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We investigate the possibility for the SKA to detect and study the magnetic fields in galaxy clus-
ters and in the less dense environments surrounding them using Faraday Rotation Measures. To
this end, we produce 3-dimensional magnetic field models for galaxy clusters of different masses
and in different stages of their evolution, and derive mock rotation measure observations of back-
ground radiogalaxies. According to our results, already in phase I, we will be able to infer the
magnetic field properties in galaxy clusters as a function of the cluster mass, down to 10'3 solar-
masses. Moreover, using cosmological simulations to model the gas density, we have computed
the expected rotation measure through shock-fronts that occur in the intra-cluster medium during
cluster mergers. The enhancement in the rotation measure due to the density jump will permit to
constraint the magnetic field strength and structure after the shock passage. SKA observations of
polarised sources located behind galaxy clusters will answer several questions about the magnetic

field strength and structure in galaxy clusters, and its evolution with cosmic time.
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1. Introduction

Magnetic fields are ubiquitous in the Universe but their origin is unknown. On large scales,
magnetic fields are the hardest to explain because the usually invoked dynamo mechanism does not
have the time to amplify the field on the largest scales starting from a weak initial seed. In addition,
the magnetic fields in galaxy clusters are poorly constrained from an observational point of view,
and it is unclear whether they are formed from primordial seeds - amplified during the process of
structure formation - or are formed from magnetic fields injected by AGN or galactic outflows.
The presence of magnetic field in galaxy clusters can be probed by diffuse radio sources associ-
ated with clusters (see contribution by Johnston-Hollitt et al., Govoni et al., Ferrari et al.), and by
Faraday rotation measures (RM) of embedded and background polarised sources (see e.g. Govoni
& Feretti 2004 for a review). In the last decade, there have been revolutionary improvements in
modelling the magnetic field in galaxy clusters, based partly on observations and partly on numer-
ical simulations (e.g. Bonafede et al. 2011a, Briiggen 2013, Dolag et al. 2008, Govoni et al. 2006,
Vacca et al. 2012). Much of what is known about the magnetic field in galaxy clusters comes from
sensitive polarised observations. The observed polarisation angle ¢,,s of a synchrotron-emitting
source observed in the background of a galaxy cluster is rotated with respect to the intrinsic polari-
sation angle by a quantity called Faraday Rotation Measure, defined as RM = [ ..., ne(1)B//(1)dl,
where n, is the thermal gas density in the intra-cluster medium (ICM), and B/, is the magnetic
field component along the line-of-sight. Recent studies have given us important clues to elucidate
the evolution of the magnetic fields in galaxy clusters. However, because of the limits of current
instruments, further improvements will be hard to achieve. A primary limiting factor is the sensi-
tivity of present facilities, that limits the feasibility of such studies to a few nearby clusters where
a sufficient number of background and embedded polarised sources can be detected. A secondary
limiting factor is the small field-of-view of the instruments, which require multiple pointings and,
hence, an enormous observing time to survey the entire cluster. In this work, we analyse the capa-
bilities of the SKA in studying the properties of magnetic fields in the ICM through a dense RM
sampling of sources detected in the background of these objects. Using different approaches, we
have produced mock RM observations of galaxy clusters and of the regions around them. In Sec.
2 we outline the method used to produce the RM mock observations, and in Sec. 3 we apply this
method to clusters of different masses, magnetic field strengths and dynamical status. In Sec. 4 we
make use of cosmological simulations to explore the SKA capabilities in detecting the RM ampli-
fication expected in shocked regions. We assume here that SKA1-SUR will be populated in band
1 (350-900 MHz) and band 2 (650 -1670 MHz). This is motivated by the range of RM that we
need to sample. Results do not change if SKA1-MID in used instead of SKA1-SUR. We assume
that within each band the frequency channel width will be 1 MHz. We discuss in Sec. 5 how our
predictions change in view of the progressive development of the SKA.

