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ABSTRACT

We study the structure of the galaxy cluster Abell 523 (A523) at z = 0.104 using
new spectroscopic data for 132 galaxies acquired at the Telescopio Nazionale Galileo,
new photometric data from the Isaac Newton Telescope, and X-ray and radio data
from the Chandra and Very Large Array archives. We estimate the velocity dispersion
of the galaxy population, σV = 949+80

−60 km s−1, and the X-ray temperature of the hot
intracluster medium, kT = 5.3± 0.3 keV. We infer that A523 is a massive system:
M200 ∼ 7− 9 ×1014 M⊙. The analysis of the optical data confirms the presence of two
subclusters, 0.75 Mpc apart, tracing the SSW-NNE direction and dominated by the
two brightest cluster galaxies (BCG1 and BCG2). The X-ray surface brightness is
strongly elongated towards the NNE direction, and its peak is clearly offset from both
the BCGs. We confirm the presence of a 1.3 Mpc large radio halo, elongated in the
ESE-WNW direction and perpendicular to the optical/X-ray elongation. We detect a
significant radio/X-ray offset and radio polarization, two features which might be the
result of a magnetic field energy spread on large spatial scales. A523 is found consistent
with most scaling relations followed by clusters hosting radio haloes, but quite peculiar
in the Pradio-LX relation: it is underluminous in the X-rays or overluminous in radio.
A523 can be described as a binary head–on merger caught after a collision along
the SSW-NNE direction. However, minor optical and radio features suggest a more
complex cluster structure, with A523 forming at the crossing of two filaments along
the SSW-NNE and ESE-WNW directions.

Key words: galaxies: clusters: general – galaxies: clusters: individual: Abell 523
– galaxies: kinematics and dynamics – radio continuum: general– X-rays: galaxies:
clusters.

⋆ E-mail: girardi@oats.inaf.it

1 INTRODUCTION

Clusters of galaxies are the largest gravitationally bound
systems in the Universe, with typical masses of about 1014-
1015 M⊙. Clusters are formed by hierarchical formation pro-

c© 2015 The Authors
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Figure 17. Top panel: total intensity contours at 1.4 GHz with a
FWHM of 24.4′′×23.2′′ (PA=−42◦). The contour levels are drawn
at: 0.025, 0.05, 0.1, 0.2, 0.5, 1, 3, 5 mJy/beam. The sensitivity
(1σ) is 0.012 mJy/beam. Middle panel: total intensity contours at
1.4 GHz with a FWHM of 45′′×45′′. The contour levels are drawn
at: 0.2, 0.5, 1, 2, 5, 10 mJy/beam. The sensitivity (1σ) is 0.07
mJy/beam. Bottom panel: total intensity contours and polariza-
tion vectors at 1.4 GHz with a FWHM of 65′′×65′′. The contour
levels are drawn at: 0.2, 0.4, 0.6, 1, 1.5, 2, 4, 6 mJy/beam. The
sensitivity (1σ) is 0.1 mJy/beam. The lines give the orientation
of the electric vector position angle (E-field) and are proportional
in length to the FPOL (1′′≃1.25%). In all the panels, the FOW
of the image is ∼ 1.8×1.4 h−1

70 Mpc.

We modeled the radio brightness profile, I(r), with an
exponential of the form I(r) = I0e−r/re , whose best-fit is
shown in the left panel of Fig. 18. The proposed method
for deriving the radio brightness and the length scale of dif-
fuse emission (Murgia et al. 2009), is relatively independent
of the sensitivity of the radio observation. The exponential
model is attractive in its simplicity and involves a minimal
set of free parameters but, obviously, it cannot account for
the local deviations from the circular symmetry of the dif-
fuse emission. The best-fit of the exponential model yields
a central brightness of I0=0.83 µJy/′′ 2 and a length scale
re=251±10 h−1

70 kpc.

