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Abstract.

Clusters of galaxies may contain cluster-wide, centrally located, diffuse radio sources, called halos.

They have been found to show morphologies similar to those of the X-ray emission. To quantify this qualitative
statement we performed a point-to-point comparison of the radio and the X-ray emission for four clusters of
galaxies containing radio halos: Coma, Abell 2255, Abell 2319, Abell 2744. Our study leads to a linear relation
between the radio and the X-ray surface brightness in two clusters, namely Abell 2255 and Abell 2744. In Coma
and A2319 the radio and the X-ray brightnesses seem to be related with a sub-linear power law. Implications of
these findings within simple radio halo formation models are briefly discussed.
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1. Introduction

The presence of cluster-wide magnetic fields and relativis-
tic electrons in cluster of galaxies is revealed by the de-
tection of radio halos in the center of some clusters of
galaxies. Radio halos are diffuse, extended radio sources
associated with the intra-cluster medium (ICM) rather
than with a particular galaxy.

The physical mechanism producing the population of
radio-synchrotron emitting relativistic electrons is not yet
determined. However, it is clear from cooling time argu-
ments that such mechanism has to operate in the ICM, in
order to explain the large extensions (~1 Mpc) of radio
halos.

In general, clusters containing radio halos are char-
acterized by the presence of a recent merger event, that
probably provides the energy source for the relativistic
electrons, by the absence of strong cooling flows and by
high X-ray luminosity (Feretti 2000).

Several suggestions for the mechanism transferring en-
ergy to the relativistic electrons have been made (see
EnBlin 2000 for a recent review). These include in-situ
acceleration by plasma and by shock waves, particle injec-
tion from radio galaxies, acceleration out of the thermal
pool, secondary electrons resulting from hadronic colli-
sions of relativistic protons with the ICM gas protons, and
combinations of these processes.
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It is, therefore, important to establish observable quan-
tities which allow a discrimination between these models.
Important observable quantities used so far in the litera-
ture are: the global radio spectral index, the emission and
spectral index profile, the total radio power and its corre-
lation to cluster parameters such as temperature or X-ray
luminosity.

It is the purpose of this paper to present a new observ-
able quantity: the point-to-point correlation of the radio
and the X-ray surface brightness in clusters containing ra-
dio halos. Its suitability is demonstrated by the striking
similarities of the radio halo morphology and the ther-
mal X-ray emission of halo clusters. These morphological
similarities indicate an energetical relation between the
thermal gas and the relativistic plasma. This observable
is straightforward to determine from observational data,
can be constrained by theoretical models and does not
depend on any assumption.

We present in Sect. 2 the methodological approach of
the radio — X-ray comparison. The results are given in
Sect. 3 and discussed in Sect. 4.

Intrinsic parameters are computed with Hy =
50 kms~ ! Mpc~! and ¢g = 0.5.

2. Data analysis

So far, the similarity of the radio halo and the X-ray mor-
phology of the clusters has been pointed out in the litera-
ture (Deiss et al. 1997; Feretti 1999; Liang et al. 2000) but
it has never been used to constrain theoretical models.
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Here we present the first quantitative analysis of the
relation between the radio and the X-ray brightness distri-
bution. We carried out such analysis for the following four
clusters: Coma (Abell 1656), Abell 2255, Abell 2319, and
Abell 2744, whose properties are summarized in Table 1.

Except for A2744, we analyzed already published ra-
dio and X-ray images. Therefore, we refer to the previous
works for the details of the radio and X-ray data.

The analyzed X-ray surface brightness images were ob-
tained in the 0.5-2.0 keV energy band (only the Coma
surface brightness image was obtained in the 0.5-2.4 keV
energy band). The X-ray background was taken into
account in the analysis of the X-ray images.

The presence of a visible Sunyaev-Zel’dovich (SZ) ef-
fect was established in three of our four clusters (see
Table 1). However, the radio halo surface brightness is
not corrected for a SZ effect contamination since this is
significant only for frequencies higher than 5 GHz. The
images discussed here have been obtained at much lower
frequencies (0.3 or 1.4 GHz).

