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Outline
• Introduction

Historic Milestones (Example: Coma cluster)
Observations
The Big Picture

part 1

• Faraday Rotation Measures
Cluster Samples
Individual Clusters
Constraing Magnetic Field properties

part 2

• Diffuse Radio emission
Radio Haloes
Radio Relics
Scaling relations

• Summary
part 3
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Galaxy Clusters in Numbers

Cl 0024+17
NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)
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Galaxy Clusters in Numbers
Galaxy clusters are the largest, gravitationally bound objects
in the Universe and represent an almost fair sample of the
cosmological composition.

• Up to thousands of galaxies withσgal up to1000 km/s
• Size (Rcluster) of several Mpc
• Large Reynolds numbers (⇒ turbulence)
• Total mass (Mtot) up to several1015M⊙ (⇒ dark matter)
• Nearly cosmic baryon fraction (≈ 95%)
• ICM temperatures (TICM) higher than108K

Observed to be virialized:

3σ2
galaxies ≈

GMtot

Rcluster

≈ 3kTICM

2µmp

Dark Matter
23%

Ordinary Matter
4%

 Dark Energy
73%

Stars

Hot Gas
(within clusters)

(within galaxies)

Dark Baryons
(within the large scale structure)
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Galaxy Clusters in Numbers
Clusters form at the nodes of the cosmic web and may be
utilized to investigate the physical state of diffuse baryons.

Temperature

275 Mpc

40 Mpc

Density

"Zoomed" Simulation of a galaxy clustert = 0.38 Myr

t = 13.7 Gyr

Dolag, Borgani, Murante & Springel 2008

10   cm−2 −3

10  K8

10   cm−3

10  K5

−7

~   G

< nG

µ

vsound ≈ 1500 > σgal ≈ 1000 > vturb ≈ 300 > vAlfven ≈ 100 km/s
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Galaxy Clusters in Numbers
Observations (⇒), Simulations (⇐) and the role of~B:

Snowden, ROSAT

ICM (X-ray, T ≈ 108K, Bremsstrahlung):
⇒ Dynamical state of ICM

⇐ Non thermalpressuresupport

⇐ Turbulence, Viscosity, Shocks

DSS
VLA

Galaxies (optical, radio,Ngal > 1000):
⇒ Interaction with the ICM

⇐ Galaxies in dense environment
(stripping , distribution of metals)

⇐ Magnetic fieldseeding(outflows)

Deiss, Effelsberg

ICM (radio, synchrotron radiation, RM):
⇒ Distribution of ~B, CRs (diffuse + RM)

⇐ Evolution andbuildup of ~B

⇐ Accelerationandpropagation of CRs
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110 Years Coma Cluster

Max Wolf, 1901/1902
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110 Years Coma Cluster

Max Wolf, 1901/1902

numerous small nebulae are standing such close
together, that once literally frightens in sight of the
remarkable appearance of this cluster of nebulae.
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110 Years Coma Cluster

Max Wolf, 1902

of greatest significance for
understanding the universe

the regular behavior within the
arrangement of these distant worlds
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Historical Milestones
≈70 Years ago:
Unvisible matter needed to explain cluster dynamics
Zwicky 1936

≈50 Years ago:
• Coma C detected as extended radio source

Large, Masthewson & Haslam 1959

• Confirmed to be diffuse radio emission
Willson 1970⇒ problem of large extendJaffe 1977

• Diffuse X-ray emission detected
Meekins, Fritz, Chubb & Friedman 1971

• Faraday Rotation (RM) of ICM detected
Dennison 1979

• No similar emission found in 72 rich clusters
Hanisch 1982

⇒ What is the origin of the magnetic field ?
⇒ What causes the diffuse radio emission ?
⇒ Magnetic fields on larger scales ?
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Cool core clusters

Wise et al. 2006

630 kpc

ChandraX-ray image (ICM ) of the Hydra cluster (cool core)
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Cool core clusters

