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ProcessNetwork
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Seed Magnetic Field

Magnetic Field Evolution

Feedback ?
Star Formation ? Dissipation ?
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Magnetic Pressure
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Numerics ?
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TheAim
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x−ray radio

SZ optical

Cosmological, hydrodynamical simulationswhich at thesame
time allowspredictions for ICM andstellar component for
ongoing/futuremissions (Planck, SPT, LOFAR, eROSITA ...).19/05/2014 –p. 3



TheAim
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x−ray radio

SZ opticalX−Mass (Rasia et al. 2006)

XMM (PN)XMM (MOS1)

XMM (MOS2) Chandra

EUCID
SUBARU

HST

SkyLens (Meneghetti et al. 2007)

Mock optical/x-ray observationsusingSkyLens (Meneghetti
2010), X-Mass(Rasia2007) andPhox (Biffi 2011).
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Galaxy Clustersare Special

1200 Mpc/h

300 Mpc/h
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Galaxy Clustersare Special

300 Mpc/h

5 Mpc/h

Dynamical differencebetween DM and baryons !
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Galaxy Clustersare Special
Observations (⇒), Processes (⇐) and the roleof ~B:

Snowden, ROSAT

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

⇐ Non thermal pressure support

⇐ Turbulence, Viscosity, Shocks

DSS
VLA

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

⇐ Galaxies in dense environment
(str ipping, distribution of metals)

⇐ Magnetic field seeding (outflows)

Deiss, Effelsberg

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

⇐ Evolution andbuildup of ~B

⇐ Acceleration andpropagation of CRs
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How does it work out ?
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How does it work out ?

Reichard et al. 2011

McDonald et al. 2013

Mean ICM pressureprofieles from CMB foreground(SPT).
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How does it work out ?

Comparison of simulated ICM pressureprofileswith x-ray
observations (matchingshape andscatter !).
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How does it work out ?

Observations

PLANCK 2013

Simulations

Background (LightCone)

Different Physics
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How does it work out ?
NGC4039

Provided by N. Lyskova & E. Churazov

g8 (Dolag 2009)

Coma
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How does it work out ?

Bolometric LF

BH Mass −− Stellar Mass

Hirschmann et al 2013

M. Hirschmannet al. 2013
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Cosmological Filaments

Dolag et al. 2006

SZx−ray Lensing

Credits: Sunyaev−Zel’dovich Effekt: ESA Planck Collaboration
Optical Image: STScI Digitized Sky Survey

Planck detected bridgebetween two galaxy clusters !
Real filament or “only” merger ?
⇒ compare to hydrodynamical simulations !
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Cosmological Filaments

Planck collaboration, 2012

Simulation

Observation

Tracing theparticles in simulations suggest that significant
fraction of thematerial comes from outside the clusters !
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TheCosmic Web

19/05/2014 –p. 7



TheCosmic Web

19/05/2014 –p. 7



1. Filaments per Halo
1−2 Rvir 2−3 Rvir

3−4 Rvir 4−5 Rvir

Filamentsandsheetsarround halos (BA, SzymonStyrnik)
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1. Filaments per Halo

N

M

z=0

1e13 1e14 1e15

z=1

N

M1e13 1e14

Number of Filamentsarround halos (BA, SzymonStyrnik)
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2. An exampleFilament
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Dolag et al. 2005

Filamentsconnectingmassivegalaxy clusters (environment).
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2. An exampleFilament

 1  100  100010

 1  100  100010

Density dominatesover sheets till ≈5 Mpc.
Higher temperature in theoutskirts / towards voids.
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2. An exampleFilament
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2. An exampleFilament

r
−3

r
−2

13
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22

31

ADistance from

Radial density profile alongthe filament.

• Filament ∝ r−2, Cluster ∝ r−3, Outskirts steeper (∝ r−4?)

• Cluster felt at ≈ 15 Mpc, region of influence3-5 Rvir !?

