum is a
power law with an index p. We derive that the electrons energy spectrum should extend from a minimum Lorentz factor of γmin  700
up to a maximum Lorentz factor of γmax  3.8 × 104 with an index p = 3.8 ± 0.4. The volume-averaged strength for a completely
disordered intra-cluster magnetic field is BV  0.3 ± 0.1 μG.
Key words. galaxies: clusters: individual: Ophiuchus – radio continuum: galaxies

1. Introduction
Galaxy clusters, the largest gravitationally bound structures in
the Universe, are still forming at the present epoch by a merging of nearly equal-mass systems or accretion of groups and
field galaxies. They are excellent laboratories to study the baryonic cosmic fraction as well as the interplay between baryonic
and dark matter in the formation and evolution process of large
scale structures (e.g. Arnaud et al. 2009; Kravtsov et al. 2009).
In the last twenty years important progress has been made in
the study of galaxy clusters, of the thermal intra-cluster medium
(ICM) and of their interaction (e.g. Boselli & Gavazzi 2006;
Markevitch & Vikhlinin 2007). Much less is known though
about the physical properties and the origin of a non-thermal
intra-cluster component (relativistic electrons with energies of
10 GeV spiralling in magnetic fields of few μGauss) that was
discovered and studied mostly through deep radio observations
(see e.g. Ferrari et al. 2008, and references therein). However, it
is now clear that the impact of the non-thermal component in the
physics and thermo-dynamical evolution of galaxy clusters cannot be neglected anymore (e.g. Dursi & Pfrommer 2008; Parrish
et al. 2009).
Intra-cluster relativistic electrons radiate through synchrotron emission in the radio domain, but also through inverse

Compton scattering of cosmic microwave background (CMB)
photons in the hard X-ray (HXR) band. The diﬀuse non-thermal
component is now well detected at radio wavelengths in about
30 clusters (Giovannini et al. 2009). Only a few X-ray satellites
allowed possible but controversial detection of a hard tail in the
X-ray spectrum of about ten clusters (see e.g. Fusco-Femiano
et al. 2003; Nevalainen et al. 2004; Rephaeli et al. 2008). Very
recent results either agree with an HXR non-thermal detection
(e.g. Eckert et al. 2008) or suggest a possible thermal origin of
the detected HXR emission (e.g. Kawano et al. 2009).
The Ophiuchus cluster (z = 0.028, Johnston et al. 1981) is
one of the brightest clusters of galaxies in the X-ray band. It is
an extremely interesting target for non-thermal cluster studies,
because it shows evidence of both radio and possibly HXR emission (Eckert et al. 2008; Govoni et al. 2009; Murgia et al. 2009;
Nevalainen et al. 2009). The dynamical state of the Ophiuchus
cluster has been strongly debated in the last years. A recent
Chandra study (Million et al. 2009) shows evidence of a recent
merger event in the central region of the cluster of 8 × 8 arcmin2
(but see also Fujita et al. 2008, for an opposite conclusion based
on Suzaku data). In addition several clusters and groups of galaxies have been detected within a distance of 8◦ from the cluster
centre, indicating that Ophiuchus is in a supercluster environment (Wakamatsu et al. 2005).
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Table 1. Details of the GMRT observations.
Frequency
(MHz)
153
240
614

Sideband
(LSB, USB)
BOTH, BOTH
BOTH, USB
BOTH

Bandwidth/sideband
(MHz)
8
8
16

Polarization
LL/RR, LL/RR
LL/RR, LL
RR

By analysing Very Large Array (VLA) data of Ophiuchus at
1477 MHz, Govoni et al. (2009) recently detected a radio minihalo surrounding the faint central point-like radio source. Radio
mini-halos are diﬀuse steep-spectrum (α > 1; S ν ∝ ν−α ) sources,
permeating the central regions of relaxed, cool-core galaxy clusters. They usually surround a radio galaxy. These diﬀuse radio
sources are extended on a moderate scale (typically 500 kpc)
and, in common with large-scale halos observed in merging clusters of galaxies, have a steep spectrum and a very low surface
brightness. As a consequence of their relatively small angular size and possibly strong radio emission of the central radio
galaxy, radio mini-halos are very elusive sources, and our current observational knowledge of mini-halos is limited to only a
handful of well-studied clusters.
Based on current observational and theoretical analyses,
radio emission from mini-halos would be due to a population of relativistic electrons ejected by the central AGN and
re-accelerated by MHD turbulence, whose energy is, in turn,
supplied by the cluster cooling-core (Gitti et al. 2004). Recent
analysis of the most X-ray luminous cluster (RX J1347-1145)
suggests that additional energy for electron re-acceleration in
mini-halos might be provided by sub-cluster mergers that have
not been able to destroy the central cluster cooling-core (Gitti
et al. 2007). Ophiuchus is the second known cluster showing a
radio mini-halo, and also a cool-core that has survived a possible recent merging event (Nevalainen et al. 2009; Million et al.
2009). Indeed, Burns et al. (2008) simulated the formation and
evolution of galaxy clusters, and showed that cool-core clusters
can accrete mass over time and grow slowly via hierarchical
mergers; when late mergers occur, the cool-cores survive the collisions.
Eckert et al. (2008) measured a high confidence level (6.4σ)
HXR excess in Ophiuchus through INTEGRAL observations.
This emission may be of non-thermal origin, caused presumably
by Compton scattering of cosmic microwave background radiation by the relativistic electrons responsible for the mini-halo
emission (see e.g., Rephaeli et al. 2008; Petrosian et al. 2008,
and references therein for reviews). Alternative explanations
have also been put forward (Profumo 2008; Pérez-Torres et al.
2009; Colafrancesco & Marchegiani 2009). The HXR excess detection in Ophiuchus was recently confirmed by Nevalainen et al.
(2009). In addition, their joint INTEGRAL and XMM analysis
partly reconciled the previous discrepancy between the results
by Eckert et al. (2008) and the upper limits on HXR flux obtained by Ajello et al. (2009) through Swift/BAT data.
Ophiuchus is thus one of the few clusters of galaxies in
which the non-thermal component is revealed both in the radio
and in the HXR bands. For this reason it is particularly interesting to investigate the radio spectrum of the mini-halo. By combining this information with the observed properties of the HXR
emission it would be possible to derive important constraints on
the energy spectrum of the synchrotron electrons. In particular,
by assuming that the synchrotron emission and the HXR excess
are co-spatial and produced by the same population of relativistic
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Observation time
(h)
5.2+4.7
4.6+4.3
4.3

Date
2008 Aug. 21, 22
2008 Aug. 23, 28
2008 Aug. 28

Beam
(arcsec)
31.1 × 22.6
18.7 × 15.9
7.0 × 7.0

rms
(mJy/beam)
5
1.1
0.25

electrons, their comparison would allow the determination of the
cluster magnetic field (Nevalainen et al. 2009).
In this work we present a study of the radio emission
from the Ophiuchus cluster of galaxies at low radio frequencies. We observed the Ophiuchus cluster at 153, 240, and
614 MHz with the giant metrewave radio telescope (GMRT).
Throughout this paper we assume a ΛCDM cosmology with
H0 = 71 km s−1 Mpc−1 , Ωm = 0.27, and ΩΛ = 0.73. At the
distance of Ophiuchus (z = 0.028), 1 corresponds to 0.55 kpc.