In the right panel of Fig. 18, we show I0 versus re of
A523 in comparison with a set of radio haloes analysed in
the literature (Murgia et al. 2009, Murgia et al. 2010, Vacca
et al. 2011). As previously pointed out, radio haloes can have
quite different length scales, but their emissivity is remark-
ably similar from one halo to another. A523 populates the
same region of the I0 − re plane as the other radio haloes.
Therefore, the diffuse total intensity emission of A523 seems
in good agreement with the extrapolation of the properties
of the other radio haloes known in the literature.

Morphological similarities between radio and X-ray im-
ages have been found in a number of clusters hosting a radio
halo (Govoni et al. 2001a) and one feature of A523 is that
the point-to-point radio and X-ray emission appears quite
different (see also Sect. 1 and refs. therein). However, other
irregular and asymmetric haloes have been found in the lit-
erature (Govoni et al. 2012). Feretti et al. (2012) investi-
gated the statistics of the offset between the peak of the
radio halo and of the X-ray emission of the cluster. They
have found that the offsets can reach several kpc and they
become more relevant for haloes of smaller size. A possible
explanation for this behaviour can be attributed to the clus-
ter magnetic field power spectrum. Indeed, magnetic field
simulations (Murgia et al. 2004, Govoni et al. 2006, Vacca
et al. 2010) show that clusters having most of the mag-
netic field energy on large spatial scales may produce ra-
dio haloes characterized by comparatively high polarization
emission with a filamentary structure. Instead, unpolarized
radio haloes with a regular morphology are expected in clus-
ters in which most of the magnetic field energy is on small
spatial scales. In agreement with the simulation expectations
filaments of polarized emission associated with a radio halo
have been detected in A2255 (Govoni et al. 2005) and MACS
J0717.5+3745 (Bonafede et al. 2009).

In addition to the radio brightness profile of the total
intensity, in Fig. 19 we show the observed brightness profiles
of the polarized intensity and FPOL calculated in concentric
annuli, as shown in Fig. 18. The observed profiles are traced
up to a projected distance from the cluster center of ≃450
h−1

70 kpc. The FPOL profile is rather constant at ≃15-20%.

To investigate if the observed FPOL levels and the dis-
torted structure of A523 can be observed in a radio halo, we
simulated 3D magnetic fields with a single power-law power
spectrum of the magnetic field fluctuations |Bk|2 ∝ k−n with
a Kolmogorov spectral index n = 11/3. We generated syn-
thetic radio halo images by illuminating 3D magnetic field
models with a population of relativistic electrons. At each
point, on the computational grid, we calculated the total
intensity and the intrinsic linear polarization emissivity at
1.4 GHz, by convolving the emission spectrum of a single

MNRAS 000, 1–21 (2015)



16 M. Girardi et al.

Figure 18. Left panel: the azimuthally averaged brightness profile of the radio halo emission in A523. The profile has been calculated
in concentric annuli centred on the radio centroid, as shown in the inset panel. The horizontal dashed-dotted line indicates the 3σ noise
level of the radio image, while the continuous line indicates the best-fit profile described by an exponential law. Right panel: best-fit
central brightness I0 at 1.4GHz versus the length scale re of A523 in comparison with azimuthally averaged brightness profiles of radio
haloes taken from the literature (Murgia et al. 2009, Murgia et al. 2010, Vacca et al. 2011, and references therein). The dotted lines
indicate regions of constant synchrotron emissivity.

relativistic electron with the particle energy distribution of
an isotropic population of relativistic electrons. The polar-
ization images were obtained by taking into account that
the polarization plane of the radio signal is subject to the
Faraday rotation as it traverses the magnetized ICM. We
modelled the gas density of A523 with the β -model param-
eters rc=181 h−1

70 kpc β=0.42, and a central gas density of

n0=1.1×10−3 cm−3 (see Sect. 4.2).