Taylor & Perley 1993

Wise et al. 2006

20 kpc

Composite image to illustrate theconnectionbetween theX-ray
cavity (blue) and 330Mhzradio emission(green).
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Cool core clusters
Perseus 2A 0335+096

150 kpc

20 kpcMazzotta et al. 2003Fabian et al. 2000

X-ray cavity in the cool core center of Perseus cluster (left) and

2A 0335+096 cluster (right). See work by E. Churazov.
• Does energy injected by the AGN heats the cool core ?
• Does the motion of cores induce mixing ?
• Details remain jet unclear (viscosity, turbulence,

instabilities (RT,KH) ...)⇒ magnetic field
18/11/2013 – p. 7



X-ray Clusters

cold front

hot bubble

possible bow shock

galaxy A

500 kpc
Vikhlinin et al. 2000

A3667

X-ray image of the A3667 cluster, illustrating the sloshingof gas
on large scales. Sharp fronts indicate suppression of thermal
conduction.⇒ magnetic field
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X-ray Clusters

Schuecker et al 2004

Coma

2.7 Mpc

Fornax

Scharf et al. 2004

360 kpc 

X-ray temperature map of Coma (left) and Fornax cluster (right).
• How much turbulence is present in galaxy clusters ?
• How effective does gas stripping work ?
• Details still unexplored, again viscosity and instabilities

depend onmagnetic field
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Radio Clusters

Cluster wide diffuse synchrotron emission(radio halos) of
relativistic electrons in cluster magnetic fields.Origin of
relativistic electrons (secondary, shocks, turbulence, ...) ?
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Radio Clusters

Bagchi et al. 2006

A3376

Roettgering et al. 1997

A3667

1 Mpc

Peripheral synchrotron emission(radio relics) of A3667 (left)

and A3376 (right).
• Related tomerger or accretionshock?
• Acceleration of electrons in shock ?
• Revival of (old) relativistic plasma ?
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Magnetic Field Questions

• Strength, Structure, Origin, Evolution

⇒ Common Origin ?
Filament vs. Cluster, Cluster vs. cool Core, ...

⇒ Relation to other LSS ”properties” ?
• scaling with density (∝ ρα) ?

• scaling with temperature/mass (∝ T β) ?

• length scales,PB(k) (Filaments, Cluster, cool Core) ?

⇒ Relation to dynamics ?
• Merger, Turbulence, cool Core, Bubbles ?

• Observations:
• RM in clusters

• Radio emission (halo and relics)
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What do we know ?

9h15m41.0s9h15m41.5s9h15m42.0s9h15m42.5s9h15m43.0s
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Feretti et al. 1999 Taylor & Perley 1993

Adopted from Wikipedia (2011)

Polarized Radio Emission

E

B.ρ
E(  )λ

High quality Rotation Measure maps across the lobes of the
central radio source in 3C449 (left) and Hydra (right).

RM ∝
∫

ne B‖ dl ≈ B‖

√
l

≈20 Years ago:
< 10 extended RM sources within clusters
< 100 point sources behind various clusters
⇒ very simplified models:∼ (0.1 − 10)µG , l ∼ (4 − 100)kpc.
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What do we know ?
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Polarized Radio Emission

E

B.ρ
E(  )λ

• A119: ~B with radial declining profileand fixedpower
spectrum(Murgia et al. 2004)

• Hydra: direct reconstruction ofpower spectrum(e.g. |Bk|2)
(Vogt & Ensslin 2005, Kuchar & Ensslin 2010)

• A2255: ~B with radial declining profileandvariable power
spectrum(Govoni et al. 2006)

• Coma: RMs from 7 extended sources constraining
magnetic fieldandpower spectrum(Bonafede et al. 2009)

• A401, A2142, A2065, Ophiuchus:magnetic fieldfor
clusters with different temperature(Govoni et al. 2009) 18/11/2013 – p. 11



What do we know ?

damping of MHD waves

Synchrotron bright at 1.4 GHz

sc
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taken from Donnert 2013 18/11/2013 – p. 11



What do we know ?
• Early work on radio halos (individual clusters)

≈ 10 clusters with diffuse emission:> (0.05 − 0.5)µG

damping of MHD waves

Synchrotron bright at 1.4 GHz

sc
at

te
rin

g

C
R

p 
+ 

th
er

m
⇒ Increased numbers and complexity:

• Globalspectral index steepening/ local index maps
• Radialradio emission profilefor many clusters
• Probabilityfor clusters to host aradio halo
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What do we know ?

