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Turbulence & magnetic fields in galaxy clusters

6 S. Brown and L. Rudnick

Figure 3. WSRT total intensity image of the Coma cluster. The image was made from a four-pointing mosaic with a central frequency of 352 MHz (31-MHz
bandwidth) and a resolution of 134 × 68 arcsec2. Contours start at 1 mJy beam−1 and increase in intervals of 3 mJy beam−1. For the colour image, we have
subtracted the majority of the point-source flux and convolved to 4× 2 arcmin2 (see the text). The dashed oval indicates the region with spurious emission due
to incomplete modelling and subtraction of the background source Coma A.

recognized. The increase in the relic’s size and luminosity itself
poses no fundamental theoretical problems nor does it make this an
extreme relic observationally [see e.g. Brown & Rudnick (2009) for
a compilation of observed relics and their radio luminosities LRadio
using Giovannini, Tordi & Feretti (1999) and other sources]. In fact,
the bright, previously identified piece of the relic (1253+275) is on
the lower radio luminosity envelope of LRadio versus LX correlation,
as seen in fig. 15 of Brown & Rudnick (2009), which has an order
of magnitude scatter in LRadio values.
Large shock fronts of this size have been seen for outwardly

propagating shocks (Röttgering et al. 1997; Johnston-Hollitt et al.
2002; Bonafede et al. 2009), but these are spherical while 1253+275
with the newly discovered extension exhibits only mild curvature
compared to the size of the cluster. The outgoing shock model also
runs into problems with the lack of a temperature rise in the X-ray
gas at the position of the relic (Feretti & Neumann 2006). They
suggest, instead, that the radio emitting particles are energized by
turbulence generated by the infall of the NGC4839 group into a pre-
existing relativistic plasma. An alternative is that the relic represents
an ‘infall’ shock 1 due to ongoing accretion, where the X-rays have

1 Here we distinguish between what we are calling an ‘infall’ shock from
‘accretion’ and ‘merger’ shocks. In numerical simulations of large-scale
structure (LSS) formation, an accretion shock is identified as a stationary
shock at about twice the virial radius of a cluster. It is caused by a continuous
accretion flow, typically along a filament of galaxies. An infall shock is
caused by a dense clump (or group) of galaxies with its own intragroup
medium penetrating the ICM in the early stages of a merging event.Merger
shocks, as they have been called in the literature, are outwardly propagating
shocks that travel from the core of a merging event outwards, typically
illuminating the plasma (e.g. radio ‘relics’) on the outskirts of the ICM in
the later stages of the merger.

been heated from their (non-detected) conditions in the more distant
filament (e.g. Enβlin et al. 1998; Bagchi et al. 2006).
To illuminate these alternatives, we re-looked at the existing data

on the dynamics of mass accretion on to Coma (e.g. Adami et al.
2005). The average Coma radial velocity is 6925 km s−1, and there
is a well-known infalling group from the south-west associated
with NGC4839 (7362 km s−1). In order to isolate the infalling
galaxy velocity distribution,we plotted the SloanDigital SkySurvey
(SDSS) spectroscopic velocities in a 2◦ wide band to the south-west
of the Coma cluster (Fig. 6).We show a two-component Gaussian fit
to the velocity distribution, which includes both infall and virialized
cluster periphery components. The narrow, infall component has a
peak of 27 galaxies, a centre of 7450 km s−1 and an rms dispersion
of 300 km s−1. The broader component, from the virialized galaxies
on the cluster outskirts, has a peak of 30 galaxies, a centre of 7000
km s−1 and an rms dispersion of 935 km s−1. For comparison, Rines
et al. (2003) found a mean velocity of 6973 ± 45 and a dispersion
of 957 ± 30 in an analysis of the entire cluster neighbourhood
including 1240 galaxies. Fig. 6 also shows a grey-scale image of the
smoothed galaxy surface density (from SDSS spectroscopic data)
for the range 6600 < v < 8200 which best isolates the infalling
galaxies. In this velocity range, we see a dramatic drop-off or ‘wall’
in the surface density of galaxies at the inner edge of the extended
radio relic. Remarkably, the transverse extent of the wall is also
comparable to the relic, ∼2 Mpc.
Fig. 7 shows a 1D slice across the Coma halo and relic in radio