The results of the simulations are presented in Fig. 19.
By adopting a Kolmogorov spectral index for the magnetic
field fluctuations and by considering a magnetic field which
decreases with the gas density as B(r)∝ ne(r)

0.5, the FPOL
levels can be well reproduced by a magnetic field with a
central strength B0 ≃ 0.5 µG which fluctuates in a range of
scales from a few h−1

70 kpc up to ∼ 1 h−1
70 Mpc . The contin-

uum line and the shade region describe the mean and the
sigma of a set of simulations (with different random seeds)
performed with the magnetic field model described above.
The total intensity depends on both the magnetic field and
on the population of relativistic electrons, while the FPOL
mostly depends on the cluster magnetic field correlation-
length and strength. Once constrained the magnetic field
on the basis of the FPOL profile, it is possible to inves-
tigate the population of relativistic electrons. By assum-
ing the equipartition between magnetic field and relativistic
electrons, the profiles can be well described by assuming a
population of relativistic electrons with an electron energy
spectral index δ = 3, and a low and high energy cut-offs of

the energy spectrum of γmin=3500 and γmax=1.5× 104, re-
spectively.

In the middle panels of Fig. 19 we show an example of
a full resolution total intensity (left) and polarized intensity
(right) image obtained with the above magnetic field model.
In the bottom panels of Fig. 19 we show as the simulated ra-
dio halo would appear when observed at the same resolution
65′′ and sensitivity (0.1 mJy/beam) of A523.

Therefore we can conclude that a magnetic field model
with a central strength B0 ≃0.5 µG which fluctuates over a
large spatial scale is able to explain the presence of a po-
larized radio halo at a level of 15-20% characterized by a
distorted radio morphology with a significant displacement
from the X-ray gas distribution. In the simulation shown in
Fig. 19 the radio/X-ray displacement is ≃ 80 h−1

70 kpc.

6 SUMMARY OF RESULTS AND DISCUSSION

We present new insights into the structure of the A523
galaxy cluster from our multiwavelength analysis. The main
results obtained from optical, X-ray, and radio data are sum-
marized in the following and then discussed to derive a sce-
nario consistent with the available observational picture.

6.1 Results from our multiwavelength analysis

On the basis of 80 member galaxies, we present the first
measure of the mean cluster redshift 〈z〉= 0.1040±0.0004 –

MNRAS 000, 1–21 (2015)
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Figure 19. Top panels: azimuthally averaged radio-halo brightness profiles of the total intensity I (green dots), polarized intensity P
(red dots), and FPOL (blue dots). The profiles have been calculated in concentric annuli, as shown in Fig. 18. The continuum line and
the shade region in the top panels describe the mean and the sigma of a set of simulations with different random seeds performed with

a magnetic field model which is able to describe the data quite well. This model is a Kolmogorov magnetic field power spectrum with a
central magnetic field strength of 0.5 µG which fluctuates in a range of scales from a few h−1

70 kpc up to ∼ 1 h−1
70 Mpc and decreases with

the gas density as B(r) ∝ ne(r)
0.5. Middle panels: example of a simulated radio halo at full resolution obtained with the above magnetic

field model. Left and right panels refer to the total intensity and polarized surface brightness images, respectively. Bottom panels: the
images show as the simulated radio halo would appear when observed at the same resolution and sensitivity of A523. The white contour
levels refer to the total intensity image at 65′′ resolution. Contour levels start at 0.3 mJy/beam and increase by a factor of

√
2.
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previously only zBCG1 was available – and of the LOS veloc-
ity dispersion of the galaxy population σV = 949+80

−60 km s−1.
Our analysis of both spectroscopic and photometric opti-
cal data confirms the bimodal structure of the cluster elon-
gated in the SSW-NNE direction, as already suggested by
the analysis of old plate images (G11), with the two subclus-
ters ∼ 0.75 h−1

70 Mpc apart in the plane of sky. We confirm
that the northern subcluster is dominated by BCG1, the
brightest cluster galaxy, and identify BCG2 as the domi-
nant galaxy that lies in the southern cluster. The redshift
data allow us to detect that the two subclusters are (little)
separated in the velocity space and we estimate the rela-
tive LOS velocity ∆V,rf = 100-650 km s−1 in the cluster rest
frame. Suggestions for a more complex structure come from
the analysis of the spectroscopic and photometric samples,
in particular for one or two clumps tracing the NW-SE (or
NWN-ESE) direction (see Figs. 6, 8 and 11).