2. GMRT observations
We observed the cluster of galaxies Ophiuchus using the GMRT
at the frequencies of 153, 240, and 614 MHz (program OJ1712).
The GMRT antennas were pointed at RA = 17h 12m 28s and
Dec = −23◦22 06 (J2000). The visibilities were acquired in
spectral line mode in order to reduce the bandwidth smearing effect and to facilitate the excision of narrow band radio frequency
interferences (RFIs).
We summarize the details of the observations in Table 1,
where we provide the frequency and total bandwidth, observation date, total time on source, beamwidth (FWHM) of the
full array, and rms level (1σ) in the full resolution images.
Calibration and imaging were performed with the NRAO astronomical image processing system (AIPS).
The Ophiuchus cluster has already been observed with the
GMRT at 240 and 610 MHz by Pérez-Torres et al. (2009), who
did not detect the diﬀuse mini-halo emission at the noise level
of their images. The observations presented here, however, have
on average an exposure time about a factor 4.5 longer and hence
they permit us to go deeper in sensitivity.
2.1. 153 MHz

The observations were performed using a central frequency of
153 MHz and a bandwidth of 8 MHz for both the upper and
lower sideband (USB and LSB). The data were collected in spectral line mode with 128 spectral channels of 62.5 kHz in width.
The observations consist of two distinct runs of about 5.2 and
4.7 h on source, performed on 2008 Aug. 21 and 22, respectively. The flux density scale and the bandpass were calibrated
for both runs with the primary calibrator 3C 286. An initial amplitude solution for the bandpass calibrators was first obtained
for a central channel free of RFIs. This channel was then used
as reference in task BPASS to derive a bandpass solution. The
bandpass solution was visually inspected and the most obvious
RFIs were carefully excised. This procedure was repeated several times until a refined bandpass solution was obtained. Task
FLGIT was applied to the whole dataset and about 30% of the
data were automatically removed because of the contamination
from strong RFIs. We ran task SPLAT to apply the bandpass
calibration and to reduce the number of channels from 128 to
six channels of 1 MHz width each. We calibrated the final data
set in both phase and amplitude. The phase calibration was completed with the secondary calibrators 1830–360 and 1833–210,
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Fig. 1. Top left: GMRT radio iso-contours at 153 MHz at full resolution overlaid to the ROSAT PSPC X-ray image of the Ophiuchus galaxy cluster.


◦
The radio image has an FWHM
√ beam of 37.1 × 22.6 with PA = 35.1 and a noise level of 5 mJy/beam (1σ). Contours start at 15 mJy/beam
(3σ) and scale by a factor of 2. Top right: iso-contours at the frequency of 1477 from the VLA image by√Govoni et al. (2009). The image as an
FWHM beam of 91.4 × 40.3 with PA = −24.4◦ . Contours start at 0.3 mJy/beam (3σ) and increase by 2. Bottom panels: finding charts from
DSS2 – red for sources A, B, C, and D. No obvious optical identification exists for radio source B.

observed at intervals of ∼30 min. Low-level residual RFIs were
carefully removed from the six-channels dataset by visual inspection, and finally the Ophiuchus data were extracted with task
SPLIT and imaged. Several cycles of self-calibration were applied to remove residual phase variations.
We ran task IMAGR in 3D mode over a mosaic of slightly
overlapping fields to account for the non-coplanarity of the incoming wavefront within the large primary beam of ∼3◦ .
We first calibrated the 153 MHz observations from the two
runs independently and then combined the two datasets with task
DBCON, performing a final self-calibration run. In the left panel
of Fig. 1 we present the radio image at 153 MHz resulting from
the combination of the data sets from the two observing days.
The radio image has a FWHM beam of 37.1 × 22.6 with
PA = 35.1◦ and a noise level of 5 mJy/beam (1σ).

splitted into 64 channels of 125 kHz in width. The flux density
scale was calibrated by the source 3C 286. The source 1830–360
was observed at intervals of ∼30 min and used as secondary
phase and gain calibrator. The bandpass was calibrated using the
sources 3C 286 and 1830–360. Task FLGIT was applied to the
whole dataset, and about 26% of the data were eliminated because of RFIs. Both data sets were averaged in frequency to six
channels of 1 MHz in width to reduce noise while still keeping the bandwidth smearing eﬀect under control. We processed
the two data sets separately applying several cycles of imaging and self-calibration. The datasets were then combined with
task DBCON, and we performed a final self-calibration run. The
contour levels of the full resolution 240 MHz image are shown
in the central panel of Fig. 2. The radio image has a FWHM
beam of 18.7 × 15.9 with PA = −25.7◦ and a noise level of
1.1 mJy/beam (1σ).

2.2. 240 MHz

The 240 MHz observations consist of two data sets of 4.6 and
4.3 h on source, taken on 2008 Aug. 23 and 28, respectively.
The Aug. 23 observations were performed for both the LSB
and the USB with a total bandwidth of 8 MHz splitted into
128 channels of 62.5 kHz in width. The Aug. 28 observations
were performed for the USB with a total bandwidth of 8 MHz

2.3. 614 MHz

The observations were performed on 2008 Aug. 28 for a total
of 4.3 h on source. Data were recorded for both the USB and
the LSB with a 16 MHz bandwidth splitted in 128 channels of
125 kHz in width. The central frequencies of the USB and LSB
are 606 and 622 MHz, respectively. The flux density scale was
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Fig. 2. Central panel: GMRT radio iso-contours at 240 MHz of the Ophiuchus galaxy cluster at full resolution. The radio image has a FWHM
beam
of 18.7 × 15.9 with PA = −25.7◦ and a noise level of 1.1 mJy/beam (1σ). Contours start at 3.3 mJy/beam (3σ) and scale by a factor of
√
2. The insets show the GMRT image at 614 MHz of sources A, B, C, and D. The 614 MHz has a FWHM beam of 7 × 7 and a noise level of
0.25 mJy/beam (1σ).

calibrated by using the source 3C 286. The phase 1830–360 was
observed at intervals of ∼30 min. The bandpass was calibrated
using the sources 3C 286 and 1830–360. In order to improve the
signal to noise ratio, data were averaged in frequency by collapsing the bandwidth to six spectral channels of 2 MHz in width.
The six-channels dataset was carefully inspected to excise the
RFIs. Several cycles of imaging and self-calibration were applied to remove the residual phase variations.