(1.4 GHz) and X-ray2 brightnesses. There is no significant X-ray
emission beyond the relic. We also plot the surface density of SDSS

2 The X-ray data were taken from an archival ROSAT Position Sensitive
Proportional Counter image.
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I Largest gravitationally bound systems

I Numbers : M ∼ 1014 − 1015M�, size of
several Mpc, hot X-ray emitting gas
T ' 107 − 108 K with gas number densities
n ∼ 10−2 − 10−4 cm−3

I Drivers of turbulence : Structure formation,
ongoing merger activity, other galactic scale
processes

• Turbulent velocity v ∼ 200− 300 km s−1 in
the cluster core (Hitomi collaboration, PASJ,
2018); Sound speeds cs ≈ 103 km s−1 ⇒ subsonic
turbulence turb
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Turbulence & magnetic fields in galaxy clusters

I Observations of the Faraday rotation measure (RM) suggest that the intracluster
medium (ICM) is magnetized

• Field strengths ∼ fewµG, correlated on several kpc scales
340 CLARKE

the sources as well as the surface brightness distribution
and polarization limits of the diffuse radio halo emis-
sion if applicable. Based on their analysis of Abell 119,
they find mean intracluster magnetic field strengths of
2 µG are required to reproduce the observed RM struc-
ture of the embedded sources. Murgia et al. (2004) also
find that the data require a relatively flat power spec-
trum of n = 2, indicating that much of the magnetic
field energy density is on small scales in the intraclus-
ter medium. They also find that the field analysis using
the power spectrum results in a field strength that is a
factor of roughly 2 lower than that obtained from the
standard RM fluctuation scale analysis.

IV. STATISTICAL FARADAY STUDIES

Ideally, the radial distribution of the strength and
topology of intracluster magnetic fields would be stud-
ied on an individual cluster basis with a large number
of Faraday probes at different cluster impact parame-
ters. Unfortunately, the analysis of a large number of
clusters with many RM probes per cluster is currently
unfeasible due to the sensitivity limits of available ra-
dio telescopes. An alternative approach to studying the
distribution of intracluster magnetic fields is to obtain
the RM for a number of probes viewed through a care-
fully selected sample of galaxy clusters. By choosing a
sample of clusters with similar characteristics (e.g. the
lack of a central cooling core), a statistical approach
can be taken to study the magnetic fields. In addi-
tion to the Faraday observations, the statistical analy-
sis requires details of the distribution of the thermal
gas in each cluster. Until recently, this type of analysis
was difficult due to a paucity of X-ray data required
to obtain individual electron density measurements for
the target clusters. Statistical studies such as those by
Lawler & Dennison (1982) or Kim, Tribble, & Kron-
berg (1991) used average properties over a sample of
clusters to determine the electron density distribution
as many of the systems under study did not have X-
ray observations available. This approach is not ideal
since the clusters covered a very large range of richness
and morphology, thus the true electron density along
a line of sight could be significantly different from the
assumed universal profile. The era of sensitive, long-
lived X-ray satellites such as ROSAT , Chandra and
XMM is now providing the necessary details of in-
dividual cluster electron density distributions for de-
termining the magnetic field strength along individual
sight-lines through a large number of galaxy clusters.

The first large statistical Faraday study to ob-
tain individual electron density profiles toward each
target cluster was undertaken by Clarke, Kronberg,
& Böhringer (2001). Their study contained 16 low
redshift clusters which were selected to have bright
(Lx > 5 × 1042 ergs s−1), extended X-ray emission in
the ROSAT 0.1−2.4 keV band. The cluster sample was
further limited to high Galactic latitudes (|b| ≥ 20◦) to
avoid contamination by the Galactic magnetic field, low

Fig. 3.— Rotation measure (corrected for the Galactic
contribution) plotted as a function of source impact para-
meter in kiloparsecs for 16 clusters from Clarke et al. (2001).
Open points are the cluster probes while filled points show
the control sample. Note the clear increase in the width
of the RM distribution toward smaller impact parameter,
indicating the presence of intracluster magnetic fields.