The analysis of Chandra data allows us to support with
quantitative measures the visual indication of a disturbed
cluster already reported by G11 on the basis of ROSAT data.
The hot ICM structure is now much better defined. The X-
ray surface brightness is quite elongated towards NNE, but
there is no longer evidence of bimodality (cf. our Fig. 12
and Fig. 1 of G11). The peak of the surface brightness is
clearly offset with respect to both the two BCGs, ∼< 0.5
and ∼< 0.2 h−1

70 Mpc from BCG1 and BCG2, respectively. We
present the first measure of the global X-ray temperature,
kTOUT = 5.3±0.3 keV, and find no evidence for a cool core.
Very interestingly, the kT map shows evidence for a higher
temperature in the northern region. Our new measure of the
X-ray luminosity, LX,500 = 1.6×1044 h−2

70 erg s−1 in the 0.1-2.4
keV rest frame band, makes A523 more consistent with the
observed LX-T relation with respect to the previous ROSAT

estimate, although still lying in the low luminosity regions
of the envelope (see Fig. 16).

Our analysis of VLA data confirms the presence of an
extended, diffuse radio source having a maximum projected
size of LLS ∼ 1.3 h−1

70 Mpc. The revised estimate of the radio

power, P1.4GHz = 2.0± 0.1× 1024 W Hz−1, is slightly higher
than the G11 estimate. Very interestingly, in addition to the
main ESE-WNW elongation, our new analysis shows that
the radio source has a minor SSW-NNE elongation almost
aligned with the main optical/X-ray cluster elongation (see
Fig. 17, middle panel, and Fig. 1). The radio source perme-
ates the region between the two subclusters and is classified
as a radio halo. In comparison to other clusters hosting radio
haloes, A523 is highly peculiar in the P1.4GHz-LX plane hav-
ing a higher radio power (or lower X–ray luminosity) than
expected (see also Sect. 6.4). Despite this, A523 is typical
among clusters hosting radio haloes since it populates the
same region of the I0-re plane (see Fig. 18, right panel) and
the P1.4GHz-LLS plane (see e.g., Fig. 7 of Feretti et al. 2012).
The radio emission is clearly offset from the X-ray emission
and the radio/X-ray peaks offset is ∼ 0.3 h−1

70 Mpc. We also
detect a modest polarization (FPOL ∼ 15 − 20%), unusual
in radio haloes since, so far, a polarized signal has been
detected only in a couple of other radio haloes. Both the
observed radio/X-ray offset and polarization might be the
result of having most magnetic field energy on large spatial
scales as we show using an ad hoc set of simulations (see
Sect. 5.2).

6.2 Cluster mass estimate

Both our optical and X-ray data indicate that A523 is
a massive cluster. Using the theoretical relation between
mass and velocity dispersion of Munari et al. (2013; Eq. 1
checked on simulated clusters), the derived cluster mass is
M200,opt(<R200,opt = 1.9 h−1

70 Mpc)= 9.0 ×1014 h−1
70 M⊙, with re-

lated uncertainties of 8% and 23% on R200,opt and M200,opt,
as propagated from the error on σV. An additional 10% of
uncertainty on mass is indicated by the scatter around the
theoretical relation which, however, does not take into ac-
count the cluster asphericity in the velocity ellipsoid (e.g.,
Wojtak 2013). From our measure of kTOUT and the scaling
relation of Arnaud et al. (2005), the derived cluster mass
is M200,X(< R200,X ∼ 1.8 h−1

70 Mpc) ∼ 7 ×1014 h−1
70 M⊙ in good

agreement with the above optical estimate.

6.3 A merger scenario

According to the main optical and X-ray features (but see
Sect. 6.5), A523 can be described as a binary head–on merger
(BHOM) after the primary collision. In fact, it is character-
ized by two important galaxy subclusters and typical X-ray
features noted in simulations (e.g., Ricker & Sarazin 2001;
Poole et al. 2006). It also meets the typical BHOM selection
criteria as listed by Mann & Ebeling (2011) that are the
non-concentric X-ray contours and the large offset of the
two BCGs from the X-ray peak.