2. Mock RM observations

In order to predict the capabilities of the SKA in studying the magnetic fields on the large
scales, we have produced mock RM observations of single radiogalaxies detected through the ICM.
We have used an approach similar to the one described in Murgia et al. (2004) and Bonafede et al.
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Table 1: Parameters for the gas and the magnetic field in galaxy cluster simulations

Model Gas M By Amin Amax T no Te B
Mg, uG kpec  kpc cm ™3 kpc

BM15_3.9 BModel 105 39 3 34 04 3.44x1073 290 0.75
BM15_4.7 BModel 101 47 3 34 05 3.44x1073 290 0.75
BMI5_5.5 BModel 1015 55 3 34 0.7 3.44x1073 290 0.75
BMI14_1  BModel 101 1 3 17 0.5 3.44x107° 134 0.75
BM14_3  BModel 1014 3 3 17 05 3.44x1073 134 0.75
BM14_5  BModel 1014 5 3 17 05 3.44x1073 134 0.75
BMI3_1  BModel 1013 1 3 17 05 344x1073 62 0.75
BM13_3  BModel 1013 3 3 17 05 344x1073 62 0.75
BM13_5  BModel 1013 5 3 17 05 344x1073 62 0.75
El 4 Enzosim 1.12x10° 4 34 115 05

E2 4 Enzosim 1.12x10° 4 34 115 05

El4_4  Enzosim 101 4 34 115 05

(2010), that consists of modelling the gas distribution inside the galaxy cluster and the magnetic
field in a separate 3-dimensional box. We define A as the spatial scale in the real space, and
the magnetic field power spectrum as Pg(A) o< A" within the range A < A < Apgr. We adopt
here n = 11/3, corresponding to a Kolmogoorv scaling. The magnetic field is initially defined in
the vector-potential domain. Through an appropriate choice of the vector potential components,
we obtain a magnetic field with Gaussian components, divergence-free, and isotropically oriented
throughout the box. The magnetic field is then normalised within the core radius to a given value
By, and is scaled according to B o< By (n,/ no)", ng being the cluster central gas density as defined in
the B-model. The free parameters of our magnetic field model are By, Apin, Amax, and 1. For every
realisation of the magnetic field and of the gas density profile (see Tab. 1), we have integrated
the RM equation to derive the Faraday RM throughout the cluster. Extrapolating from the deep
survey in the GOODS-N field, and following the sensitivity listed in the SKA science memo, the
SKAT1-SUR is expected to detect 315 polarised sources per square degree at 1.4 GHz with 1 ulJy
detection threshold and 1.6 arcsec resolution (Rudnick & Owen 2014). Assuming this number,
we have computed the expected RM for every polarised background source, whose position is
randomly extracted within a circle of given aperture radius, which is chosen depending on the mass
of the simulated cluster in order to trace the signal up to the distance where the cluster gives a
substantial contribution. This approach has the great advantage of using background objects only,
and hence it minimises the possible local ICM contribution due to the interaction of cluster radio-
galaxies with their environment. The magnetic field simulations are performed with the MiRo’
code (see Bonafede et al. 2013 for further details).

3. Magnetic field in galaxy clusters

In the following, we assume two distributions for the gas: (i) a B-model profile Cavaliere &
Fusco-Femiano (1976) and (ii) the gas distribution obtained by a set of cosmological simulations



SKA: Magnetic fields in galaxy clusters and beyond

Annalisa Bonafede

|RM| rad/m?

Coma-like clusters
el et

Coma-like cluster
Sl

400F i
’ 500 - E
] ‘ B0=3.9 muG
300 ﬂ VLA observations | 400 7 & B0=4.7 muG ]
SKA1SUR E : B0=5.5 muG
1 i§ pol sources ¢
] £ 300
103 SKA1-SUR ¥
1 =
] T 200
100 &

AR R R NSRRI l L L L L L L L L L L L L
800 1000 1200 0 200 400 600 800
distance [kpc]

P N
600
distance [kpc]

Figure 1: SKA1-SUR predictions for the RM for Coma-like clusters. Left panel: Average profile of the RM
(continuous line) and 5o dispersion (dotted lines) obtained for the BM15_4.7 model. Diamonds represent
the sources that the SKA1-SUR will detect in the background of the cluster. Red asterisks mark the sources
whose RM is in the range to be detected by the SKA1-SUR. Blue points refer to the observations presented
in Bonafede et al. (2010). Right Panel: lines and symbols are like in the left panel, shown in different colours

for three different models as indicated in the inset.
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Figure 2: SKA1-SUR predictions for clusters with M = 10'3M_, (left panel), and M = 10'*M,., (right panel).

Lines and symbols are like in Figure 1.
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by Vazza et al. (2010).