redshift (z ≤ 0.1) to provide a large angular extent on
the sky for obtaining RM probes, and each cluster was
required to contain at least one linearly polarized radio
source viewed through the X-ray emitting ICM. In ad-
dition to these cluster probes viewed through the ICM,
a second set of polarized control sources was observed
toward each cluster at impact parameters beyond the
detectable X-ray emission in order to help determine
the Galactic contribution in the direction of each clus-
ter. Target radio sources were further constrained to
provide sight-lines probing a large range of cluster im-
pact parameters in order to investigate the radial ex-
tent of intracluster magnetic fields. Radio sources in
the cluster and control samples were observed with the
NRAO VLA at four to six wavelengths each within the
20 and 6 cm bands. The observing wavelengths were
selected to provide unambiguous RMs within the range
|RM | ≤ 2600 rad m−2. X-ray observations of each
cluster were retrieved from the ROSAT Data Archive.
Thirteen of the clusters were observed in Pointed Ob-
servation mode, while the remaining three clusters were
extracted from the ROSAT All-Sky Survey (RASS)
archive. Details of the cluster sample including ra-
dio and X-ray reductions are presented in Clarke et
al. (2001).

The distribution of Faraday rotation measures (cor-
rected for the Galactic rotation measure contribution)
is shown in Figure 3. This figure clearly shows a broad-

Clarke et al., ApJL, 2001
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3D distribution 
of magnetic field 
strength in (100 
h-1 Mpc)3 box:
concentrated in 
clusters and groups 
along filaments

-> “cosmic web of 
filaments”

volume filling factor:  
f (B > 10 nG) ~ 0.01

(Ryu, Kang, Cho et al 
2008)

November 18 – 21, 2009                          5th Korean Astrophysics Workshop                                    APCTP, Korea

Ryu et al., Science, 2008

A. Bonafede et al.: The Coma cluster magnetic field from Faraday rotation measures
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Fig. 20. Left: χ2 plane obtained by comparing simulated and observed σRM. Right: profile of the best magnetic field model. magenta line refers to
the analytic profile (Eq. (6)), while the blue line refers to a slice extracted from the simulated magnetic field numerical model. Power spectrum
fluctuations on the profile are shown.
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Fig. 21. σRM and ⟨RM⟩ for the best model (cyan continuous line) and its
dispersion (cyan dotted lines), given by the rms of the different random
realizations. Observed points are shown in red.

Appendix A: Structure function and multi-scale
statistics with different power spectrum models

In this Appendix we discuss how other power-law spectral mod-
els could be representative of the data presented in the paper. The
analysis is performed on the basis of the the structure-function,
auto-correlation function and multi-scale statistics. Following
the approach discussed in Sect. 7.1, we have obtained simu-
lated RM images from different power spectrum models and

compared them with observed data. We show in Fig. A.1
the structure function, auto-correlation function and MSS for
Kolmogorov power spectra that differ in the value of Λmax. We
show in Fig. A.2 the fit to the structure, auto-correlation func-
tions and MSS for power spectrum models with n = 2, and dif-
ferent values of Λmax. We show only the plots obtained for the
central source 5C4.85. These figures demonstrate how the RM
data presented in this paper are sensitive to different power spec-
trum models.

We note that Kolmogorov power spectra with Λmax ∼ 100
and 10 kpc fail in reproducing the ⟨RM⟩. These trends can be
easily understood since power spectrum models with n > 3 have
most of the magnetic energy on large spatial scales, and thus
small changes in Λmax have a consistent impact on the resulting
statistics. According to results presented in Sect. 7.1.1, the case
Λmax = 20 kpc gives a reasonable fit to our data, although the
best fit is achieved for Λmax = 34 kpc. In Fig. A.2 similar fits
obtained for power spectra models with n = 2 are shown. As
indicated by the analysis performed in Sect. 7.1.1, in this case the
best agreement with observations is achieved for Λmax of order
of hundreds kpc (Fig. 16). We note that because of the power
spectrum degeneracy, it is possible to obtain a reasonable fit to
our data. Indeed the case Λmax = 400–800 kpc can reproduce
the MSS statistics, although they fail in reproducing the S (r)
trend on large spatial scales, indicating that a larger value of n is
required.