19/05/2014 –p. 9



2. An exampleFilament
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BA Klaus Jakabos
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2. An exampleFilament
Environmental effects in hydrodynamical simulations:

Saro et al. 2006

Propertiesof galaxies from hydrodynamical simulations.
Galaxies feel environment at 3 Rvir and bejond!

⇒ General observational trendsarenaturally reproduced.
⇒ Details depend onIMF (andmaybeon other parameters).
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ZOBOV Voids

BA Florian Stecker
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ZOBOV Voids

BA Florian Stecker
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ZOBOV Voids

BA Florian Stecker
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ZOBOV Voids
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ZOBOV Voids
Bos et al. 20012
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ZOBOV Voids
Bos et al. 20012
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ZOBOV Voids
Bos et al. 20012
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ProcessNetwork

δ(M) ???
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Radio Clusters

Cluster widediffusesynchrotron 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)

andA3376(right).
• Related to merger or accretionshock ?
• Acceleration of electrons in shock ?
• Revival of (old) relativistic plasma ?
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Magnetic Field Questions

• Strength, Structure, Origin, Evolution

⇒ CommonOrigin ?
Filament vs. Cluster, Cluster vs. cool Core, ...

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

• scalingwith 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)
19/05/2014 –p. 13



What do weknow ?
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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 RotationMeasuremaps acrossthe lobesof the
central radio sourcein 3C449(left) andHydra (right).

RM ∝
∫

ne B‖ dl ≈ B‖

√
l

≈20Years ago:
< 10 extended RM sourceswithin clusters
< 100 point sourcesbehind variousclusters
⇒ very simplified models: ∼ (0.1 − 10)µG , l ∼ (4 − 100)kpc.
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What do weknow ?

9h15m41.0s9h15m41.5s9h15m42.0s9h15m42.5s9h15m43.0s

-11:53:00

-11:52:50

-11:52:40

RA

DEC

-2000 0 2000 4000 6000
  (RAD/M/M)

50 100 150 200

200

400

600

-100 -50 0 50
  (counts)

3C449 Hydra

15
0 

kp
c

20 kpc

Feretti et al. 1999 Taylor & Perley 1993

Adopted from Wikipedia (2011)

Polarized Radio Emission

E

B.ρ
E(  )λ

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

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

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

• Coma: RMs from 7 extended sourcesconstraining
magnetic field andpower spectrum (Bonafede et al. 2009)

• A401, A2142, A2065, Ophiuchus: magnetic field for
clusters with different temperature (Govoni et al. 2009) 19/05/2014 –p. 14



What do weknow ?

damping of MHD waves

Synchrotron bright at 1.4 GHz

sc
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taken from Donnert 2013 19/05/2014 –p. 14



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

≈ 10 clusterswith 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 numbersand complexity:

• Global spectral index steepening / local index maps
• Radial radio emission profile for many clusters
• Probabilit y for clusters to host a radio halo
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What do weknow ?

Feretti 1999

Radio Halo

Radio Relic

1 Mpc

Dolag & Ensslin 2000

Miniati et al. 2001
Dolag & Ensslin 2000

Pfromer et al. 2007

Cluster widediffusesynchrotron emission connected to
merger events, periferal emission directly connected to shocks.

• Radio halo: Turbulence, shocks, secondary ?
• Relics: Primary from shocksor compressed radio plasma ?
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Observations
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Polarized Radio Emission

E

B.ρ
E(  )λ

High quality RotationMeasuremaps acrossthe lobesof the
central radio sourcein 3C449(left) andHydra (right).

RM ∝
∫

ne B‖ dl ≈ B‖

√
l

• Simple interpretation
• Direct inversion
• Modeling
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Observations

Kim et al. 1990

Clarke et al. 1999

Rotation Measure as function of distanceto the center of galaxy

clusters.

RM = 812
rad

m2

∫

ne

cm−3

B‖

µG

dl

kpc

Clear signatureof cluster magnetic fields !
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Observations

Vogt & Ensslin 2005

Hydra

20 kpc

Rotation Measure of Hydra (left) and inferred power spectrum
of theunderlyingmagnetic field (Vogt & Ensslin 2005).

