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The Cluster Bermuda-Triangle

ampfcaton/ \do emission




Where are we ?
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: X-RAY CONSTRAINT A >0 04yG
*=: BOHM LIMIT Kgq=b.6-102(/ G Scns™

: Kaae=2.3-10" (H/14G) cm’s™
: Eﬁﬁsmmm Fggnuvs turbulence (IGM/ICM)

-==: UPPER LIMIT A <1.9uG FROM VIRIAL THEOREM => radio emission
Schlickeiser et al. 1987 Burb|dge 1958 (”)

“If the Intergalactic clouds [...] still containing some magne-
tic flux have random velocities [...], then particles will be

accelerated by a variant of the original Fermi mechanism.”
(Burbidge, 1958)
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Problem 1: Origin of B

Origin

Stellar (Biermann) battery Battery + dynamo

~ P rl m O rd I a.l i ﬁrs;“"“ in first AG;S (z=57)
° B att e ry Stellar d+ynamus JT
 Dynamo (Turbulence ia +

Crab-like remnants
I

Extended radio lobes

o Stars ?

10° remnants in - Formation of disc

o S u p e rn OV ae ayoung grﬁar_\-* Sfrom infalling matter
"contaminated" by
. . radio lobe
Galactic Winds V4
210" G "seed field"
* AGNSs, Jets
)

° ShOCkS Rees 1994
+ further amplification bystructure formation

- dissipation ?
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Problem 1: Origin of B

« Strength, Structure, Origin, Evolution

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

= Relation to other LSS "properties” ?
* scaling with densityd p%) ?

* scaling with temperature/mass ('°) ?

* length scalesPg (k) (Filaments, Cluster, cool Core) ?
= Relation to dynamics ?
* Merger, Turbulence, cool Core, Bubbles ?
» Observations:

* RM in clusters=- see Lecture la
* Radio emission (halo and relics) see Lecture Ib
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Problem 2: Turbulence

Old viscosity scheme New viscosity scheme

q72 _gaa  abt snap7E 1.0 Mpe  — 2_dimenzcnal velogity field q¥2 gos_rw  adt snap74 1.0 Mpc  —
0 = = g T T

N I

0.0 0.4 o8 & 1.6

1Mpc x 1Mpc slice (Dolag et al. 2005)

Huge dynamical range needed for LSS simulations:
From several 100 Mpc (LSS) to < 10kpc (cluster turbulence) !

* Resolution crucial (Adaptive methodmomed simulations)

* Numerical modifications to capture turbulence needed !

Low artificial viscosity (SPH), refinement criteria (AMRJub-grid models
19/11/2013=pn.5



Problem 2: Turbulence

Simulations:Simulated turbulece in clusters (I):

r<0.1Ry
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log Energy [erg]
o
IS

(o2}

60 .
130 135 140 145 150 155 14.7 148 149 150 151 152 153 134 136 138 140 142 144 146
log Total Mass[Mo/h] Mass[M_sol] 109(Merg [M sudd

Dolag et al. 2005 / Vazza et al. 2006 Vazza et al. 2010 lapichino et al. 2009/2010

Dolag et al. 2005 (see also lapichino et al. 2008/2009, Varah 2006/2009/2010, ...)
Need to distinguisiulk andturbulent motions.

= strongly depend on operational definitions !
Origin (in cosmological context):

* Behind shocks (mostly beyond core radius)
* Passage of gas rich substructure (whole cluster)
* Passage of dm substructure (mostly cluster core)
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Problem 2: Turbulence



g676_130x_u.avi
Media File (video/avi)


Problem 2: Turbulence

Simulated turbulece in clusters (l1):
(Dolag et al 2005, Vazza et al 2009, Maier et al 2009, ...)

SPH (Gadget)
AMR (Enzo)
SGS (Fearless)
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0.001 0.01
k=1/x, kpc-!
provided by I.Zhuravleva
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Problem 3: Particle acceleration

N~
| )
X7

Dolag & Ensslin 2000

* Dolag & Ensslin 2000
] } ] Pfromer et al. 2007 s

LOg[L[osz 4]kev erg/s]

Cluster wide _ tron em connected to
eventsperiferal emission directly connected &hocks
o . Turbulence, shocks, secondary ?
e Relics Primary from shocks or compressed radio plasma ?