Appendix B: Limits on the magnetic field profile
from background radio sources.

Although several arguments (see Sect. 4.2) suggest that the
main contribution to the observed RMs is due to the ICM, the
best way to firmly avoid any kind of local contribution would
be to consider only background radio galaxies in the analysis.
This is however not trivial in general and not feasible here. In

Page 19 of 21

Bonafede et al., A&A, 2010
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Motivation

I In the absence of rotation Fluctuation dynamos ideally suited for amplifying fields
to observable strengths

I Faraday RM only provides info about the line-of-sight magnetic field

I Synchrotron emission and it’s polarization are the other two observables

• Furnish info about magnetic fields in the plane of the sky

• Stokes I, Q and U can be measured by a radio telescope

I Polarized emission from radio halos have been difficult to detect
(Vacca et al., A&A, 2010, Govoni et al., A&A, 2013)

• Observed only in bright filaments in A2255 and in MACS J0717+1345
Govoni et al., A&A, 2005, Bonafede et al., A&A, 2009
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Motivation
I Stokes parameters are related to magnetic field components in a non-linear

manner (see Waelkens, Schekochihin & Enßlin, MNRAS, 2009)

I Fluctuation dynamos : Spatially intermittent fields, field components are
non-Gaussian (Haugen et al. 2004, Schekochihin et al. 2004, Brandenburg &

Subramanian 2005, Vazza et al., 2018, Seta et al. 2020)

I Explore and extract information from simulations of Fluctuation dynamos

Fundamental Questions

• Can one relate the power spectrum of Faraday depth to the magnetic field?

• What is the statistical nature of total and polarized synchrotron emission?

• How are these affected by Faraday depolarization?

• What is the effect of beam smoothing on the observables?

Sharanya Sur Properties of polarized synchrotron emission from Fluctuation dynamo action Nordic Dynamo Seminar 2021
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Methodology and basic physical parameters

I Non-ideal subsonic simulation using the compressible FLASHv4.2 code

• Forced turbulence (kf ∼ 2), Periodic boundaries, solenoidal forcing

• 5123,M≈ 0.18,Rm = Re = 1080

• Weak seed fields of the form B = B0[0, 0, sin(10πx)], β ∼ 106

Parameter name Value

Mean electron density 〈ne〉 = 10−3 cm−3

Isothermal sound speed cs = 103 km s−1

Turbulent rms velocity urms ≈ 180 km s−1

Rms field strength brms ≈ 1.3µG ∼ Beq/2
Box size 512× 512× 512 kpc3

Resolution ∆x = ∆y = ∆z = 1 kpc
Turbulence driving scale 256 kpc

Spectral index α = −1
Frequency range νmin = 0.5 GHz, νmax = 7 GHz
Total flux density 1 Jy at 1 GHz

I nCRE assumed to be constant at mesh points

• Follows a power law energy spectrum
nCRE(E)dE = n0E

γ dE; γ = −3

I B⊥ = (B2
x +B2

y)1/2, B‖ = Bz

I Results at three representative frequencies :
0.5, 1 & 6 GHz⇒ λ : 60, 30 & 5 cm

Sharanya Sur Properties of polarized synchrotron emission from Fluctuation dynamo action Nordic Dynamo Seminar 2021
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Methodology and basic physical parameters

I Simulation output ⇒ input to COSMIC (Basu et al., Galaxies, 2019)

• COSMIC : Computerized Observations of MHD Inferred Cubes

• Computes a variety of observables that characterize the nature of the
polarized emission; benchmarked with analytic models of magneto-ionic
media (e.g., Sokoloff et al., MNRAS, 1998)

COSMIC: Computerized Observations of MHD Inferred Cubes.
Basu, Fletcher, Mao, et al., Galaxies, 2019

3D spatial Bx,y,z cube 3D Spatial Synchrotron 2D Sky Projections

Polarization transfer code [Python based; parallelized (multi-core)]

Generates realistic broad-band polarized observations including Faraday rotation & depolarization.