3.1 B-model profiles

Our -model clusters are meant to illustrate the big step forward allowed by the SKA in
studying the magnetic field properties of galaxy clusters, compared to what has been achieved
today with pointed observations of individual radiogalaxies.

The magnetic field in the Coma cluster is among the best constrained, and as such, it is a good
starting point to investigate the capabilities of the SKA compared to the present facilities.
We have considered a cluster gas density profile that follows the B-model (Cavaliere & Fusco-
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Femiano 1976) derived for the Coma cluster by Briel et al. (2001) (models BM15 in Table 1). For
Amins Amax, we have adopted the parameters that give the best fit to the Coma cluster magnetic field
profile, and we have simulated the different values of By and 7 that give the best agreement with
the observations at 68% confidence level Bonafede et al. (2010). We have investigated the imprint
that different values of By and 1 leave on the RM profile, to see if SKAI-SUR observations will
be able to distinguish among these models. In Fig. 1 the RM profile obtained with SKA1-SUR
observations is shown for the model BM15_4.7, a "Coma-like" cluster. The results by Bonafede
et al. (2010), obtained with VLA pointed observations, are overplotted. SKA1-SUR will allow one
to detect the RM from ~ 50 sources in the background of the "Coma-like" clusters. Thanks to the
SKA1-SUR field-of-view and sensitivity, similar results for a single cluster will be achieved with a
single pointing.

In Fig. 1, we also show the RMs obtained by the SKA1-SUR for the different values of By and 1
that fit the VLA observations within the 68% confidence level. The resolution in RM of the SKA1-
SUR will enable us, in principle, to distinguish among these models, although a more accurate
evaluation of the errors needs to be done to definitively assess this point.

Another aim of these 3-model clusters is to show how the SKA will be able to recover the magnetic
field profiles in relaxed systems depending on their mass and on the actual magnetic field strength at
the cluster centre. So far, the magnetic field in galaxy clusters has been mainly analysed in massive
and nearby systems. One of the reasons for this, is the number of sources that are needed in the
background or inside the cluster to perform a proper analysis. To investigate how the SKA1-SUR
will be able to constrain the magnetic field properties in clusters with different masses, we have
rescaled the 3-model of the Coma cluster in a self-similar way, for clusters with 103 and 10'* M,
keeping the same values for A, and Ay, and changing the value of By, as specified in Table 1
(cluster models BM14 and BM13). In Fig. 2 the predicted number of RM throughout clusters with
different masses are shown, together with the RM profile derived from the RM simulation. From
these figures we can conclude that the sources relevant to establish the magnetic field properties
are those within few hundred kpc from the cluster centre. At larger distances (> 300 kpc and
400 kpc for M13 and M14 models, respectively), the signal vanishes because of the lower gas
density and magnetic field strength. Using only background sources has the advantage of avoiding
a possible local RM enhancement. However, the information at the cluster centre, possibly provided
by the radio-emitting central source, will be likely missing. Nonetheless, the SKA will be the first
instrument which provides a good sampling of the RM in the background of smaller-mass clusters.

3.2 Cosmological simulations

Although the B-model is often a good representation of the gas density profile in the ICM,
high-resolution X-ray observations have shown that the ICM is much more complex and difficult
to characterise analytically (see e.g. Borgani & Kravtsov 2009, Ebeling et al. 2007, Ettori et al.
2013). Indeed, cosmological simulations of galaxy clusters show that the matter is continuously
accreting onto the cluster, generating turbulence, shock waves, and bulk motions in the ICM, which
leave a clear imprint in the gas density distribution. In order to investigate the capabilities of the
SKA in more complex and realistic environments, we have repeated the procedure outlined above
(Sec. 2) starting from the gas density distribution obtained by cosmological simulations. The
sample of clusters by Vazza et al. (2010) consist of 20 clusters, re-simulated with an Adaptive
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Figure 3: Top panel: RM profiles for the simulated clusters E1 (left), E2 (centre), and E14 (left). The
y-axis goes up to 200 rad /m?* in order to highlight the differences among the different clusters. The blue
continuous line represents the radial average of the RM profile, the dotted lines refer to the 50 dispersion.
Red asterisks mark the sources detected by the SKA1-SUR. Bottom panel: X-ray projected luminosity for
the clusters shown above. The white dashed-circle is centred on the cluster X-ray peak and has a radius of
~ 1 virial radius.