We performed a comparison of the radio and X-ray
surface brightness both using “point” values and annuli-
averaged values. From the first we derive the Fraqio—Fx
correlation. The image processing was done using the
Synage++ program (Murgia 2001, in preparation and
Ph.D. Thesis), which allows to create grids and concen-
tric rings with the possibility of excluding areas contain-
ing contaminating emission (i.e. from radio galaxies). For
Coma and A2255 we used radio images where discrete
sources were subtracted using the AIPS package, while in
the other two clusters discrete radio sources were excluded
from the analysis with the help of the Synage++ program.

For each cluster, we constructed a square grid cover-
ing the region containing the radio halo (see Fig. 1 upper
panel). We derived the mean and the root-mean-square
(rms) of the radio and X-ray surface brightness for every
grid cell. The grid cell sizes were chosen to obtain a good
compromise between high signal to noise ratio and good
resolution. The rms is assumed to be an estimate of the
error, and it is used as a weighting factor in the follow-
ing fitting procedure. The resulting point-to-point radio
versus X-ray brightness comparisons of the four clusters
are presented in Figs. 3, 6, 9, and 12. There, each point
represents the mean brightness obtained of each cell of the
grid while the error-bars indicate the rms of the brightness
distribution. Furthermore, the horizontal dashed lines in-
dicate the 3 sigma noise level of the radio maps. For graph-
ical reasons the lower error-bars of radio fluxes below the
3 sigma radio noise levels are not displayed. We fit the
data for a power-law relation

b
Fx
mCountss—!arcsec=2 ) ’

Fradgio a < (1)

mJy arcsec—2

using logarithmic units and using error-bars for both
FRadio and Fx. The best fit parameters for each cluster
were estimated by a least square method and the corre-
sponding fitting line is indicated by a solid line in each
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Fig. 1. Top panel: grid used to analyze the radio and the X-ray
images of A2255. Here, the grid is overlapped to the radio
halo. The filamentary structure extended toward the North-
East is a relic source (Feretti et al. 1997a). The relic source
was not included in the grid because this source is not related
to the central radio halo under discussion here. Bottom panel:
concentric rings used to obtain the brightness profiles in A2255,
superimposed to the X-ray image

figure. A larger grid cell does not change the fitting
results. However, since this approach of counts in cells in-
volves spatial averaging, this kind of analysis is insensitive
to scale features smaller than the cell size.
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Table 1. Cluster parameters
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Name “redshift ’Lx (0.1-2.4 keV) ‘T ¢Sunyaev-Zel’dovich
10* erg/s (keV) effect

A2255 0.0806 4.79 7.3 no

Coma 0.0231 7.21 8.4 yes

A2744 0.3080 22.05 11.0 marginal detection

A2319 0.0557 13.71 9.1 yes

¢ Redshift reference: Struble & Rood (1999).
b X-ray Luminosities reference: Ebeling et al. (1996).
¢ Temperatures reference: Wu et al. (1999).

4 87 effect references: Herbig et al. (1995), Coma; Andreani et al. (1996), A2744; White & Silk (1980), A2319.

Due to some degree of morphological difference be-
tween the radio and X-ray images deviations from a tight
correlation exist, which appear as scatter in the Fradio—
Fx plots. However, most of the outlayers have radio fluxes
below the 3 sigma noise level.

We also compared the shape of the normalized ra-
dio and X-ray brightness profiles of the clusters in
Figs. 4, 7, 10, and 13. To obtain these profiles, the mean
and rms brightnesses were estimated within concentric
rings centered on the X-ray brightness peaks (see Fig. 1
lower panel). The rms within the rings was used as an
estimate of the errors.

As can be seen from the large error-bars in the profile,
but also from the brightness variation within the concen-
tric rings (see lower panel of Fig. 1), morphological distor-
tions of the clusters do affect the profiles. Moreover, since
the X-ray and the radio peaks are not always perfectly
coincident, also the choice of the center of the concentric
rings could introduce some arbitrariness into the analysis.
For these reasons, the local point-to-point comparison is
more reliable in the analysis of radio halos.

3. Results
3.1. A2255

An X-ray study of the cluster A2255, located at redshift
0.0806 (Struble & Rood 1999), has been presented by
Burns et al. (1995) and Feretti et al. (1997a). The clus-
ter shows an asymmetric X-ray structure suggesting an
ongoing cluster merger event.