Synthetic spectro-polarimetric observations                                             

m
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n
 = 1 Jy @ 1 GHz

Spatially smooth 
Cosmic Rays

3D spatial synchrotron3D Bx,y,z cube 2D Maps
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Power spectra

I Power spectrum of kinetic energy K(k), magnetic energy M(k), the magnetic
integral scale M(k)/k and kM(k)

I M(k) exceeds K(k) on all but the largest
scales

• M(k) peaks at ∼ 1/4− 1/6 of the box
size; physical scales of ∼ 128− 85 kpc

I kM(k) peaks on scales ∼ 51 kpc; smaller
than that of M(k)

I Peak of M(k)/k occurs on the scale of
turbulent driving

Sharanya Sur Properties of polarized synchrotron emission from Fluctuation dynamo action Nordic Dynamo Seminar 2021



Outline Galaxy clusters Motivation Initials Key Results Conclusions Ongoing work Other Slides 7

Faraday depth (FD) map and spectra

I Faraday depth : FD = K
∫
neB‖ dl, δne/ne ∼M2 ∼ 3%⇒ ne is nearly

uniformly distributed
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I Structures arise purely from the spatial
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Faraday depth (FD) map and spectra

I σFD ≈ 110− 130 rad m−2; related to the magnetic integral scale Lint,M
(see Cho & Ryu, ApJL, 2009, Bhat & Subramanian, MNRAS, 2013)

σFD = K 〈ne〉
brms

2

√
LLint,M , Lint,M =

2π
∫

(M(k)/k) dk∫
M(k) dk

I Power spectrum of FD remarkably similar
to that of M(k)/k

I Can infer about random magnetic fields
in the ICM, provided fluctuations in ne
are small

I Information on the evolutionary stage of
the turbulent dynamo
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Faraday depth (FD) map and spectra

I σFD ≈ 110− 130 rad m−2; related to the magnetic integral scale Lint,M
(see Cho & Ryu, ApJL, 2009, Bhat & Subramanian, MNRAS, 2013)

σFD = K 〈ne〉
brms

2

√
LLint,M , Lint,M =

2π
∫

(M(k)/k) dk∫
M(k) dk

I Power spectrum of FD remarkably similar
to that of M(k)/k

• At t/ted = 23, Lint,M = 112.4 kpc

• For brms ≈ 1.3µG, L = 512 kpc and
ne = 10−3 cm−3 ⇒ σFD ≈ 127 rad m−2
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Synchrotron emissivity and total intensity

  

m
Jy

 c
el

l-1

x
z

y

0 2 4 6 8 10 12 14
Stokes I [µJy pixel−1]

10−5

10−4

10−3

10−2

10−1

100

N
or
m
al
iz
ed

co
un
ts

t/ted = 20

t/ted = 22

t/ted = 23

t/ted = 24

Combined

I εsync ∝ ναB2
⊥, Isync ∝ να

∫
B2
⊥ dl; structures essentially arises due to magnetic

fields being randomly stretched and twisted due to turbulent driving
I Unlike FD, the PDF is well represented by a log-normal distribution
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Polarization parameters

I Focus on how the polarization parameters depend on frequency

I The linearly polarized intensity (PI) map at a frequency ν computed from
the Stokes Q and U parameters

PIν(i, j) =
√
Q2
ν(i, j) + U2

ν (i, j), pν = PIν/Iν

I The Stokes Q and U parameters at a frequency ν

Qν(i, j) =
∑
k

pmax εsync,ν(i, j, k) lcell cos [2 θ(i, j, k)] ,

Uν(i, j) =
∑
k

pmax εsync,ν(i, j, k) lcell sin [2 θ(i, j, k)] , pmax = 0.75

• θ(i, j, k) = θ0(i, j, k) + FD′(i, j, k) c2/ν2 and θ0 = π/2 + arctan (By/Bx)
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Polarization parameters

I Polarized intensity (PIν) and the fractional polarization pν = PIν/Iν spectra
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Quantity Resolution Mean
0.5 GHz 1 GHz 6 GHz

PIν Native 0.67 0.638 0.228
(µJy/pixel)

pν Native 0.09 0.17 0.345

• Small scale structures in PIν at low
frequencies

I 〈PIν〉 progressively decreases from 0.67→ 0.23 as frequency increases

I Opposite trend for pν ; 〈p〉 increasing from 9%→ 34%
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Correlation scales in a magneto-ionic medium

I How do the correlation scales of the observables compare with that of the
magnetic field?