Mesh refinement method optimised to have a high resolution in the outskirts of the clusters. The
authors have classified the clusters as relaxed (RE), merging (ME), and post major-merger (MM).
Hence, we can investigate the SKA1-SUR capabilities to recover the magnetic field properties in
clusters that are in different phases of their evolution. In this work, we focus on three different
clusters, namely E1, E2 and E14, classified as MM, ME, and RE, respectively. The simulations
have a resolution of 25 kpc h~!. We have resampled the gas density distribution within the virial
radius with a bigger grid, reaching a final resolution of 12 kpc h~!. Ideally, one would need a factor
10 better resolution to match the SKA1-SUR resolution at 1.4 GHz, but this cannot be obtained yet,
because of computing power limitations. Since the deviations from the f3-model profile occur on
scales larger than the resolution achieved here, we can still make useful forecasts for the SKA in
detecting magnetic fields in different dynamical environments. The magnetic field is attached to the
gas as explained in Sec. 2. We have fixed the parameters By, Ay, Amin, and 1 (see Table 1) and we
have investigated the different trends of the RM in the different clusters. We have to note that the
main limitation of our approach is the use of a magnetic field model, which does not evolve with
the cluster. Hence, one can expect to detect only the main differences in the RM behaviour among
the clusters. In Fig. 3, the X-ray luminosity of the clusters (from Vazza et al. 2010) together with
the RM profiles are shown. From the RM mock observation, we have randomly extracted a number
of sources that the SKA1-SUR will detect within one virial radius from the peak of the cluster
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Figure 4: Left panel: Colors display the X-ray luminosity of E1 in the [0.2-5] keV energy range (Vazza
et al. 2010). The red and blue dashed lines indicate the two directions considered to extract the RM sources,
through a detected shock wave (red) and through a comparison region (blue). Right panel: RM of back-
ground sources extracted around the 2 directions shown in the left panel. The dotted-dashed line indicates
the approximative position of the shock front.

X-ray emission. In all profiles, a decrease of the RM signal occurs at ~ 1 Mpc (approximatively
r500 ) from the cluster centre. This decrease is more gradual for the clusters E1 and E2 with respect
to the E14, which is relaxed. The main differences among E1, E2, and E14 arise at a distance of
500-3000 kpc, and are due to the presence of other clusters or sub-groups in the cases of E1 and
E2, and to the almost empty environment which surrounds the relaxed cluster E14.

4. Beyond galaxy clusters: magnetic fields and shock waves

The use of cosmological simulations allows us to derive forecasts for the SKA in yet unex-
plored environments, such as the outskirts of galaxy clusters and intergalactic filaments (see Vazza
et al, this contribution). The merger between massive galaxy clusters leads to the formation of
shock waves that travel through the ICM. Shock waves are supposed to be the origin of the so
called radio-relic, a class of synchrotron sources that are characterised by a low surface brightness,
a steep radio spectrum, and a relatively strong polarisation (for details about radio relics we refer
the reader to the reviews by Briiggen et al. 2011 and Feretti et al. 2012). Although the origin of
radio relics is not well understood yet, if it understood that they are connected to shock waves.
Hence, one expects to detect an enhancement of the RM signal due to the boost in the gas density
and in the magnetic field by the shock. Such an enhancement has beed detected so far only for
the relic in Abell 3667 (Johnston-Hollitt 2004), while Bonafede et al. (2013) have not found such
a clear effect in the case of Coma. The simulations by Vazza et al. (2010) have been generated
with a refining method optimised to detect the velocity and temperature jumps in the ICM. Here
we focus of the cluster E1, where a shock front has been identified SE of the cluster centre. Us-
ing the RM mock observation (model E1_4), we have traced the RM profile in two regions: one
across the shock front, and the other in a region where no shock has been detected. As done in the
previous Sec., we have randomly extracted a number of sources that the SKA1-SUR will detect in
polarisation. In Fig. 4 the two profiles are shown. Although the number of sources does not allow
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one to trace a profile and, possibly, detect a jump at the position of the shock front, a significant
enhancement of the RM in the shocked region with respect to the comparison region is detected.
Our magnetic field simulations would predict a magnetic field strength of ~ 1 uG at the position of
the shock front, which in fair agreement with the magnetic field strength derived through different
methods for radio relics (Feretti et al. 2012). A limitation of our approach is that the magnetic
field is attached to the gas a posteriori, and is modelled with a simple recipe, so that the magnetic
field compression and amplification expected at the shock position are not included in our mock
observations. Including these effects is tricky from a theoretical point of view, since the mechanism
through which the different magnetic field components are amplified and ordered on large-scale is
not known yet. As a result of this limitation, the enhancement that we obtain has to be regarded
as a lower limit to the effective RM enhancement that one would obtain once the compression and
amplification of the shock are properly included. Remarkably, the values of the RM that we obtain
match with the ones reported by Johnston-Hollitt (2004).