3. Results

The USB and the LSB were imaged separately and then
averaged together to produce a final image at a frequency of
614 MHz with a FWHM beam of 7 × 7 and a noise level of
0.25 mJy/beam (1σ). Cut-outs of the 614 MHz image are shown
in the insets of Fig. 2.

The Ophiuchus cluster is one of the most luminous X-ray galaxy
clusters in the local Universe, but its optical properties are not
very well known because of its unfortunate line-of-sight. The
cluster lies in projection at only about 10◦ from the Galactic
Centre and hence it is highly obscured. Recently, Ophiuchus
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We analyse the results of the GMRT observations with particular emphasis on the determination of the radio spectrum of the
cluster discrete sources and of the mini-halo.
3.1. Optical and radio properties

M. Murgia et al.: GMRT observations of the Ophiuchus galaxy cluster

was studied in the optical band by Wakamatsu et al. (2005),
who derived spectroscopic redshifts for about 200 galaxies to
within 5◦ from the cD galaxy at the centre of the cluster core.
The velocity dispersion of the Ophiuchus cluster is found to
be 1050 ± 50 km s−1 . Such a large velocity dispersion is consistent with its high X-ray luminosity. Moreover, several clusters and groups of galaxies are observed to within a distance of
8◦ from the cluster centre, indicating that the Ophiuchus concentration may be a supercluster comparable in richness to the
Coma−A1367 system, as early suggested by Djorgovski et al.
(1990).
In the top left panel Fig. 1, the overlay of the GMRT radio
iso-contours at 153 MHz to the ROSAT PSPC X-ray image of
the Ophiuchus galaxy cluster is shown. The X-ray image is in the
0.1−2.4 keV energy band and has been background subtracted,
divided by the exposure image, and smoothed with a Gaussian
kernel with σ = 30 .
The most relevant radio features we detected are labeled A
through E. At the centre of the cluster we detected a faint pointsource (labeled A), whose position is coincident with the peak
of the X-ray emission. This is the same point source detected
with the VLA at 1477 MHz by Govoni et al. (2009), see Fig. 1
top right panel. Radio source A is associated with the prominent cD galaxy, which lies at the centre of the cluster (Fig. 1,
bottom left panel). Source A appears point-like at our resolution
and sensitivity. The brightest radio source in the field is source
B, which is located about 10 north to the centre. Source B is an
extended source with an angular size of 174 × 50 , corresponding to a projected linear size of about 100 × 30 kpc (see top-left
inset in Fig. 2). There is no obvious optical identification for this
radio source, whose rather peculiar morphology makes its classification very uncertain. In fact, it lacks of any of the typical
features observed in ordinary radio galaxies, like core, jets, or
lobes. Source B is not a head-tail radio galaxy either. Rather, the
source has an amorphous filamentary structure. The south-east
part is characterized by several threads of radio emission emerging perpendicular to the source’s major axis. The north-west
part of the source is composed by a single filamentary feature
whose tip bends backwards to form what resembles a vortexlike structure. Instead, sources C and D are the typical cluster
tailed radio galaxies. Source C is about 300 long (165 kpc) and
is pointing north-east to south-west. Source D has a faint tail
about 230 long (127 kpc) pointing from south to north. The
apparent diﬀerence in radial velocity between sources C and D
−1
and the Ophiuchus cluster is >
∼1000 km s . We assume here a
−1
mean recession velocity of 9063 km s for the central region
of the Ophiuchus cluster (Wakamatsu et al. 2005) and that the
two radio sources are associated to galaxies 2MASX J171155422309423 (cz = 8050 km s−1 ) and 2MASX J17120908-2328263
(cz = 7469 km s−1 ) (Hasegawa et al. 2000). These properties
are further confirmed by the spectral ageing analysis presented
in Sect. 3.3 and indicate that the ram-pressure model can easily
explain the radio jet deflection. The two galaxies could have this
high velocity with respect to the ICM either because they are individually infalling towards the cluster centre or because they are
part of merging sub-clusters. The merger-induced bulk motion of
the galaxies in the ICM would then be responsible for bending
the radio jets. The latter scenario would agree with the results by
Bliton et al. (1998), who derived that narrow-angle tailed radio
galaxies are preferentially found in dynamically complex clusters.
Finally, we detected an extended patch of diﬀuse emission
at about 5 south-west from the cluster centre. This feature, labelled E in Fig. 1, is the only part of the mini-halo visible in

the 153 MHz GMRT image at full resolution. This patch is also
present in the 240 MHz image at full resolution shown in Fig. 2,
where few other “fragments” of the mini-halo can be observed
all around the cluster centre. At 614 MHz the diﬀuse emission
of the mini-halo is too faint to be detected at full resolution.
The VLA image at 1477 MHz shown in the top-right panel
of Fig. 1 has a very good sensitivity to the extended emission.
Given the noise level of about 0.1 mJy and the relatively high
resolution of 91 × 40 provided by the VLA in D configuration, the 3σ sensitivity level on the mini-halo diﬀuse emission is
of 0.07 μJy/arcsec2 . For comparison, the sensitivities of the full
resolution GMRT images are of 15.8, 8.9, and 13.5 μJy/arcsec2
at 153, 240, and 614 MHz. It should be considered that the observed surface brightness at 1477 MHz of the mini-halo is at
2
best <
∼0.5 μJy/arcsec and hence the minimum spectral index required to detect the mini-halo at 153 and 240 MHz is α > 1.5.
The detection turns out to be prohibitive at 614 MHz because the
required mini-halo spectral index should be as high as α > 3.8.
Thus to improve the signal to noise ratio of the GMRT data,
we realized a set of images with natural weighting (ROBUST = 5
in IMAGR) and by tapering the longest baselines in order to
smooth the angular resolution to 92 × 92 . This is the resolution adopted in the VLA study of the mini-halo at 1477 MHz
by Murgia et al. (2009). The radio iso-contours of these images
are presented in Fig. 3. The degradation of the resolution of the
images results in an improved sensitivity to the diﬀuse emission.
At 92 × 92 resolution, the 3σ sensitivities of the GMRT images are of 5.6, 3.1, and 1.6 μJy/arcsec2 respectively at 153, 240,
and 614 MHz.
The mini-halo is clearly detected at 153 and 240 MHz, the
frequencies at which we reached the best sensitivity to the lowsurface brightness diﬀuse emission, while it is too faint to be
detected at 614 MHz even at the 92 × 92 resolution. The most
prominent feature of the mini-halo at low frequencies is still the
patch E, which is marginally visible also in the VLSS at 74 MHz.
However, the higher signal-to-noise ratio achieved in the 153
and 240 MHz images at low-resolution reveals a bridge of diffuse radio emission, which is aligned along the cluster major axis
and connects patch E, the central source A, and the amorphous
source B.
3.2. Integrated radio spectra of discrete sources