Feretti 1999

Radio Halo

Radio Relic

1 Mpc

Dolag & Ensslin 2000

Miniati et al. 2001
Dolag & Ensslin 2000

Pfromer et al. 2007

Cluster widediffuse synchrotron emissionconnected to
merger events,periferal emission directly connected toshocks.

• Radio halo: Turbulence, shocks, secondary ?
• Relics: Primary from shocks or compressed radio plasma ?
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Note on magnetic fields
Always be careful, as things can be much more complicated as

you think !

Example:Magnetic Cows: “Magnetic alignment in grazing and

resting cattle and deer”, Begall et al. 2008
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Observations
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Polarized Radio Emission

E

B.ρ
E(  )λ

High quality Rotation Measure maps across the lobes of the
central radio source in 3C449 (left) and Hydra (right).

RM ∝
∫

ne B‖ dl ≈ B‖

√
l

• Simple interpretation
• Direct inversion
• Modeling
• Simulations (Lecture III)
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Observations

Kim et al. 1990

Clarke et al. 1999

Rotation Measureas function of distance to the center of galaxy

clusters.

RM = 812
rad

m2

∫

ne

cm−3

B‖

µG

dl

kpc

Clear signature ofcluster magnetic fields!
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Observations

Bonafede et al. 2013

Fractionalpolarization data of radio sources as function of
distance to the center of massive galaxy clusters.
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Observations

Bonafede et al. 2013

Clear signature ofcluster magnetic fields!
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Observations
Jets in realistic galaxy clusters environment

Mendygral, Jones & Dolag 2012
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BMagnitude.avi
Media File (video/avi)



Observations

Vogt & Ensslin 2005

Hydra

20 kpc

Rotation Measureof Hydra (left) and inferred power spectrum
of the underlying magnetic field (Vogt & Ensslin 2005).

• Follows aKolmogorov-like power spectrum !
• Magnetic field correlation length≈ 3 kpc !
• Cool core turbulence or cluster wide field ?
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n

A119

2 Mpc

Feretti et al. 1999 / Murgia et al. 2004

Composite of X-ray map and Rotation Measure in 3 extended
radio sources in A119.
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Observations

Murgia et al. 2004

Modeling the magnetic field in A119.
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Observations

Murgia et al. 2004

Profile ofσ (left) and<> (middle) Rotation Measure for A119.
• (λmin,λmax) = (6,768) kpc⇒ n=-2 best fit !
• Kolmogorov-like(−11/3) fits only forλmax ≈ 100 kpc !
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Observations

Murgia et al. 2004

Synthetic Rotation Measure maps and structure function.
• Prefers n=-2 compared to Kolmogorov-like
• Can we include more observations (e.g. radio halo) ?
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Observations

A2255

1 Mpc

Govoni et al. 2006
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Observations

Govoni et al. 2006

Modeled radio halo and fractional polarization for A2255
• Rotation Measurealone leads to n≈-3.
• Radio haloandpolarization needs varying from -2 to

-4 when going from center to periphery.
• Signature of cluster dynamics ?
• Signature of turbulence/decay of magnetic field ?
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Observations

Govoni et al. 2010

• Combination of RM measured inmany clusters.

• How does~B scale with cluster temperature ?

