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1. Introduction

Diffuse radio sources in clusters remain a poorly understood phenomenon.
They are very extended sources (0.4-0.6 Mpc), of low surface brightness and
steep spectrum, which cannot be identified with any active radio galaxy.
They are a rare phenomenon, as they have been found so far in few clus-
ters of galaxies. This paper reviews the current findings about this kind of
sources, and the suggestions about their formation and evolution.

A Hubble constant Hy=100 km/s Mpc is used throughout.

In the effort of investigating the properties of diffuse cluster sources,
we classify them in three classes: cluster-wide halos, relics and mini-halos.
Cluster-wide halos include sources located at the cluster centers, while relics
are those diffuse extended sources located at the cluster peripheries. More-
over, in some clusters with a central dominant galaxy, the relativistic par-
ticles can be traced out quite far, forming what is called a mini-halo. The
existence of these features surrounding the central strong radio galaxies is
well established in the Perseus and Virgo cluster. Mini-halos have a size
much smaller than the cluster-wide radio halos and relics (1%-20%). Since
the active galaxy responsible for the emission in these sources is known,
problematics are different in mini-halos from halos and relics. Therefore,
we will not consider this class here.

2. Cluster-wide halos

The prototype example of this class of sources, residing at the cluster cen-
ters, is Coma-C, belonging to the Coma cluster (A1656). Halos show an
essentially regular radio morphology and no or little polarization. An up-
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per limit to the polarized flux in Coma-C is ~10%. Significant polarization
was detected only in the highest brightness region of A2256, at the level of
~20% at 20 cm [1]. The clusters presently known to harbor a cluster-wide
radio halo are given in Table 1, where we give largest linear size, monochro-
matic power at 1.4 GHz, total power between 10 MHz and 10 GHz, spectral
index, minimum energy density, minimum total energy and equipartition
magnetic field. Equipartition parameters were computed under the stan-
dard assumptions (& = 1 and k = 1), integrating the spectrum between 10
MHz and 10 GHz with the proper spectral index. The last column gives
the reference to recent papers.

The existence of a radio halo has been suggested in the literature for
few other clusters. From new VLA data [2], we exclude the presence of a
halo in A401, A754, A1609 and A2142, where the previous detection is due
to discrete sources, while more sensitivity is needed to draw conclusions for

A610, A665 and 0016+16.

TABLE 1. Parameters of halos

Clus Size P4 Piot a Umin Unmin Hey Ref
kpc WHz™!' ergs™ erg cm™® erg uG

A1656 550 3.2x10%*  6.1x10*° 1.34 2.4x107'* 5.0x10°® 0.5 [3]
A2163 600 - 3x10%! - 5.4x107'*  8.0%x10°® 0.8 [4]
A2218 250 7.9x10*? 9.0x10* 1.1 4.3x107M  53x10°7 0.7  [5,2]
A2255 725 2.5%x10%® 1.6x10*' 215 3.1x107'* 5.3x10°® 0.6 [6,2]
A2256 700 1.2x10%* 1.6x10*' 1.9 1.1x107"*  1.1x10°® 0.5  [7,8]
A2319 660 5.1x10% 9.2x10*° 1.3  3.7x107'* 7.1x10°® 0.6 [2]

3. Relics

Diffuse cluster sources, similar to the central halos, located in the cluster
peripheral regions were suggested to be relics of currently inactive radio
galaxies. However, no compelling evidence of this has been found so far.
The prototype of this class is 1253+275, in the Coma cluster. Moreover,
the Coma cluster is permeated by diffuse radio emission of very low bright-
ness, in the region between the central halo Coma-C and the peripheral
source 1253+275. This diffuse source is referred to as Coma bridge. The
relics known so far are listed in Table 2, with their distance from the clus-
ter center, and the parent cluster. The source parameters are in Table 3,
where columns have the same meaning as in Table 1. The properties of relic
radio sources are comparable to those of central halos. They have similar
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largest size, but their morphology is generally more irregular and elongated.
Moreover, in 12534275 and in 0917475, a significant percentage of polar-
ized flux is detected. The difference in the polarization properties could be
naturally explained from the larger number of magnetic field cells along the
line of sight at the cluster center, compared to the outer regions.