Determining the radio spectra of the discrete sources is important to understand their nature and, possibly, their connection
with the mini-halo. We analysed the integrated radio spectra of
sources A, B, C, and D by complementing the GMRT measurements at 153, 240 and 614 MHz with the flux densities available
in literature. In particular, we made use of the VLSS at 74 MHz,
the WISH survey at 325 MHz, the NVSS at 1400 MHz and the
VLA 1477 MHz image by Govoni et al. (2009). The flux density of source A at the diﬀerent frequencies has been determined
by using AIPS task JMFIT. Since sources B, C, and D are extended, we determined the flux density by integrating their radio
brightness down to the 3σ isophote. All the VLSS flux densities at 74 MHz reported in this work have been corrected for
the clean bias, following the prescription of Cohen et al. (2007).
The integrated spectra are reported in Table 2. The flux density
uncertainties include a 5% absolute calibration error.
In Fig. 4 we present the plots of the integrated radio spectra along with a power law fit to the data. Overall, the GMRT
measurements agree both with the fit and with the adjacent data
points taken from the literature, thus providing a positive check
of the flux density scale in our images.
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Fig. 3. Radio images of the Ophiuchus cluster of galaxies at 92 × 92 FWHM beam resolution. Contours start at 3σ level and scale by a factor of
√
2. Left to right: 74 MHz (VLSS; σ = 280 mJy/beam), 153 MHz (GMRT; σ = 18 mJy/beam), 240 MHz (GMRT; σ = 10 mJy/beam), 614 MHz
(GMRT; σ = 5.5 mJy/beam), 1477 MHz (VLA; σ = 0.16 mJy/beam).
Table 2. Integrated spectra for cluster discrete sources.
Source
Central Source - A

Amorphous source - B

North NAT source - C

South NAT source - D

ν
MHz
74
153
240
352
614
1400
1477
74
153
240
352
614
1400
1477
74
153
240
352
614
1400
1477
74
153
240
352
614
1400
1477

Flux density
mJy
<840
100 ± 11
85 ± 4
74 ± 8
43 ± 2
31 ± 2
29 ± 2
11 330 ± 570
6380 ± 320
3700 ± 190
2610 ± 130
1420 ± 70
632 ± 32
574 ± 29
<3000
1150 ± 60
800 ± 40
636 ± 32
497 ± 24
343 ± 17
326 ± 16
<2400
220 ± 20
180 ± 11
130 ± 12
106 ± 6
72 ± 4
66 ± 3

Reference
e
a
a
b
a
c
d
e
a
a
b
a
c
d
e
a
a
b
a
c
d
e
a
a
b
a
c
d

References. (a) GMRT, this work; (b) WISH survey, De Breuck et al.
(2002); (c) NVSS, Condon et al. (1998); (d) VLA, Govoni et al. (2009);
(e)
VLSS, Cohen et al. (2007).

Source A is a compact source with a steep spectrum. The
spectral index of the central source in the considered frequency
window is α 0.6, a typical value for radio sources.
The amorphous source B presents a power law radio spectrum with a spectral index of about α = 1.01 ± 0.03. This is a
quite usual value for active radio galaxies, which makes the interpretation of this object even more puzzling. Indeed, although
the distorted morphology of this radio source recalls that of extreme relic sources in clusters of galaxies (see e.g. Slee et al.
2001), on the basis of its radio spectrum it cannot be classified
as an ultra-steep spectrum source. A 5 GHz archive VLA image
(not shown) suggests a very weak point-like source but without kpc-scale jets. Indeed, it is not clear which mechanism is
powering the relativistic electrons in this extended radio source.
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One possibility could be that source B is a relic radio source
revived by the adiabatic compression caused by a shock wave
or a bulk gas motion propagating thought the ICM (Enßlin &
Gopal-Krishna 2001). However, no particular X-ray feature is
visible in coincidence of the radio source neither in the ROSAT
nor in the XMM-Newton images and hence the origin of this peculiar radio source as well as its possible relation with the minihalo remain, at the moment, unclear.
Finally, the tailed sources C and D have similar integrated
spectra that are well described by a power law with the index α 
0.5.
3.3. Spectral ageing analysis of sources C and D

Sources C and D can be classified as narrow-angle-tails (NATs).
This morphology is indicative of a strong relative velocity between the host galaxy and the ICM. The ram pressure exerted by
the external gas bends the radio jets that merge together forming the characteristic tail of radio plasma. The relativistic electrons at the end of the tail must have been deposited first and
hence their radio spectrum should be steeper because they suffered greater energy losses.
In Fig. 5 we present the spectral index profile between
153 MHz (GMRT) and 1400 MHz (NVSS) as a function of distance from the host galaxy for sources C and D. Both the GMRT
and the NVSS images were convolved to the same resolution of
45 × 45 and re-gridded to a common pixel size to ensure a
proper comparison.
For both sources, the spectral index increases systematically
with the increasing distance from the host galaxy, a typical behaviour observed in many NATs. The spectral steepening can be
interpreted in terms of radiative losses of the relativistic electrons. In particular, we assumed that the radio spectrum is described by a JP model (Jaﬀe & Perola 1972), characterized by a
low-frequency zero-age power law with an index αinj and an exponential cut-oﬀ beyond a high-frequency break, νb . The break
frequency is related to the radiative age of the relativistic electron, trad , and to the source’s magnetic field, B, through
trad = 1590

(B2 +

B0.5
(Myr),
√
(1 + z)νb

B2CMB)

(1)

where the magnetic field is in μG and the break frequency in
GHz, while BCMB = 3.25(1 + z)2 μG is a virtual magnetic field
whose energy density equals that of the CMB and accounts for
the inverse Compton losses (see also Sect. 4.2).
Following Parma et al. (1999), we assumed that the radio
plasma in the tail separates from the host galaxy at a constant
speed. In this case, the break frequency scales νb ∝ 1/d2 , where
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Fig. 4. Integrated radio spectra for the central source A (top-left), for the amorphous source B (top-right), and for the two tailed sources C and D
(bottom panels). The triangles represent the GMRT flux density measurement from this work, while the dots are the data taken from the literature.
The lines represent the best fit of a power law with index α.