11/2013=p. 6
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Simulation Network

ICs (Cosmology) plileli=rrrr o immp< Sced Magnetic Field
l 2 |

Structure Formation < Magnetic Field Evolution

Star Formation ? Dissipation ?
Feedback ? Numerics ?
AGN ? Resolution ?

Density

Magnetic Pressure

Compression

Magnetic Fielg
Shock Statistics Turbulence :

Detection ? Viscosity ?
Numerics ? Numerics ?
Sub-Grid Model

|
;

Cosmic Rays

Description ?
Diffusion ?

Observables

- Vlygoﬁ“

Nuza, Dolag & Saro 2010 - . \

b P
Centadrus #% s »* Hydra
oy | e °

W Pefseus .| o
W y o »

Galaxies e Rotation Measure

Donnert, Dolag, Cassano & Brunetti 2009 Dolag, Grasso, Springel & Tkachev 2004/2005

Radio SB -~
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Pioneering Work

Cloud collisions
Jones et al. 1994/1996, Malagoli et al. 1996, Miniati et 897/1999,

Gregori et al. 2000, ...

Buoyant radio lobes
Churazov et al. 2001, Brtiggen et al. 2002, Briiggen & Kaisé220

Robinson et al. 2004, Jones & De Young 2005, Reynolds et 85,20

Kelvin-Helmholtz in galactic winds

Birk et al. 1999, ...

Merging galaxy clusters

Roettiger et al. 1999a/1999b, Enf3lin & Briggen 2001, Hoedl.e2004, ...

Large Scale Structure
Kulsrud et al. 1992/1997, Ryu et al 1998 , Miniati 2001/2002,

Dolag et al. 1999,2002,2005, Li et al. 2005 , Brliggen et a52Q..

Non full MHD simulations
Bruni et al. 2003, King & Coles 2005, Gazzola et al. 2005, ...

19/11/2013=p. 8



KH driven amplification

Winds in galactic Halo:
n = 1/cm?, By ~ 10uG, v &~ 1000km /s
= kg ~ 4 % 1O5Y€8I

Birk et al. 1999

19/11/2013=pn. 9



KH driven amplification

Large amplification of seed magnetic field !

magnetic field amplitude
: — : .

= Birk et al. 1999
Should also work in galaxy cluster environment:
n=1x10"%/cm?, By ~ 1uG, v ~ 1000km /s
= txg ~ 0.1 x 10%Year

19/11/2013=p. 9



Merging Clusters

Roettiger et al. 1999a . — 13 Gyr

e ZEUS,3 : 1 mergerpy = 2300 km/s

* B becomes filamentary (by stretching)

19/11/2013 =pn. 10



Merging Clusters

Roettiger et al. 1999a

* B rapidly amplified (turbulent motion)

» Locally up to a factor of 20-30K%2!)

19/11/2013 =pn. 10



Merging Clusters
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* Globally by a factor of 3 B2!)

* But depends on resolution (12.5kpc here) !
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Merging Clusters



biga.avi
Media File (video/avi)


Merging Clusters



mixed3d_s.avi
Media File (video/avi)


Radio relics from mergers

A3667 x—-ray/radio overlay
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Roettiger et al. 1999b

* ZEUS, A3667 setupy: 1 merger)
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Radio relics from mergers

Roettiger et al. 1999b

* Injection by shocks/q:/p.), diffusion (x = 1), aging

* emission zone width> B ~ 1G)

19/11/2013 =p. 11



Radio relics from mergers

van Weeren et al. 2010

With of the relic suggesB ~ 5 — 7y !

19/11/2013 =p. 11



Radio relics from mergers

Why does not every cluster show relicts ?
* Shock structures too short lived ?
* Cluster mass ?
* More than the shock is needed ?
* Radial distribution ?
* Scaling relations ?

* CR protons ?