TABLE 2. Relics

Name Distance from c.c.  Cluster
0038-096 320 kpc A85

0917475 2.5 Mpc AT786, Rood#27
12534275 1.35 Mpc A1656

Coma Bridge 1.1 Mpc A1656

1401-33 90 kpc S753

2006-56 region  1.04 Mpc A3667

TABLE 3. Parameters of relics

Name Size P, Piot a Umin Unmin H., Ref

kpc W Hz ! ergs™ erg cm™® erg uG

0038-096 200 5.1x10%® 1.6x10*' >1.5 1.5x107'* 1.8x10°® 1.3 [2]
0917475 780 2.0x10** 1.7x10*' 1.0  3.5x107'* 2.8x10°® 0.6 [9]
12534275 580 1.7x10%® 2.0x10*° 1.1 3.4x107*  1.1x10°® 0.6 [10]
Coma Br. 970 4.9x10*? 1.6x10*° 15 9.8x107'%  2.2x10°% 0.3 [11]
1401-33 220 1.0x10%®  2.5%10*° 1.4 9.7x107'*  6.2x10°7 1.0 [12]
2006-56 870  2.6x10%*  3.7x10*' 1.2 2.3x107'* 1.5x10°® 0.5 [13]

4. Confinement

It is evident from Tables 1 and 3 that the minimum energy densities in halos
and relics are very similar. If these radio sources are in pressure equilibrium
with the ambient medium, we would expect much higher energy densities
in halos with respect to relics, reflecting the pressure profile of the cluster
intergalactic medium. Typically, the minimum internal pressure in halos is
about 3 order of magnitude lower than the external pressure of the ambient
gas, obtained by X-ray data. For peripheral relics, the X-ray data are scarce.
However, an imbalance of about a factor of 10 was found for 12534275 in
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the Coma cluster [10]. Our conclusion is that the energy density in these
sources is likely to be higher than the minimum value.

5. The Coma-C spectrum and the Coma cluster magnetic field

The halo Coma-C is the best studied example of a cluster-wide radio halo.
The spectral index distribution [3] shows a central plateau with an almost
constant value a ~0.8, and an outer spectral steepening, with values of
a increasing up to 1.8. This behaviour provides strong evidence that the
particle reacceleration mechanism is more efficient at the cluster center.
Since the central plateau is comparable in size to the region within one
cluster core radius, the turbulent acceleration mechanism is likely to be
related to wakes produced by the galaxy motions.

An important information on the magnetic field in the Coma cluster can
be obtained from the rotation measure studies of the tailed radio galaxy
NGC4869, located in the cluster central region and therefore seen through
the intracluster medium. The polarization properties of this radio galaxy
[14] indicate the presence of local fluctuations in the rotation measure (RM),
occurring on typical scales of x2.5”, i.e. 0.85 kpc, and arising in a screen
external to the source. The dispersion of RM observed across NGC4869,
explained by assuming that the magnetic field is tangled on typical scales
of the same size as the RM fluctuations, leads to a strength of magnetic
field associated with the intergalactic medium between 8.3 and 11.7 uG,
depending on the location of the radio galaxy along the line of sight (see
also [15]). Even allowing for uncertainties related with this determination,
the Coma magnetic field is more than one order of magnitude larger than
the equipartition value (Table 1).

The evidence for a magnetic field larger than the equipartition value has
been suggested by [16] for the diffuse source 0917+ 75: from the absence of
X-ray synchro-self Compton emission a lower limit of 1 uG was found,
which should be compared with the 0.6 4G given in Table 3. These data
favour the hypothesis that the energy density is not minimum, as already
suggested by the confinement arguments.