In Fig. 2 we show the overlay between the radio (con-
tours) and the X-ray surface brightness image (grey scale).
The X-ray image results from 14 500 s exposure time of the
Rosat PSPC detector. It was obtained by binning the pho-
ton events in a two dimensional grid and then smoothing
with a Gaussian of o = 30”.

A high sensitivity radio map was presented by
Feretti et al. (1997a). The image was obtained with the
Westerbork Synthesis Radio Telescope (WSRT) at 90 cm
and with a resolution of 88" x 82”. The cluster radio emis-
sion is characterized by a diffuse halo source located at the
cluster center, by a peripheral relic in the North-East, and
by the presence of several tailed radio galaxies. The radio

A2255

arcmin

Fig. 2. Contours of the halo image at 90 cm, after subtrac-
tion of discrete sources, superimposed on the grey-scale X-ray
PSPC image of the cluster A2255. Contour levels are: 3, 6, 8,
12, 17, 24, 34, 40 mJy/beam. A similar image was previously
published in Feretti et al. (1997a)

galaxies have been subtracted from the image used here
(Feretti et al. 1997a, Fig. 1 upper panel and Fig. 2). The
angular size of the halo is about 10’.

In Fig. 1 we show the grid and rings for the analysis
of this cluster: the grid cells have a size of 90" (184 kpc),
the width of the concentric rings is 45”. Figures 3-4 show
the two comparisons of the radio and X-ray emissions.

Figure 3 indicates that the radio brightness correlates
well with the X-ray brightness. The normalization and
slope of the fitted power-law (Eq. (1)) are a = 0.97 £
0.25, and b = 0.98 + 0.04. The formal errors result from
the rms of the grid data-points. The derived correlation
is consistent with a linear relation between the radio and
X-ray emissivity.
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Fig. 3. Fradio — F'x relation of the A2255 cluster. Here and in
the following figures the points show the mean of the bright-
ness obtained within each cell of the grid while the error-bars
indicate the rms of the brightness distribution. The horizon-
tal dashed line indicates the 3 sigma noise level of the radio
map. For graphical reasons we indicate with an upper limit the
data points below the 3 sigma radio noise level. The best fit is
indicated by a solid line

Figure 4 shows that the two brightness profiles are very
similar.

3.2. Coma (Abell 1656)

The radio halo in Coma (Coma C) is the prototype and the
best studied example of cluster radio halos. It is located
at the cluster center, shows a rather regular shape and a
large size.

Deiss et al. (1997) obtained a map at 1.4 GHz of the
halo, after subtraction of all discrete sources. They pointed
out the similar extension of the X-ray and the radio
emission in E-W direction towards the NGC 4839 group.
According to Burns et al. (1994) the X-ray morphology
indicates that the Coma cluster has undergone a collision
with the NGC 4839 group about 2 Gyr ago. Moreover, re-
cent works provide evidence for ongoing merging of groups
in the center of Coma (Colless & Dunn 1996; Vikhlinin
et al. 1997; Donnelly et al. 1999; Bravo-Alfaro et al. 2000).

We use here the radio map of Coma obtained with
the Westerbork Synthesis Radio Telescope at 90 cm at
an angular resolution of 125” x 55" (Feretti & Giovannini
1998) after subtraction of the discrete sources. In this ra-
dio image the projected size of the halo is about 30". The
X-ray image was obtained from Rosat PSPC observations
(White et al. 1993) and was kindly supplied by Dr. Briel.

In Fig. 5 we show the overlay between the radio
(contours) and the X-ray surface brightness (grey scale)
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Fig.4. Comparison between the normalized radio and the
X-ray brightness profiles in A2255. The radio data points are
offset by 3" for clarity
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Fig.5. Contours of the halo image at 90 cm, after subtrac-
tion of discrete sources, superimposed on the grey-scale X-ray
PSPC image of the cluster Coma. Contour levels are: 5, 8, 11,
16, 23, 32 mJy/beam. The radio image is published in Feretti
(2000), while the X-ray image is from White et al. (1993)

images. For a better display (but not for the data anal-
ysis) the radio map was smoothed, with a Gaussian of
125" x 125" (FWHM).