d is the distance along the tail. Given this trend for νb , we computed the expected spectral index on the basis of the JP model as
a function of the distance d. Close to the host galaxy (d → 0) the
break frequency νb → ∞; the radio spectrum is a power law with
the index αinj . At an increasing distance from the host galaxy, νb
shifts to a low frequency and the radio spectrum steepens. By
fitting the observed spectral index profile, we derived the injection spectral index and the lowest value for the break frequency.
For source C we found αinj  0.42 ± 0.03 and a minimum break
frequency of νb  800 ± 170 MHz at a distance of 120 kpc from
the host galaxy. By using standard formulas (e.g. Pacholczyk
1970), we estimated the minimum energy magnetic field, Bmin ,
of the tail by integrating the radio luminosity from 100 MHz to
10 GHz and by assuming a ratio between the energy density of
relativistic protons to that of the electrons of k = 1. For source
C we obtained Bmin  6.7 μG and, on the basis of Eq. (1), we
calculated a radiative age of trad = 80 ± 10 Myr. The corresponding advancing speed of the tail is v  1460 ± 160 km s−1 , in

agreement with the dispersion velocity of galaxies in the
Ophiuchus cluster.
Source D is fainter than source C, and thus the uncertainties
on the best-fit parameters are larger. However, we found αinj 
0.5 ± 0.3 and a lowest break frequency of νb  400 ± 200 MHz
at a distance of about 40 kpc from the host galaxy. We calculated
for the radio source a minimum energy magnetic field of Bmin 
8.4 μG, and we estimated a radiative age of trad = 87 ± 26 Myr,
which corresponds to an advancing speed for the tail of v  450±
120 km s−1 , i.e. smaller than that of source C.
It is worth noting that the estimated advancing velocities
should be regarded as lower limits if the tail’s length has been
significantly shortened by projection eﬀects.
3.4. The mini-halo spectral index image

The main goal of this work is to constrain the spectral index
of the mini-halo in the Ophiuchus cluster. This is a particularly
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Fig. 5. Spectral index profile between 153 and 1400 MHz along the tail for radio sources C (left panel) and D (right panel). Data points have been
sampled in circular boxes of one beam-width, as shown in the inset. The line is the expected spectral index trend for the case of constant advance
speed.

hard task because the mini-halo is very faint and extended. The
best compromise between sensitivity and resolution is obtained
in the 240 MHz image at a 92 × 92 resolution. In the top-left
panel of Fig. 6 we present the spectral index image between 240
and 1477 MHz with the 240 MHz radio iso-contours overlaid.
The spectral index image is calculated only from those pixels
whose brightness is above the 3σ level at both frequencies. The
overall radio spectrum of the mini-halo is steep. The spectral
index ranges from about α  1.5, close to the cluster centre, up
to about α  2.0 in correspondence of patch E. In the top-right
panel of Fig. 6 we show the spectral index uncertainty, which is
in the range from 0.05 to 0.2.
The bottom panels of Fig. 6 show the radio spectrum of the
mini-halo at four diﬀerent sample positions. In addition to the
GMRT data, the spectra also include the measurements obtained
from the VLSS at 74 MHz and the VLA at 1477 MHz. All the
images considered were re-gridded to a common geometry and
convolved at the same angular resolution of 92 × 92 . The
radio spectra between 74 and 1477 MHz indicate no deviation
from a power law model, although this could be due to the comparatively small frequency range considered.
Patch E is also detected at 74 MHz in the VLSS and has a
spectral index of α  2.04 ± 0.09 (see Fig. 6, bottom-left spectrum). Patch E appears as an isolated feature at a comparatively
large distance from the centre of the cluster. It is important to
stress again though that the VLA image at 1477 MHz has a
much higher dynamic range compared to the GMRT image at
240 MHz. Indeed, there are regions of the mini-halo that are
clearly detected at 1477 MHz but are not represented in Fig. 6
simply because their spectrum is not steep enough.
3.5. Azimuthally averaged radial profile of the mini-halo
emission

The GMRT images at 153 and 240 MHz at 92 × 92 resolution have enough sensitivity to allow us the analysis of the azimuthally averaged radial profiles of the mini-halo emission. The
surface brightness of mini-halos in clusters of galaxies decreases
with increasing distance from the cluster centre, eventually
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falling below the noise level of the radio images. Although deviations of the diﬀuse emission from spherical symmetry are often observed, the azimuthally averaged radial profiles are indeed
quite smooth and regular. We derived the azimuthally averaged
brightness of the Ophiuchus mini-halo at 153 and 240 MHz and
compare the result with the finding obtained with the VLA at
1477 MHz by Murgia et al. (2009).
In the top panel of Fig. 7 we show the azimuthally averaged
radio halo brightness profiles obtained from the 153, 240 and
1477 MHz images at 92 resolution. Each data point represents
the average brightness in concentric annuli of half beam width
centred on the X-ray peak. Discrete sources were masked out
and excluded from the statistics. We considered only data points
whose observed brightness was five times above the error on the
radial average. Following Murgia et al. (2009), in order to carefully separate the contribution of the mini-halo from that of the
central radio galaxy, we fitted the total brightness profiles with a
central point source plus the radio mini-halo diﬀuse emission
I(r) = IPS (r) + IMH (r).

(2)

The profile of the central point source was characterized by a
Gaussian of the form
IPS (r) = I0PS e−(r

2

/2σ2PS )

,

(3)

while the brightness profile of the mini-halo was characterized
by an exponential law of the form
IMH (r) = I0MH e−r/re .

(4)

The best fit of the total model in Eq. (2) is represented by the
solid lines in the top panel of Fig. 7. The contribution from
the mini-halo exponential disc alone is represented by the dotted lines. The fit was performed in the image plane as described
in Murgia et al. (2009). In order to properly take into account
the resolution, the exponential model was first calculated in a
2-dimensional image, with the same pixel size and field of view
as the observed one, and was then convolved with the same beam
by means of a Fast Fourier Transform. The resulting image was
masked exactly in the same regions as the observations. Finally,
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Fig. 6. Spectral index image of the mini-halo in the Ophiuchus cluster. The top left panel shows the spectral index image of the mini-halo in the
Ophiuchus cluster between 240 and 1477 MHz at an angular resolution of 92 × 92 . The iso-contours represent the 240 MHz
√ image obtained
by tapering the long baselines between the GMRT antennas. Contours start at 30 mJy/beam (3σ) and increase by a factor of 2. The 1477 MHz
image is taken from Govoni et al. (2009) and has a noise level of 0.16 mJy/beam (1σ). The spectral index is calculated only in those pixels whose
brightness is above 3σ at both frequencies. The top right panel shows the image of the spectral index uncertainty. The bottom panels show the
mini-halo spectrum between 74 MHz and 1477 MHz in the four sample positions indicated in the top left panel.