• FollowsaKolmogorov-likepower spectrum !
• Magnetic field correlation length≈ 3 kpc !
• Cool core turbulenceor 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

Compositeof X-ray map andRotationMeasure in 3extended
radio sources in A119.
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Observations

Govoni et al. 2010

• Combination of RM measured in many clusters.

• How does ~B scalewith 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
B(r) = B0

(

1 + (r/rc)
2
)−1.5η

, |Bk|2 ∝ k−n, (kmin, kmax)
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Analytic profile

Power spectrum
fluctuations

• Degeneration of injectionscalekmin andspectral index n

• Knowledgeof thespectrum constrainsmagnetic field

• How does ~B scalewith cluster temperature ?
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Origin of B

Origin
• Primordial
• Battery
• Dynamo (Turbulence)
• Stars
• Supernovae
• Galactic Winds
• AGNs,Jets
• Shocks Rees 1994

+ further amplification bystructure formation

- dissipation ?
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Origin of B

180 Mpc

magnetic field

180 Mpc

density

Buildup of cosmological magnetism throughseeding by SN.
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Cosmic Magnetization Quest
dipole

primordialquadrupole (10x) continuously seeding

dipole (1/10)dipole (10x)

z=0

Different wind parameters (Donnert et al. 2009)
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Cosmic Magnetization Quest

Predictions from different models for or igin of cosmic
magnetism.
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Cosmic Magnetization Quest

E

E(  )λ

Faraday Rotation (RM) of polarized radio emission

B.ρ

γ

primary

Attenuation from electromagnetic cascade of TeV photons

e−

γ ’

B

secondary

Neronov & Vovk 2010
Tavecchio et al. 2010
Dolag et al. 2010

Propagation of ultra high energy cosmic rays (UHECR)

p+

B

γ

Deflection of electromagnetic cascade of TeV photons

γ

secondary

primary

Aharonian et al. 1994
Neronov & Semikoz 2007
Dolag et al. 2009
Neronov et al. 2010

γ ’
e−

B
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Cosmic Magnetization Quest

E

E(  )λ

Faraday Rotation (RM) of polarized radio emission

B.ρ

γ

primary

Attenuation from electromagnetic cascade of TeV photons

e−

γ ’

B

secondary

Neronov & Vovk 2010
Tavecchio et al. 2010
Dolag et al. 2010

Propagation of ultra high energy cosmic rays (UHECR)

p+

B

γ

Deflection of electromagnetic cascade of TeV photons

γ

secondary

primary

Aharonian et al. 1994
Neronov & Semikoz 2007
Dolag et al. 2009
Neronov et al. 2010

γ ’
e−

B

RM

UHECR

TeV (gamma)

UHECMessengersopen new window to Cosmic Magnetism !
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Method I : RM statistics (µG)

E

E(  )λ

Faraday Rotation (RM) of polarized radio emission

B.ρ
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Method I : RM statistics (µG)
RMs sensitive to (.1− 1)× 10−6G, statistical methods10−9G (?)

Observed, full sky RM signal (Taylor et al. 2009)
⇒ Bcosmic ≈ 30 × 10−9G (Lee et al. 2009) ???.
But Galactic foreground critical !!!
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Method I : RM statistics (µG)

Taylor et al. 2009

Model foreground based onHAMMURABI (Waelkens et al. 2009),
cosmic signal and observational noise compared to observations.

Samebut smoothed by 8 degrees.

Stasyszyn et al. 2010
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Method I : RM statistics (µG)

Same as before, but with foregroundremoval.

Reduced noise (1 rad/m2) andzoom onseveral clusters.