The grid cells have a size of 256" (166 kpc), while the
concentric rings have a thickness of 128”. The shape of the
two radial profiles are slightly different and the point-to-
point comparison of radio and X-ray brightness shows a
large scatter, which can also be seen in the radial profiles.
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Fig. 6. FRradio vs. Fx for Coma, as in Fig. 3. The best fit is
indicated by a solid line, while we show with the long dashed
line the linear relation (line with b = 1) between the radio and
the X-ray brightness
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Fig.7. Comparison between the normalized radio and the
X-ray brightness profiles in Coma. The radio data points are
offset by 9” for clarity

It might be worth to emphasize that the radio bright-
ness emission in Coma is lower than in the case of the
other analyzed clusters: only a minority of the data points
are above the 3 sigma noise level (Fig. 6). This possibly
allows background noise to introduce additional scatter.
However, the error-weighting of the data should reduce
the noise influence, although it could introduce a bias
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Fig. 8. Contours of the halo image at 20 cm, superimposed
on the grey-scale X-ray PSPC image of the cluster A2744.
Contour levels are: 0.3, 0.5, 0.8, 1.5, 3, 5, 7, 10, 15, 20, 25,
30, 50 mJy/beam

towards flatter FRragio — Fx relations (i.e. smaller values
of b). The fitted power-law relation (Eq. (1)) has the nor-
malization a = 0.03 £ 0.01 and slope b = 0.64 £ 0.07. We
emphasize that this sub-linear power law relation should
be verified through a radio map of higher sensitivity.

Figure 6 shows that a linear relation (b = 1) between
grid values of the radio and X-ray brightness may also be
consistent with the data.

3.3. A2744

The radio halo in A2744 was found by Giovannini et al.
(1999) during a search for new radio halos and cluster
relics among the candidates extracted from the NRAO
VLA Sky Survey (NVSS, Condon et al. 1998). The clus-
ter A2744, located at a redshift of 0.308 (Struble & Rood
1999), was re-observed with the VLA at 1.4 GHz in C and
D configuration (Govoni et al. 2001, in preparation). We
analyzed the resulting map, which has an angular resolu-
tion of 50” x 50”.

The X-ray image results from 13600 s exposure time
and was obtained from Rosat PSPC archive data, by bin-
ning the photon events in a two dimensional grid and then
smoothing with a Gaussian function with o = 30”. The
X-ray background, of about 1.0 x 10~7 cts sec™! arcsec™2,
was determined by fitting the X-ray surface brightness
profile with a hydrostatic isothermal model (Cavaliere &

Fusco-Femiano 1981).
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Fig. 9. Fradio versus Fx for A2744, as in Fig. 3

The X-ray image shows morphological substructures,
which are possible indication of a recent merger.

In Fig. 8 we present the overlay between the radio (con-
tours) and the X-ray image (grey-scale) of A2744. The
elongated diffuse radio emission in the peripheral North-
East region of the cluster is classified as a cluster relic,
and, therefore, excluded from the analysis.

We performed the analysis of the radio and the X-ray
morphology using a grid with a cell size of 51” (285 kpc),
and concentric rings with a thickness of 30”. Since this
cluster is at a large distance, the gridding corresponds to
cells of large linear size. However, both the X-ray emission
and the radio halo are well resolved (FWHM of X-ray and
radio profiles ~170” from Fig. 10). Therefore, although
the number of statistically independent cells and rings in
the cluster is lower than in other clusters, it allows us to
perform a quantitative analysis.

The absence of X-ray point sources with an optical or
radio counterpart doesn’t allow us to check if the offset
between the X-ray and the radio peaks is real or not. We
note that the offset (~30") is within the cell size (51”).

Results are presented in Figs. 9 and 10. The shape
of the two brightness profiles is perfectly coincident and
in this case we get a linear Fraaio — Fx relation (a =
0.24 +£0.07, b = 0.99 £+ 0.05).