• Can be measured directly from the simulation

t/ted Lint,V Lint,M Lint,FD Lint,I Lint,P I ( kpc)
( kpc) ( kpc) ( kpc) ( kpc) 0.5 GHz 1 GHz 6 GHz

16.6 320 106 212.5 224 122 155 199
23.0 340 112.4 216 227.6 138 128 182

• Lint,V ∼ 3Lint,M , Integral scales of FD, Isync and PI are all comparable
and larger than Lint,M by a factor of about two
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Smoothed polarization parameters

I Smoothing performed with a Gaussian kernel with FWHM 10× 10 pixel2
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0.5 GHz 1 GHz 6 GHz

I At higher frequencies : Both native resolution
and smoothed maps show similar structures

Quantity Resolution Mean
0.5 GHz 1 GHz 6 GHz

PIν Native 0.67 0.638 0.228
(µJy/pixel) 10 pixels 0.099 0.227 0.222

pν Native 0.09 0.17 0.345
10 pixels 0.013 0.06 0.337

I Noticeable differences seen at 0.5 and
1 GHz

• Bright filamentary structures seen
at native resolution are lost in the
smoothed maps
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Conclusions

I Faraday depth maps contain information on the evolutionary stage of the dynamo

• Can reconstruct the power spectrum of random magnetic fields from
FD power spectrum

I Faraday depolarization affects polarized structures at ν . 1.5 GHz

I Effects of Beam smoothing

• Significantly affects statistical properties of polarized emission below . 1.5 GHz

• Properties at higher frequencies (& 5 GHz) remains largely unaffected

I High frequency (ν & 5 GHz) observations needed to effectively probe the
properties of polarized emission in the ICM

• At resolution of 1 kpc : p6GHz ' 30%, p0.5GHz ' 9%
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Ongoing work

I Probe the effect of intermittency of the field structure

• Left : M≈ 0.1,Pm = 1, Right : M≈ 0.1,Pm = 50

I Turbulent driving at half the scale of the box, more intermittent and less volume
filling fields for Pm = 50 (Brandenburg & Subramanian 2005)
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Ongoing work

I How does p change due to beam smoothing on different scales?

• Additional simulations at M≈ 0.19 with kf = 5, 8
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Ongoing work

I Nature of the dependence of p on the scale of turbulent driving
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• Simulation domain kept fixed at
512 kpc

• Turbulent driving at lf = 256, 102
and 64 kpc

I Fractional polarization scales as :

〈p〉 ∝ l−1/2f
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Ongoing work

I Variation of pν as a function of the smoothing scale
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〈p〉 ∝ (1 + lsmooth/154.86± 9.38)−1

• ν = 5 GHz, kf = 2
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〈p〉 ∝ (1 + lsmooth/33.27± 2.95)−1

• ν = 5 GHz, kf = 5
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〈p〉 ∝ (1 + lsmooth/21.52± 1.95)−1

• ν = 5 GHz, kf = 8

I p = A/(1 + l/ls), l is the smoothing scale and ls is the scale at which p reduces
by 1/2
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Thanks!
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Other Slides
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PDFs of the magnetic field

I Left : PDF of Bz/Brms, Right : PDF of the normalized field strength back
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Nature of turbulence in galaxy clusters

I Cluster turbulence dominated by solenoidal modes back

• Predominance more clearly revealed when large-scale motions are filtered out

Miniati, ApJ, 2015

Vazza et al., MNRAS, 2017

I Contribution from compressional modes becomes
important during merger events
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Power spectra of PIν, Stokes Q and U

I Power spectra of PIν (left), Stokes Q (middle) and U (right) at different
frequencies back
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2D maps of Stokes Q and U

I 2D maps of Stokes Q and U back

• Left : At native resolution, Right : Smoothed maps
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Spectra using RM Synthesis

I Left : Power spectra of FDRMsynth and M(k)/k, Right : power spectra of
pRMsynth and p back

I Power spectra of the recovered FDRMsynth deviate significantly from M(k)/k

I In contrast, excellent match between the power spectra of pRMsynth and that of p
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