the model was azimuthally averaged with the same set of annuli
used to obtain the observed radial profile. All these functions
were performed at each step during the fit procedure. As a result, the values of the central brightness, I0MH , and the e-folding
radius, re , provided by the fit are deconvolved quantities, and
their estimate includes all the uncertainties related to the masked

regions and to the sampling of the radial profile in annuli of finite
width. The best-fit parameters are reported in Table 3.
At 153 MHz the best fit of the exponential model yields a
central brightness of I0MH  7.0 μJy/arcsec2 and re  510 kpc,
while at 240 MHz the best fit yields I0MH  3.9 μJy/arcsec2 and
re  450 kpc.
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We obtained S 153 = 2900 mJy, S 240 = 1560 mJy, and
S 1477 = 85 mJy. The mini-halo is not detected at 74 and
614 MHz, the upper limit to the flux density in a 7 area are
of S 74 < 48 500 mJy and S 614 < 900 mJy, respectively. These
limits were calculated with the assumption that the average surface brightness of the diﬀuse emission is lower than the 3σ noise
level of the corresponding radio image.
The global radio spectrum of the mini-halo is shown in
Fig. 8. The low and high frequency spectral indices are α153
240 

1.60±0.05
respectively.
Indeed,
a
hint
of
1.38±0.27 and α240
1477
spectral steepening is seen at high frequency, although the two
values are still compatible to within the errors.
It is worthwhile to note that the global low-frequency radio spectral index is fully consistent with the reported range of
1.2−1.5 obtained in the XMM-Newton/INTEGRAL analysis by
Nevalainen et al. (2009), see the next section for further details.

4. Discussion

Fig. 7. Azimuthally averaged radial profiles of the mini-halo radio intensity at 153, 240 and 1477 MHz (top panel). We considered only data
points whose observed brightness is five times above the error on the
radial average. The solid lines represent the best fit of the exponential
disc model plus the contribution by the central point source. The dotted
lines represent the exponential disc model alone. The mid and bottom
panels show the radial profiles of the spectral index between 153 and
240 MHz and between 240 and 1477 MHz, respectively.
Table 3. Properties of the Ophiuchus mini halo derived from the fit
procedure.
ν
MHz

re
arcsec

re
kpc

I0MH
μJy/2

S MH (r ≤ 7 )
mJy

χ2 /d.o.f.

153
240
1477

930+1500
−340
810+1620
−330
191+23
−19

510+825
−190
450+890
−180
105+13
−11

+1.7
7.0−1.5
+1.1
3.9−0.9
+0.08
0.58−0.07

2900+250
−250
1560+140
−140
85+3
−3

0.66
0.46
2.9

In the bottom panels of Fig. 7 we trace the spectral index radial profile of the mini-halo between 153 and 240 MHz
and between 240 and 1477 MHz. The radial profile of the
low-frequency spectral index between 153 and 240 MHz is fairly
constant to a value of about α  1.3 ÷ 1.5. On the other hand,
the e-folding radius of the mini halo at low frequency is more
than four times larger than at 1477 MHz. This results in a progressive steepening of the spectral index with the increase of the
distance from the cluster centre. The spectral index between 240
and 1477 MHz increases steadily from α  1.3 at the cluster
centre, and up to α  2.0 at the mini-halo periphery.
We calculated the model flux densities in an area with a radius of r = 7 (corresponding to about 230 kpc) from the cluster
centre. This is the extraction region of the HXR emission used
by Nevalainen et al. (2009). The mini-halo flux densities were
obtained by the formula (Murgia et al. 2009):
 r

S MH = 2π
IMH (r)rdr = 2π[1 + e−r /re (−r /re − 1)] · re2 I0MH (5)
0

where we set r = 7 .
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The Ophiuchus galaxy cluster is one of the very rare clusters
where the non-thermal component is revealed both in the radio
and X-ray bands.
Assuming that the X-ray component arises from inverseCompton (IC) scattering from the non-thermal electrons with
the photons of the CMB, the volume-averaged cluster magnetic
field, BV , can be derived essentially from the ratio between the
power emitted through synchrotron and IC (see e.g. Blumenthal
& Gould 1970).
Using XMM-Newton and INTEGRAL spectra of the cluster and fixing the spectral index of the power law to 1.4 (this
work), we extracted the fluxes of the non-thermal component
in five diﬀerent X-ray energy bands (0.6−2, 2−5, 5−10, 20−40,
and 40−80 keV). For the details of the data analysis and the
modelling of the diﬀerent thermal components, we refer to
Nevalainen et al. (2009). The total non-thermal flux in the
20−80 keV band is 5.5 × 10−12 ergs s−1 cm−2 , in agreement with
the upper limits derived from Swift (Ajello et al. 2009) and
Suzaku (Fujita et al. 2008) data.
Using these measurements together with the radio fluxes presented in Table 3, we constructed a spectral energy distribution
(SED) of the non-thermal emission (see Fig. 8). We also added
to the SED the upper limits at 74 MHz (VLSS) and 607 MHz
(GMRT), as well as the Swift upper limit (Ajello et al. 2009).
4.1. SED modelling

To model the SED, we used the exact derivation of the synchrotron and IC spectrum for a single electron from Blumenthal
& Gould (1970), and numerically convolved the resulting spectrum with the diﬀerential distribution of non-thermal electrons
N(γ, θ). Here γ is the electron’s Lorentz factor, while θ is the
pitch angle between its velocity and the local direction of the
magnetic field. Indeed, dN = N(γ, θ)dγdθ is the number density
of non-thermal electrons with a Lorentz factor between γ and
γ + dγ and a pitch angle between θ and θ + dθ.
We assumed that the energy spectrum of the non-thermal
electrons is described by a power law with the index p, with a
high-energy cut-oﬀ me c2 γmax and a low-energy cut-oﬀ me c2 γmin
N(γ, θ) = K0 γ−p (sin θ)/2,
where we consider an isotropic distribution of pitch angles.

(6)
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Fig. 8. Spectral energy distribution of the non-thermal emission (plotted as ν · S ν versus ν) from the Ophiuchus cluster, using data from GMRT
(153 and 240 MHz) and VLA (1477 MHz) from Table 3, and data from XMM-Newton and INTEGRAL (see text) in the X-ray range. Upper limits
at 74 MHz (VLSS), 614 MHz (this work), and in the 20–60 keV band (Swift, Ajello et al. 2009) are also displayed.