3.4. A2319

A radio and X-ray study of the cluster A2319 has been
presented by Feretti et al. (1997b). We refer to this pa-
per for the details of the images. This cluster is located
at a redshift of 0.0557 (Struble & Rood 1999). It has an
irregular radio halo, with a size of about 16, at its center.
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Fig.10. Comparison between the normalized radio and the
X-ray brightness profiles in A2744. The radio data points are
offset by 1.5” for clarity
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Fig. 11. Contours of the halo image at 20 cm, superimposed on
the grey-scale X-ray PSPC image of the cluster A2319. Contour
levels are: 0.15, 0.3, 0.4, 0.6, 1, 5, 25, 50 mJy/beam. A Radio-X
ray overlay of the cluster A2319 was previously published in
Feretti et al. (1997b)

The radio image was obtained with the Westerbork
Synthesis Radio Telescope (WSRT) at 20 cm with a res-
olution of 29.0” x 20.4”. The X-ray image results from
the Rosat PSPC archive data and was obtained by bin-
ning the photon events in a two dimensional grid and then
smoothing with a Gaussian function with o = 50”.
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Fig. 12. FRradio versus Fx for the A2319 cluster. See Fig. 3
for details. The best power-law fit of the radio and the X-ray
brightness relation is indicated by a solid line, and the linear
relation (b = 1) is marked with a long dashed line

In Fig. 11 we show the overlay between the radio (con-
tours) and the X-ray surface brightness (grey scale) im-
age. For a better display (but not for the data analysis)
the radio map was smoothed, with a Gaussian of 30" x 30"

The grid has a cell size of 56” (82 kpc), and the con-
centric rings have a thickness of 20”. Results are given in
Figs. 12 and 13. We get a sub-linear power law FRradio—
Fx relation with a = 0.020 & 0.004 and b = 0.82 4 0.04
(see Fig. 12). As in the case of the Coma cluster, the low
radio signal to noise ratio might affect our estimate. The
radial brightness profiles have slightly different shapes. As
for Coma, this could result from a non-linear Fraqio — Fx
relation.

4. Discussion

The FRradio — Fx point to point comparison studied in this
work gives important insight on the spatial distribution
of magnetic fields and relativistic particles with respect to
the X-ray emitting gas in clusters of galaxies.

We have found a strong positive correlation between
the radio halo and the X-ray brightness in all the analyzed
clusters of galaxies (see Figs. 3, 6, 9 and 12). Moreover, we
found a linear relation between the radio and the X-ray
brightness in two clusters of galaxies (A2255, A2744).

The appearance of radio halos seems to be correlated
to the occurrence of cluster mergers (Feretti et al. 1997b),
which suggests that cluster mergers could be the key of
the connection between the thermal and the relativistic
components in the clusters.
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Fig. 13. Comparison between the normalized radio and the
X-ray brightness profiles in A2319. The radio data points are
offset by 2" for clarity

In the following we demonstrate how some simple as-
sumptions can lead to a linear relation between the radio
and the X-ray brightness. Most of the thermal energy con-
tent of a galaxy cluster results from the dissipation of the
kinetic energy of gas falling into the cluster potential. The
dissipation occurs in shock waves and turbulent cascades,
which are strongest in the case of major cluster merger
events. Some small fraction of the dissipated energy might
go into the amplification of magnetic fields due to field line
stretching in shear flows (Roettiger et al. 1999; Dolag et al.
1999). Another fraction might go into relativistic particle
populations via Fermi I or II acceleration. The rest of the
dissipated energy is thermalized in the hot ICM. Let us
assume for simplicity, that the energy fraction which goes
into the non-thermal components (fields and relativistic
particles) compared to the thermal component is indepen-
dent of the position in a cluster. This assumption needs
not to hold in reality, but it allows us to construct simple
test models, for comparison with observations.

The X-ray emissivity in a cluster is given by:

jX X ng (kTe)l/Qa (2)

where n, and kT, are the electron density and temper-
ature. For an isothermal cluster the X-ray emissivity at
a given position is proportional to the thermal energy
density (etn = 3ne kTe) squared:

Jx o< egy (KTe)™3/2. (3)

If the number density of relativistic electrons with energy
between e and € + de can be assumed to be N(g)de =
Noe~%de the radio emissivity at a given position in a
cluster is given by:

JRadio & No BO+1)/2,=(0=1)/2

(4)
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where v is the frequency and B is the magnetic field
strength.

In general, for each value of §, the observationally ob-
tained linear relation Fragio o Fx implies that the rela-
tivistic particles and the magnetic field are connected to
the thermal plasma through the relation:

No BUHD/2 o n? (KT.)'/2. (5)

Such a relation must be approximately fulfilled in A2255
and A2744. In the other two clusters, the relations ob-
tained between FRradio and Fx seem to imply that the ra-
dial decline of the magnetic field strength and relativistic
particle density is slower than the decline of thermal gas
density.