5. Conclusions

We have explored the capabilities of the SKA in studying the properties of magnetic fields
inside and around galaxy clusters. Our predictions indicate that the SKA1-SUR will be able to
recover tiny differences in the magnetic field properties of the ICM, which are far beyond the
capabilities of the present instruments. Thanks to the SKA 1-SUR sensitivity and resolution, we
expect to detect hundreds of sources in the background of massive galaxy clusters, and to trace
the RM enhancement due to the presence of merging shock waves.The results expected by the
SKA in its “early-science" phase depend on the number counts of polarised sources detectable at
a sensitivity which is ~50% of the SKA1-SUR. The reduced number of polarised sources will not
allow us yet to detect a sufficient number of RM sources behind small mass clusters (M ~ 103M,,),
and to detect a net enhancement through shocked regions on the ICM. Nonetheless, the results
achieved here for massive galaxy clusters will be reachable already in the “early-science" phase,
though with lower precision. The SKA?2 will have a sensitivity ten times better than the SKA1, and
a field of view corresponding to 20 times the one of the SKA1. Although a precise forecast for
the number counts of polarised sources is not available yet, even in the most pessimistic case, that
the number counts of polarised sources will be the same, the SKA2 will allow to obtain the results
presented here in a shorter observing time.

Acknowledgements

A.B.F.V and M.B acknowledge support from the grant FOR1254 from the Deutsche Forschungs-
gemeinschaft. F.V. acknowledges computational resources under the CINECA-INAF 2008-2010
agreement, and the usage of computational resources on the JUROPA cluster at the at the Juelich
Supercomputing Centre (project no. 5963). MJ-H acknowledges support from the Marsden Fund.

References

Bonafede, A., Feretti, L., Murgia, M., et al. 2010, A & A, 513, A30



SKA: Magnetic fields in galaxy clusters and beyond Annalisa Bonafede

Bonafede, A., Govoni, F., Feretti, L., et al. 2011a, A & A, 530, A24+

Bonafede, A., Vazza, F., Briiggen, M., et al. 2013, MNRAS, 433, 3208

Borgani, S., & Kravtsov, A. 2009, ArXiv e-prints, arXiv:0906.4370

Briel, U. G., Henry, J. P, Lumb, D. H., et al. 2001, A & A, 365, L60

Briiggen, M. 2013, MNRAS, arXiv:1308.5230

Briiggen, M., Bykov, A., Ryu, D., & Roéttgering, H. 2011, Science & Space Review, 138

Cavaliere, A., & Fusco-Femiano, R. 1976, A & A, 49, 137

Dolag, K., Bykov, A. M., & Diaferio, A. 2008, Space Science Reviews, 134, 311

Ebeling, H., Barrett, E., Donovan, D., et al. 2007, ApJL, 661, L33

Ettori, S., Donnarumma, A., Pointecouteau, E., et al. 2013, Science & Space Review, 177, 119

Feretti, L., Giovannini, G., Govoni, F., & Murgia, M. 2012, AAR, arXiv:astro-ph/12051919

Govoni, F., & Feretti, L. 2004, International Journal of Modern Physics D, 13, 1549

Govoni, F., Murgia, M., Feretti, L., et al. 2006, A & A, 460, 425

Johnston-Hollitt, M. 2004, in The Riddle of Cooling Flows in Galaxies and Clusters of galaxies,
ed. T. Reiprich, J. Kempner, & N. Soker, 51

Murgia, M., Govoni, E., Feretti, L., et al. 2004, A & A, 424, 429

Rudnick, L., & Owen, F. N. 2014, AplJ, 785, 45

Vacca, V., Murgia, M., Govoni, F,, et al. 2012, A & A, 540, A38

Vazza, F., Brunetti, G., Gheller, C., & Brunino, R. 2010, New Astronomy, 15, 695