• Magnetic Field in Radio quiet/active clusters ?
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)
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Observations
• S(dx, dy) =

〈

[RM(x, y) − RM(x + dx, y + dy)]2
〉

• A(dx, dy) = 〈RM(x, y) × RM(x + dx, y + dy)〉
• 〈|RM |〉scale , 〈σRM〉scale , n = 2, Λmax = 102kpc
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Observations
• S(dx, dy) =

〈

[RM(x, y) − RM(x + dx, y + dy)]2
〉

• A(dx, dy) = 〈RM(x, y) × RM(x + dx, y + dy)〉
• 〈|RM |〉scale , 〈σRM〉scale , n = 11/3, Λmax = 24kpc
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)

2 4 6 8 10
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0
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Β [µG]<  
0  

>

0 500 1000 1500 2000
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0
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4
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8

B
 [µ

G
]

Analytic profile

Power spectrum
fluctuations

• Degeneration of injection scalekmin and spectral indexn

• Knowledge of thespectrumconstrainsmagnetic field

• How does~B scale with cluster temperature ?

⇒ Cosmological MHD simulations (Lecture III)
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)

⇒ A655: Inferred outer scale≈450 kpc(Vacca et al. 2010) !

• Depolarization indicates truncation at small scales !

⇒ No fluctuations atscales below≈ (.1 − .5) kpc !
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)

Vacca et al. 2012

A2199 (Vacca et al. 2012):

• ICM model (doubleβ model)
• Model for cavities
• RM anddepolarization analysis
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Observations
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)

Vacca et al. 2012• B0 = (11.7±9.0)µG
• n = (2.8 ± 1.3)
• η = (0.9 ± 0.5)

• Λmax = (35 ± 28)kpc
• Λmin = (0.7 ± 0.1)kpc
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Note on magnetic field structure
Details in magnetic field structure can reveal interesting effects !

ExampleDisturbed Magnetic Cows: “Extremely low-frequency
electromagnetic fields disrupt magnetic alignment of ruminants”

Burda et al. 2009 18/11/2013 – p. 14



Cluster non-thermal Emission

provided by A. Bonafede
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Cluster non-thermal Emission

provided by A. Bonafede
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Cluster non-thermal Emission

Shock Waves

Acceleration of e−
compression / ordering

of Magnetic Fields

Turbulence
developing

Re−acceleration
of existing e− decay to e−

CRp / ICM
interaction
Hadronic

Cluster mergers

provided by A. Bonafede18/11/2013 – p. 15



Cluster Radio Relics

Bagchi et al. 2006

A3376

Roettgering et al. 1997

A3667

1 Mpc

Peripheral synchrotron emission(radio relics) of A3667 (left)

and A3376 (right).
• Modeling of A3667 (Roettgering 1997)

• emission zone width⇒ ~B ≈ 1µG
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Cluster Radio Relics

provided by A. Bonafede 18/11/2013 – p. 16



Cluster Radio Relics

provided by A. Bonafede
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Cluster Radio Relics

provided by A. Bonafede 18/11/2013 – p. 16



Cluster Radio Relics

Vazza et al. 2012

provided by A. Bonafede 18/11/2013 – p. 16



Cluster Radio Relics

van Weeren et al. 2010

With of the relic suggest~B ≈ 1µG or5 − 7µG !
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Cluster Halos (hadronic)

Cluster wide diffuse synchrotron emission(radio halos) of
relativistic electrons in cluster magnetic fields.Origin of
relativistic electrons (secondary, shocks, turbulence, ...) ?
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Cluster Halos (hadronic)
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X-Ray (left), Temperature (middle) and Radio emission (right)
from 2 simulated clusters. Radio emission is derived from
simple secondary model, seeDolag & Ensslin 2000.
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Cluster Halos (hadronic)

44 44.5 45 45.5
22

23

24

25

GRMT

Venturi / Brunetti in prep.

Dolag et al. 2005

• Assuming energy fraction of CRp+ ∝ to thermal energy.
• Secondary (CRp+ → π±,0 → e−) predict correlation !
• But fail to reproduceprobability !