In the following we assume for simplicity a single radio
spectral index (o = ‘S_Tl = +1) which is typical for cluster
radio halos. Therefore the radio emissivity at frequency v
is

JRadio X ECReEBV ', (6)

where ecre = [ €N (g)de is the relativistic electron energy
density, and e = B?/(8) is the local magnetic field (B)
energy density.

If we assume — as suggested above — that magnetic
fields and radio emitting electrons have energy densities
proportional to the thermal energy content (¢ &4, and
ECRe X €tn) we find that the ratio jradio/Jx kTg/Q is
independent of the position within an isothermal cluster.
The same is true for the ratio of the surface brightnesses
FRadio and Fx, which are the line-of-sight projected emis-
sivities. Thus FRragio < Fx as observed at least in two
of our cases. Such a linear relation might be obtained by
some of the primary electron models where the energy den-
sity in relativistic electrons is proportional to the thermal
energy density.

In hadronic secondary electron models the radio
emitting electrons are secondary particles produced in
hadronic cosmic ray proton-gas interactions (see review
Enflin 2000). In these models the radio emissivity is given
by (Dolag & Enfllin 2000):

JRadio X ECRp Ne 63/(63 + Ecmb) V_la (7)

assuming « = 1. This more complicated dependence re-
sults from the fact that the spectrum of the radio emitting
electrons is shaped by the parent cosmic ray proton spec-
trum, here assumed to be a power-law, and by the electron
cooling processes. These are mainly due to synchrotron
losses (x ep) and to inverse Compton scattering with the
CMB photon field (o g¢mp). We assume further that the
cosmic ray proton population has an energy density pro-
portional to that of the thermal component (ecrp o €tn).
The resulting ratio of the radio and X-ray emissivities

JRadio/Jx < kT2 ep/(ep + Ecmb) (8)

is independent of the magnetic energy density for strong
fields (ep > €cmb), and proportional to it for weak fields
(eB < €cmb). Thus, for a radial decreasing magnetic field
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strength we expect a linear relation between the radio
and the X-ray brightness in the case of strong magnetic
fields, while we expect a super-linear power law in the
case of weak magnetic fields. For instance, for a magneto-
hydrodynamically simulated Coma-like cluster of galax-
ies with intermediate field strength (ep < €emb), which is
consistent with published Faraday rotation measurements,
Dolag & Enfllin (2000) get a radio to X-ray surface bright-
ness relation of Fradio ~ Fa2%. The prediction of this
specific version of hadronic secondary electron models is
in contradiction with the data analysis presented here.

5. Conclusions

We analyzed radio and X-ray images of four clusters of
galaxies on a point-to-point and also on a circular aver-
aged (radial profile) basis. We argue that the point-to-
point comparison is less affected by morphological distor-
tions, and that it allows to introduce a radio vs. X-ray
surface brightness relation (Fragio—Fx relation). This was
found to be consistent with a linear relation in two clusters
(Abell 2555: b = 0.98 4 0.04; Abell 2744: b = 0.99 £ 0.05)
and to be a sub-linear power law in the other two an-
alyzed clusters (Coma: b = 0.64 + 0.07; Abell 2319:
b = 0.82 4+ 0.04). We note that in the case of Coma the
relation could be affected by the low signal to noise ratio
of the used radio map.

We presented two simplified cluster radio halo mod-
els: a primary electron and a hadronic secondary electron
model. In both models we assumed that the magnetic
fields and the primary particle population (electrons in
the primary model, the parent protons in the hadronic sec-
ondary model) have energy densities proportional to the
thermal energy density. The predicted Fraqio—FXx relations
of these models are linear for the primary model and for
the hadronic secondary model in the regime of strong mag-
netic fields (e > €emp). The hadronic secondary model
with weak or moderate field strength (5 S €cmp) and with
an assumed linear scalings of the thermal and non-thermal
(relativistic electrons and magnetic fields) energy densities
produces a super-linear power law Fraqio—Fx relation, and
it is therefore disfavored by the data analysis presented
here.

We hope that the point-to-point radio vs. X-ray sur-
face brightness relation will prove a useful observational
and theoretical tool for future studies of the mysterious
nature of cluster radio halos and of the non-thermal
energy content of clusters of galaxies.
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