The radio emissivity as a function of the pitch angle in a
uniform magnetic field of strength B is given by

jsyn (ν, θ) =

γmax

γmin

C f B sin θ N(γ, θ)Fsyn (ν/νc )dγ



erg 
, (7)
cm3 s Hz

where Fsyn (ν/νc ) is the synchrotron kernel (see e.g. Blumenthal
& Gould 1970; Rybicki & Lightman 1979), while
νc = 4.2 × 10−6 BμG sin θ γ2 (MHz).

(8)

The constant Cf = 2.3444 × 10−22 erg Gauss−1 depends only on
fundamental physical constants.
Due to the high-beaming of the synchrotron radiation pulses,
only relativistic electrons with a pitch angle θ  θ will be observed if the magnetic field direction shows an angle θ with
respect to the line-of-sight. In this work, we suppose that the
intra-cluster magnetic field is completely tangled in an infinitesimally small scale compared to the mini-halo size. With this

assumption, the synchrotron emissivity averaged over all the
possible magnetic field directions1 is
 π
sin θ 
dθ .
jsyn (ν, θ )
(9)
jsyn (ν) =
2
0
By using standard formulas, we calculated the HXR emission
deriving from the inverse Compton scattering of the CMB photons by the same population of relativistic electrons in Eq. (6):


 ∞  γmax
photons
jIC ( 1 ) =
N(γ)FIC ( , γ, 1 )dγd
, (10)
cm3 s erg
γmin
0
where FIC ( , γ, 1 ) is the kernel emission of a single electron
with the Lorentz factor γ, scattering to energy 1 a segment of
the distribution of CMB photons with an initial energy (see
e.g.
 π Eq. (2.48) in Blumenthal & Gould 1970). Here N(γ) =
N(γ, θ)dθ.
0
1

From simple geometric considerations it follows that the probability
to observe an angle θ between the local direction of a random magnetic
field and the line-of-sight is proportional to sin θ .
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Table 4. Best fit parameters of the spectral energy distribution of the
non-thermal emission from the Ophiuchus cluster.
Parameter

Value

Description

K0
p
γmin
γmax
BV
χ2 /d.o.f.

+6.16
0.53−0.52
cm−3
+0.38
3.83−0.44
700; fixed to 300
+3.16
3.830.66
× 104
+0.11
0.31−0.07
μG
0.36/4

Energy spectrum normalization
Energy spectrum index
Low-energy cut-oﬀ
High-energy cut-oﬀ
Volume-averaged magnetic field

Notes. The reported uncertainties are at 1σ level.

(11)

This estimate depends only weakly on the values of the spectral parameters γmin , γmax , and p. It is very sensitive, however,
to the assumptions that the distribution of non-thermal electrons
is isotropic and that the magnetic field is completely disordered
over the large volume of space we considered. We may for instance consider the simpler, but less realistic situation in which
the pitch angle is θ = 90◦ for all the electrons with a perfectly ordered magnetic field aligned to the plane of the sky. In this case,
the synchrotron emission is maximized and the magnetic field
strength has to be reduced to BV  0.18 μG. This lower value
for the volume-average magnetic field strength is consistent to
within the statistical uncertainties with that in Nevalainen et al.
(2009), who indeed assumed θ = 90◦ and a perfectly ordered
magnetic field.
An important point to discuss is that given a magnetic field
strength of B  0.3 μG, only high-energy electrons with γ >
104 can emit at radio frequencies of 153 MHz and above (see
Eq. (8)). On the other hand, the HXR emission would be tracing
relativistic electrons of lower energy, with characteristic Lorentz
factors in the range 103 −104 . Indeed, the radio and HXR emissions are not tracing exactly the same particles. Nevertheless,
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4.2. Energetics and particle life-time

The total pressure from the non-thermal electrons is given by
 γmax
K0 γ−p γdγ.
(12)
Pnt = uel /3 = mc2 /3
γmin

The synchrotron and inverse Compton emissivities are converted to flux densities by multiplying Eqs. (9) and (10) by a
volume of V = 1.51 × 1072 cm3 (that is the volume of a sphere
whose radius corresponds to a projected distance of r = 7 from
the cluster centre) and then by dividing by the cluster’s luminosity distance, DL , i.e. S ν = j(ν) · V/(4πD2L ).
We then fitted our model to the data and extracted the relevant physical parameters. The resulting best-fit model is shown
as a line in Fig. 8, while the best-fit parameters are reported in
Table 4 along with their 1σ uncertainties. The two upper limits
at 74 and 614 MHz and that in the 20–60 keV band were not
considered in the fit because they have no influence on the χ2
statistics.
Unfortunately, the available HXR data did not allow us to
precisely constrain the value of the low-energy cut-oﬀ, but only
to place an upper limit at γmin  700. We indeed decided to fix
this parameter to the arbitrary value of γmin = 300, see Sect. 4.2.
The radio and HXR data are consistent with a slope for the
energy spectrum of the relativistic electrons of p  3.8 ± 0.4 and
with a high-energy cut oﬀ γmax  3.8×104 . The power law index
p is related to the radio spectral index via the relation p = 2α+1.
Indeed, the global mini-halo radio spectrum can be described by
a low-frequency power law spectral index of α  1.4 followed
by a high-frequency break at νmax  1900 MHz.
The derived volume-average magnetic field value BV is
found to be
BV = 0.31+0.11
−0.07 (μG).

the low-frequency spectral index measured in this work, α153
240 
1.4 ± 0.3, is consistent with the scenario in which the energy
spectrum of the synchrotron electrons most probably belongs to
the extrapolation at higher energies of the power law energy distribution of the electrons radiating in the HXR band through the
inverse Compton process.

The non-thermal energy pressure depends critically on the low
energy cut-oﬀ of the particle distribution. With the choice of
γmin = 300, it results Pnt ∼ 2.5 × 10−12 erg cm−3 . Given that the
pressure of the thermal plasma is Pther ∼ 9.2 × 10−11 erg cm−3
(Nevalainen et al. 2009), the non-thermal electrons are responsible for ∼3% of the total energy budget, so the dynamics
of the gas are unaﬀected by the non-thermal electron population. It is worthwhile to mention that at energies lower than
γ  700 Coulomb collisions with the thermal plasma are the
most important energy-loss process for the relativistic electrons
in Ophiuchus (see e.g. Sarazin 1999). In particular, we calculated
that for γmin = 300 the heating rate of the intra-cluster medium
produced by the non-thermal electrons through Coulomb collisions still does not exceed the bremsstrahlung cooling rate of the
gas. The heating rate produced by the non-thermal electrons begins to dominate over the gas cooling rate if the low energy cutoﬀ is lower than γmin  180 (see Colafrancesco & Marchegiani
2009, for a detailed discussion). We note that in this limiting case
the re-heating of the cluster’s cooling core by the non-thermal
mini-halo could not be neglected.
Another important consideration is that the energy density
of the relativistic electrons is four orders of magnitude higher
than the energy density of the magnetic field, B2 /(8π) = 3.6 ×
10−15 erg cm−3 . This result would imply that the mini-halo is not
in a minimum energy condition, which requires instead that the
energy densities of particles and field should be nearly equipartited. This result holds even in the case where the energy distribution is truncated at a γmin = 700, that is the upper limit we can
place on the basis of the current HXR data.
The radiative life-time of the relativistic electrons can be estimated as
trad ≡