18/11/2013 – p. 17



Cluster Halos (hadronic)

Donnert et al 2010

Evolutiontrack relativeparallel to correlation.
⇒ Strong dissipation of magnetic fields is needed for models.
⇒ Or strong diffusion for CRp needed ! 18/11/2013 – p. 17



Cluster Halos (hadronic)

Donnert et al 2010

Models alsofail to predict the observed,large extension
of the diffuse radio emission.

18/11/2013 – p. 17



Cluster Halos (hadronic)

Donnert, Dolag, Brunetti, Cassano & Bonafede 2009

Hadronic interactions of CR-p+ (>GeV) with ICM-p+ will
produce pions. The charged pions decay into secondary electrons
producing synchrotron emission.
⇒ Radialenergy distribution / emissiondisfavors model!

18/11/2013 – p. 17



Cluster Halos (hadronic)
Donnert, Dolag, Brunetti, Cassano & Bonafede 2009

CR-p+ will have power law distribution⇒ power law spectra,
and negative SZ flux steepens spectra not enough
⇒ Sign of aging (e.g.indicates primary CR-e−)

18/11/2013 – p. 17



Cluster Halos (hadronic)

Donnert, Dolag, Cassano & Brunetti 2009

Evolution track parallel to correlation
⇒ Strong evolution in CR-e− needed
⇒ Secondaries from CR-p+ disfavored
⇒ Need to investigateturbulent re-acceleration

18/11/2013 – p. 17



Cluster Halos (turbulence)
⇒ Solve Fokker-Planck equation for CRe population

∂n
∂t

= ∂
∂p

(

Dpp
∂n
∂p

+ H(p)n
)

− n
T (t)

+ Q(t)

• 10% turbulent energy in fast mhd modes and reacceleration

by those only

• Momentum Diffusion Coefficient

Dpp ∝ v4
turb/hsml/csound

• cooling with inverse compton, synchrotron and

bremsstrahlung

• See also Cassano & Brunetti 05, Brunetti & Lazarian 2007

• 1% CRp as seed for CRe (hadronic background)

Donnert et al. 2012

18/11/2013 – p. 18



Cluster Halos (turbulence)

Idealized 1:4 merger, solving Fokker-Planck equation for all

particles. (2x1283). (Donnert et al. 2012) 18/11/2013 – p. 18



Cluster Halos (turbulence)

Evolution of synthetic radio emission(Donnert et al. 2012) 18/11/2013 – p. 18



Cluster Halos (turbulence)

Donnert et al. 2012

Evolution of the spectrum of the radio emission (Donnert et al. 2012)

18/11/2013 – p. 18



Cluster Halos (turbulence)

Donnert et al. 2012

Evolution of the Lx-P1.4 relation (Donnert et al. 2012)

18/11/2013 – p. 18



Are we done ?
• “Magnetic alignment in grazing and resting cattle and

deer”, Begall et al. 2008
• “Extremely low-frequency electromagnetic fields disrupt

magnetic alignment of ruminants”, Burda et al. 2009
• “No alignment of cattle along geomagnetic field lines

found”, Hert et al. 2011a
• “Further support for the alignment of cattle along magnetic

field lines: reply to Hert et al.”, Begall et al. 2011
• Authors’s respnose, Hert et al. 2011b

• Science for Europe(US farmers feed cow magnets to their cattle)
18/11/2013 – p. 19



Summary (I)
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1

Polarization (Radio+RM)
Vacca et al. 2010

Guidetti et al. 2008
Polarization (RMs)

Observation (RMs in clusters)

Pakmor & Dolag 2006

Kuchar & Ensslin 2009

• Measurement of magnetic field power spectra
• Clear indication of magnetic field topology
• Indications for minimum/maximum length scale

18/11/2013 – p. 20



Summary (2)

Radio Relics:

• Diffuse, periferal emission
• Related to shocks from mergers
• Spectral index relates to Mach number
• Polarization indicates magnetic field alignment
• Width of emission region constrains~B

Radio Halos:

• Diffuse, central emission
• Related to merger events
• Morphology related to thermal gas
• Secondary model disfavored
• Most likely driven by turbulent re-acceleration

18/11/2013 – p. 21
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