Stasyszyn et al. 2010 19/05/2014 –p. 18



Method I : RM statistics (µG)

MHD Gal
Model 1
Model 2
Model 3
MHD

Stasyszyn et al. 2010

(NVSS + SDSS)
Lee et al. 2009

Correlationsignal predicted bysimulations, but the amplitude is

driven by the foregroundand observational noise !
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Method II : UHECR defl. (nG)
Propagation of ultra high energy cosmic rays (UHECR)

p+

B

Cooling: photo-pion production in colli sionswith CMB
Secondary particles: ν from pion decay
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Method II : UHECR defl. (nG)
Propagationof CRp, sensitive to (10−9 − 10−12)G

PierreAuger Observatory providesevidencefor anisotropy in the
arrival directionsof theCosmic Rayswith thehighest energies,
which are correlated with thepositionsof relatively nearby active
galactic nuclei (AGNs). But still under discussion !
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Method II : UHECR defl. (nG)

Work in progress ... Erdmann and studentsDolag, Erdmann, Mueller, Walz & Winchen 2012

Full tracking of UHECRs in cosmological MHD simulation.
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Method II : UHECR defl. (nG)

AGN
UHECRs

AUGER 2010

2MASS Swift−BAT (AGNs)

Isotopic
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Method III : γ-rays (pG-fG)

γ

Deflection of electromagnetic cascade of TeV photons

γ

secondary

primary

Aharonian et al. 1994
Neronov & Semikoz 2007
Dolag et al. 2009
Neronov et al. 2010

γ ’
e−

B

electromagnetic cascade: electron pair production interactionwith EBL
cooling of electrons: inverse comptonscatter with CMB photons
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Method III : γ-rays (pG-fG)
Propagation of γ-rays, sensitive to (10−12 − 10−16)G
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inverse Compton scatter with CMB

interaction with extragalactic background light

primary
secondary

Halo foundstacking 170AGNswith FERMI: B ≈ 10−15G.
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Method III : γ-rays (pG-fG)
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But falsedetection due to inperfect beam ! (Neronovet al. 2010)
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Method III : γ-rays (pG-fG)
Magnetic Field

Jet inclination

Delay time

Neronov et al. 2010

Real detectionwill bedifficult
due to source/geometry details.
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Method IV: γ-rays (fG)
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electromagnetic cascade: electron pair production interactionwith EBL
cooling of electrons: inverse comptonscatter with CMB photons
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Method IV: γ-rays (fG)
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CombingFERMI andHESSgive lower limit of

B > 5 × 10−15G (Neronov& Vovk 2010, Tavecchio et al. 2010)
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Method IV: γ-rays (fG)
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⇒ B > 3 × 10−15 G in at least 40% of space!
⇒ Strongconstrainson theor igin of EGMFs
(Dolag, Kachelriess, Ostapchenko & Tomàs 2010)
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Method V: Neutr inos
IceCube PeV Neutrinos

Aartsen et al. 2013

simple source modelsFermi

KASCADE

IceCube

Kalashev, Kusenko & Essey 2013

Electromagnetic cascadewill also produceneutrinosignal.
IceCubedetected 2 Neutr inos with PeV energies !
⇒ Compatiblewith attenuationsignal !
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Summary
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Dolag et al. 2010

Propagation of ultra high energy cosmic rays (UHECR)
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Deflection of electromagnetic cascade of TeV photons
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Aharonian et al. 1994
Neronov & Semikoz 2007
Dolag et al. 2009
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UHECR

TeV (gamma)

UHECMessengersopen new window to Cosmic Magnetism !
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Summary
Observations (RM & Radio probesµG, maybenG)

• Measurement of magnetic field power spectra
• Clear indication of magnetic field topology
• Indications for minimum/maximum length scale
• RM-Galaxy correlationconsistent (but foreground/ noise)

Observations (UHECR & γ-raysprobes10−16 − 10−9G)
• HighEnergy Astronomy helpsprobing their origin
• UHECR propagationconsistent (still under discussion)
• TeV observationsof haloswould excludesignificant

contribution from primordial fields
(but observationschallenged)

• TeV observationsof attenuation probesfilli ng factor in
voids (but observationschallenged by plasmaphysics)

• First cosmological neutrinosdetected (ICE cube)
opens independent probeof UHECRM propagation.

⇒ growing field of research !
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