The alignment of the directions defined by the two sub-
clusters and by the elongation of X-ray isophotes indicate
that SSW-NNE is the direction of the merging axis. The
direction of the elongation of the large, diffuse BCG1 halo
agrees, too. The small LOS velocity difference between the
two subclusters indicates that the merger axis is almost per-
pendicular to the LOS or, alternatively, that the two sub-
clusters are close to the turn around point. The first hypoth-
esis is quite more reliable when analysing the merger kine-
matics with the use of the simple analytical bimodal model
(e.g., Girardi et al. 2008 and refs. therein). According to our
observational results, the relevant parameters of the two–
body model are Vrf = 100-650 km s−1 for the relative LOS
velocity, D = 0.75 h−1

70 Mpc for the projected distance, and

Msystem = 0.7-0.9 ×1014 h−1
70 M⊙ for the mass of the system. A

reliable assumption for the time relative to the core crossing
is t = 0.1-0.3 Gyr since a few 108 years is the radiative life-
time of relativistic electrons losing energy. Moreover, compa-
rable values have been found in previous studies of merging
clusters hosting radio haloes, e.g. t = 0.1-0.2 Gyr is found in
the case of the Bullet cluster (Markevitch et al. 2002), and
t = 0.2-0.3 Gyr in Abell 520 (Girardi et al. 2008). Outgoing
solutions are the only acceptable ones and α, the projection
angle between the merging axis and the plane of the sky,
is at most ∼ 10◦ in the Vrf = 100 km s−1 case and at most
∼ 30◦ in the Vrf = 650 km s−1 case. As for the mass ratio,
both our spectroscopic and photometric optical data indi-
cate that the southern cluster is comparable/slightly richer
than the northern cluster, suggesting that the mass ratio is
less than 2:1 (cfr. the relative densities and galaxy contents
in Tables 2 and 4).

Evidence of a merger in A523 provides additional sup-
port to the idea of a strong connection between the presence
of a radio halo and an active dynamical status of the host

MNRAS 000, 1–21 (2015)
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cluster (see Sect. 1 and refs. therein). In particular, A523
also agrees with other halo radio clusters in the relations be-
tween the X-ray indicators of substructure, i.e. c versus w, w
versus P3/P0, c versus P3/P0 (Cassano et al. 2010). Moreover,
the BHOM scenario rules out the possibility that the radio
source is a relic instead than a halo. In fact, in the outgoing
shock-driven relic hypothesis we would expect that the sub-
cluster, slowed down by gravitational effects, is preceded by
the relic in its outgoing motion as shown by numerical simu-
lations (e.g., Springel & Farral 2007; Mastropietro & Burkert
2008), while the radio source in A523 is centred between the
centres of the two subclusters.

6.4 Scaling relations

An interesting global cluster parameter is the value of the
ratio between the energy per unit mass of galaxies to that
of ICM as parametrized with βspec = σ2

V /(kT/µmp), where
µ = 0.58 is the mean molecular weight and mp the pro-
ton mass. The value βspec = 1 indicates the density-energy
equipartition between ICM and galaxies. The mean βspec
value observed for massive clusters is consistent with unity
both in nearby (Girardi et al. 1996, 1998) and in distant
systems out to z ∼ 0.4 (Mushotzky & Scharf 1997). Fig. 5
(bottom panel) shows how good is the agreement between
X-ray temperature and velocity dispersion in the case of
A523.