7.73 × 1020
γ
 2
(s),
γ̇ (B + B2CMB)γ

(13)

where the magnetic field is in μG, while BCMB = 3.25(1 + z)2 μG
is a virtual magnetic field, whose energy density is equal to that
of the CMB and accounts for the inverse Compton losses.
Since BCMB
B, the radiative losses are dominated by the
inverse Compton process, which cools down the high-energy
electrons with γ = 104 (i.e. those radiating at ∼153 MHz) in
a time-scale of trad  2 × 108 yrs. This is a relatively short time
compared to the diﬀusion time needed by the relativistic electrons to cross the mini-halo. If we suppose (Melrose 1968) that
the relativistic electrons diﬀuse at the Alfvén speed
−1
vA  70 BμG n−0.5
ther (km s ),

(14)

where the thermal gas density is expressed in units of 10−3 cm−3 ,
the characteristic diﬀusion length of the synchrotron electrons
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radiating at 153 MHz results in just Ldiﬀ ∼ 4.4 kpc, i.e. two orders of magnitude smaller than the mini-halo size. This confirms
the well-known results that the non-thermal electrons must be
constantly injected and/or re-accelerated in-situ with great eﬃciency over the cluster volume.
It is important to stress that the interpretation of the SED presented above relies on a simplified cluster model, in which the
relevant physical properties, N(γ, θ) and B, represent volumeaveraged quantities. It is clear, however, that a much more detailed modelling is needed to explain the spatial variations of
the spectral index observed across the mini-halo. Particularly,
the systematic increase of the mini-halo spectral index with the
radius shown in the bottom panel of Fig. 7 may indicate that
the high-frequency break νmax , and hence either γmax and/or the
magnetic field B (see Eq. (8)), decrease from the cluster centre
outward. Another possibility is that just the slope, p, and the normalisation, K0 , of the energy spectrum of the non-thermal electrons are changing with radius. This could be supported by the
radio spectrum of patch E, which shows no evidence for a strong
spectral curvature (see Fig. 7). Disentangling these scenarios is
not easy with the current data. Future spatially resolved analyses
of both the radio and HXR emissions could shed light on this
important issue.

5. Conclusions
In a search for diﬀuse radio emission in relaxed, cool-core
galaxy clusters at 1.4 GHz, Govoni et al. (2009) found the presence of a mini-halo surrounding the faint central point-like radio source in the Ophiuchus cluster of galaxies. Murgia et al.
(2009) analysed the radio properties of this diﬀuse radio source
in comparison to other mini-halos and radio halos known in the
literature and found that Ophiuchus is characterized by a brightness and size very similar to that of the smaller halos rather than
to that of the prototypical mini-halo in the Perseus cluster (e.g.
Burns et al. 1992). In this work we presented a study of the radio
emission of the Ophiuchus cluster of galaxies at low radio frequencies performed at 153, 240, and 614 MHz with the GMRT.
The mini-halo is clearly detected at 153 and 240 MHz, the
frequencies at which we reached the best sensitivity to the lowsurface brightness diﬀuse emission, while at 614 MHz we only
derived an upper limit to the mini-halo emission. By combining
these images with the VLA data at 1477 MHz from Govoni et al.
(2009) and with the VLSS upper limit at 74 MHz, we derived the
spectral index of the mini-halo.
Globally, the mini-halo has a low-frequency spectral index of
α153
240  1.4 ± 0.3, with a hint of steepening at higher frequencies.
Moreover, we found indications that the high-frequency spectral index α240
1477 increases with the increasing distance from the
cluster centre. The most prominent feature at low frequencies
is a patch of diﬀuse steep spectrum emission located at about
5 south-east from the cluster centre.
The observed radio spectral index agrees with that obtained
by modelling the non-thermal HXR emission in this cluster
of galaxies. We assume that the X-ray component arises from
inverse-Compton scattering between the photons of the cosmic
microwave background and a population of non-thermal electrons, which are isotropically distributed and whose energy spectrum is a power law with the index p. We derive that the electrons energy spectrum should extend from a minimum Lorentz
factor of γmin  700 up to a maximum Lorentz factor of γmax 
3.8 × 104 with an index p = 3.8 ± 0.4 and that the volumeaveraged strength for a completely disordered intra-cluster magnetic field is BV  0.3 ± 0.1 μG. Given this magnetic field

strength, only high-energy electrons with γ > 104 can emit in
the observed radio frequency window, while the HXR emission
would be tracing relativistic electrons of lower energy, with characteristic Lorentz factors in the range 103 −104 . Indeed, the radio
and HXR emissions are not tracing exactly the same particles.
Nevertheless, the low-frequency radio spectral index measured
in this work is consistent with the scenario in which the energy
spectrum of the synchrotron electrons most probably belongs to
the extrapolation at higher energies of the power law energy distribution of the electrons radiating in the HXR band through the
inverse Compton process.
In addition to the mini-halo spectrum, we also analysed the
properties of the cluster discrete sources, specifically source A,
the radio source associated to the central cD galaxy, source B,
the brightest radio source in the field located at about 10 north
to the cluster centre, and the two NATs C and D located in the
cluster outskirts. Source A is point-like at our highest resolution
of 7 (corresponding to about 3.8 kpc) and its spectral index is
α  0.6, a typical value for radio sources. Source B is an extended source with no obvious optical identification and a rather
peculiar morphology, which makes its classification very uncertain. The global spectral index of the source is α  1.01 ± 0.05.
This is a quite usual value for active radio galaxies, which makes
the interpretation of this object even more puzzling. In fact, although the distorted morphology of this radio source recalls that
of extreme relic sources in clusters of galaxies (see e.g. Slee et al.
2001), on the basis of its radio spectrum it cannot be classified
as an ultra-steep spectrum source. A possibility could be that
source B is a relic radio source revived by the adiabatic compression caused by a shock wave or a bulk gas motion propagating
thought the ICM (Enßlin & Gopal-Krishna 2001). However, the
relation of this peculiar radio source with the mini-halo remains
at the moment unclear. Finally, the analysis of the radio morphology and spectral properties of the tailed sources C and D
confirm that their host galaxies are moving at high velocity with
respect to the ICM either because they are individually infalling
towards the cluster centre or because they are part of merging
sub-clusters.
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