6. Properties of clusters with halos

The properties of clusters containing radio halos and relics are presented in
Table 4. X-ray data are from [17] and [18]. We remind here that the Coma
cluster contains both a central halo and peripheral relics. The clusters with
halos are characterized by: i) high richness, ii) no strong galaxy concentra-
tion, iii) high X-ray luminosity, iv) no cooling flow, v) high temperature
(7-14 Kev). The cooling flow in A2319 is not confirmed by recent ASCA
results (Yamashita, private communication). Also, the central dominant
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galaxy in this cluster is not very dominant [19]. The fact that halos form
in clusters with high temperature, i.e. large mass, is not of obvious inter-
pretation. Moreover, high temperature and high X-ray luminosity imply a
high central pressure. This fact seems in contrast with the pressure imbal-
ance mentioned in Sect. 4, and would support the suggestion that internal
pressures within halos are not minimum.

TABLE 4. Cluster properties

Name 1z RS BM Rich. L:(2-10keV) T Cool flow
erg s~! keV
Coma 0.0232 B 1II 2 2.1x10* 8.11 NO
A2163 0.2010 I - 2 1.8%10* 13.9 -
A2218 0.1710 - 11 4 2.5%10% 6.72 NO
A2255 0.0809 C II-III 2 1.3x10* 7.3 NO
A2256 0.0601 B  ILIII 2 2.9%10% 7.51 NO
A2319 0.0564 cD II-III 1 4.4x10" 9.9 WEAK
A85 0.0518 D I 1 1.9x10%* 6.2 YES
A786 0.1241 F - 0 - - -
S753 0.0139 - I 0 - - -
A3667 0.0552 - I-1I 2 2.6x10** 6.5 NO

From X-Ray observations of A2256, it was suggested that the presence of
a halo source could be related with the existence of a cluster merger process
[20, 21]. According to [22], the interaction between the intergalactic medium
of a subgroup and that of the main cluster may produce shocks which can
accelerate the electrons radiating in the halos, and amplify the magnetic
field. The merger hypothesis is consistent with the presence of halos in
clusters without a cooling flow, since a major merger event is expected to
disrupt a cooling flow.

We found indeed that all the clusters in Table 1 show the evidence of
a recent merger, either from X-ray or optical data. In the Coma cluster,
the radio halo could be associated with the ongoing merger at the cluster
center, between the two groups centered on the two dominant galaxies
NGC4874 and NGC4889, close in projected distance but offset by about
800 km/s [23]. The merger between the NGC4839 group and the main
cluster, which was originally suggested to be responsible for the halo energy
supply [24], is in our opinion not related with Coma-C, because it occurs
in a peripheral region. Also in the case that the group has already passed
through the cluster core about 2 Gyrs ago [25], it is difficult to reconcile the
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merger energy release with the spectrum of Coma-C. However, this merger
could be relevant for the maintenance of the Coma bridge, and of the relic
1253+4275. Therefore, an ongoing merger process seems to be crucial for the
energy supply to the radio halo, in addition to the energy possibly provided
by galactic wakes (Sect. 5).

We note, however, that the merger alone cannot account for the origin of
halos, as the existence of a merger process seems to be common in clusters
of galaxies, while the halo sources are a rare phenomenon. For example,
the cluster A754 shows a subcluster collision both from optical and X-ray
data [26,27], but no radio halo is detected (Sect. 2). In the case of Coma-
C, it was suggested [3] that the tailed radio galaxy NGC4869, which is
orbiting around the cluster center is responsible for the relativistic electron
supply. The need of tailed radio galaxies residing at the cluster centers,
as the origin of relativistic particles, could explain the rarity of halo type
radio sources. In conclusion, the formation of a halo can be due to a cluster
merger event, which amplifies magnetic fields and reaccelerates the existing
particles, deposited by tailed radio galaxies. The origin of relics is more
puzzling, but we point out that relics have many similarities with halos.
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