Numerical simulations show as both X-ray temperature
and velocity dispersion rise due to the cluster merger, e.g.,
the temperature peaks either during the core-crossing or just
after and then declines (Ricker & Sarazin 2001; Mastropietro
& Burkert 2008), and similarly the velocity dispersion. How-
ever, a small enhancement of velocity dispersion is expected
in the case of a merger axis perpendicular to the LOS (∼20%
according to Pinkney et al. 1996) and A523 is indeed quite
normal in the other relation involving global optical and X-
ray properties. In fact, when considering our estimate of the
bolometric X-ray luminosity (LX,bol,500 = 3.44×1044 h−2

70 erg

s−1) and of the velocity dispersion (σV = 950 km s−1), A523
lies very close to the LX-σ relation as fitted by Zhang et
al. (2011). Moreover, the A523 values are still acceptable in
the LX-T plane (as discussed in Sect. 4.4). We conclude that
the agreement between σV and T quantities and their use as
mass proxies are likely reliable.

As in the case of A523, most clusters showing radio
haloes have a large gravitational mass, e.g., larger than
0.7× 1014 M⊙ within 2 Mpc (Giovannini & Feretti 2002;
see also clusters analysed in our DARC program, Girardi et
al. 2011 and refs. therein). In particular, when considering
our estimate of the mass of A523 (M500 ∼ 5-6 ×1014 h−1

70 M⊙,
M500 ∼ 1/1.4 ×M200 for a typical NFW profile), this clus-
ter is consistent with the relation between mass and radio
power as traced for clusters hosting radio haloes (see fig. 3
of Cassano et al. 2013).

In spite of our revised upward X-ray luminosity, the pe-
culiarity of A523 in the P1.4GHz-LX plane, already claimed by
G11, is not solved and, rather, it should be considered more
reliable due to the improvement of the data. In Fig. 20 A523
is compared to other ∼ 40 clusters as taken from Feretti et
al. (2012). According to the relation fitted on ∼ 25 clusters
by Cassano et al. (2013, see their fig. 2 and table 3), A523 is

Figure 20. Total halo radio power at 1.4 GHz versus cluster
X-ray luminosity in the 0.1-2.4 keV band. Blue circles refer to
clusters plotted by Feretti et al. (2012). The position of A523 is
indicated by the red cross and is based on our study.

under luminous in X-ray by a factor of ∼> 4 or over luminous
in radio by a factor of ∼> 24, which is inconsistent with the
small uncertainties associated with the observational mea-
sures for A523 or with the scatter around the relation.

6.5 Suggestions for a more complex scenario

The peculiarity of A523 is not limited to the P1.4GHz-LX re-
lation. Although our simulations in Sect. 5.2 show that a
radio/X-ray peak offset can be explained in the context of
a magnetic field energy on large spatial scales and suggest
that peculiar halo elongations can be observed (see Fig. 19,
middle and bottom left panels), it is still not obvious that
we can explain a case like A523, where the halo elongation
is perpendicular to the merging axis as traced by X-ray and
optical data.

Looking for a possible explanation of the A523 pecu-
liarity, we note that, although earlier we discuss the A523
phenomenology in the framework of a BHOM scenario, it
is known that distinguishing between binary and complex
mergers is not easy (e.g., see the relevant discussion in Mann
& Ebeling 2011). In the case of A523, both optical and radio
data show some evidence in favour of a complex merger sug-
gesting a scenario where A523 is forming at the cross of two
filaments, along the SSW-NNE and ESE-WNW directions.
From the X-ray side, a possible evidence in favour of a more
complex dynamical status comes from the enhanced temper-
ature in the northern region, more related to the radio halo
position than the southern one.

In the context of a more complex scenario, the differ-
ent main directions traced by radio and X-ray+optical data
might refer to the two merging directions and, in particular,
to be connected with the different time-scales intervening,
with the radio-halo better tracing the most recent accretion
phenomena, although this accretion does not involve a lot of

MNRAS 000, 1–21 (2015)
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mass. Unfortunately, also due to the contamination of the
background structure at z ∼ 0.14, we need a larger redshift
sample to probe the ESE-WNW direction of accretion. We
also note that our current redshift catalogue samples only
the cluster region within half R200, making the cluster accre-
tion phenomena only partially traced.
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Böhringer H., Puchwein E., Sijacki D., Girardi M., 2011,
A&A, 526, A105

This paper has been typeset from a TEX/LATEX file prepared by
the author.

MNRAS 000, 1–21 (2015)