19/11/2013=pn. 11



Fossil radio relics

13

¢ ¥ ( K«

EnRlin & Briggen 2002

* ZEUS, bubble with tracer particles

* Shock compression of fossil radio plasma

19/11/2013=pn. 12



Fossil radio relics

GHOST IPOL 100 MHz R =2 strong B edge on view GHOST IPOL 100 MHz R =2 strong B face on view
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RIGHT ASCENSION (B1950) RIGHT ASCENSION (B1950)
Polarization line 100 percent = 105 arcsec Polarization line: 100 Percent = 105 arcsec
Peak flux = 4.2444 Peak flux = 5.24
Levels = 0.4244 *[0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10] Levels = 0.5241 *[0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10]

EnRlin & Briiggen 2002

* Reproduce structure (toroidal) atﬁjalignment

* Size ratios correlate with shock strength

19/11/2013 =p. 12



Fossil radio relics
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* Gadget-2 (SPH), cluster merger simulation

* Pressure history- radio plasma evolution
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Fossil radio relics

* Result depends on ratio &tz / P,

* Relics only outside the cluster

19/11/2013=pn. 12



Fossil radio relics

Hoeft et al. 2004

| 107"
=% | proj radio probab
[arb.]

* Cooling efficient inside cluster

* Timing andPg/ P, crucial for relics

19/11/2013=pn. 12
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Comparison Project

TVD wvel.method

ENZO—-vel.ju

TVD—-temp.ju

dN(M)/dM
dN(M)/dM

10 100 1000
Mach

provided by F. Vazza
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Shocks IN LSS

Vazza et. al. 2009

10%%ergs s!
—s(h ‘lMpc)3

external
Shocks

Ryaetal. 2003 log M

See diScusSIoNS Miniati et al. 2000, Ryu et al. 2003, Pfrommer et al. 2006, et
al. 2008, Skillman et al 2008, Vazza et al. 2009, Paul et d128killman et al. 2011, Vazza et
al. 2012, Araya-Melo et al. 2012, Planelles et al. 2013

See also Reviewsiolag et al. 2008, Brueggen et al. 2012
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Shocks IN LSS

Mach number M
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Used/Infered efficiency of CR acceleration at shocks.
= strong inversion of CR"/thermal energy ratio predicted by
non radiative simulations.
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What we do ...
Simulating cosmic magnetism (past to present):

=

SPH MHD 1999 Galaxy clusters

{Do|ag1 Barte|mann1 Lesch 1999} (Dﬁ-}ﬂg, Bal"te|mal’1r‘r & Les‘:h ‘QQQ.QDDE}

Radio Haloes & CR propagation
Gadget'] MHD (Dolag & Enfdlin 2000; Dolag et al. 20%4,20?5} J

(Dolag et al. 2004) , .
T Galactic seeding models

(Donnert et al. 2009)

Gadget3 MHD

(Dolag & Stasyszyn 2009) (Kotarba et al. 2009)

Isolated galaxies

Major & Minor merger
Non-ideal MHD (Kotarba et al. 2011; Geng, Beck A. et al. 2012)

(Pormrsieata Antennae & Stephan’s Quintet
(Kotarba et al. 2010; Geng, Beck A et al 2012)

Cleaning schemes Ptk

(Stasyszyn, Dolag & Beck A. 2012) Galactic halo formation

Dynamo models (Beck A, et al. 2012)

(Stasyszyn & Elstner, in prep.) First dYﬂamDS
(Stasyszyn & Elstner, in prep.)




What we do ...

Simulating cosmic magnetism (present to future):

=
i

Non-ideal MHD Galactic halo formation

(Beck A. et al 2012)
(Bonafede et al. 2011)

Supernova seeding
Cleaning schemes (Beck A.etal, 2013)

(Stasyszyn, Dolag & Beck A. 2012)

First dynamos

Dynamo models (Stasyszyn & Elstner, in prep.)
(Stasyszyn & Elstner, in prep.)

_ CR shock injection
ShOCk deteCtlon (Pasternak, Beck A., in prep.)

(Beck A_etal | in prep)

Sub-grid physics CR reacceleration

. (Donnert etal., 2012)
(Arth et al., in prep)

Combining various aspects of cosmological simulationsJLS
ICM, Galaxies, AGNs) allow to improve our sub-scale models.

19/11/2013 =p. 15




What we do ..

dv B 7o
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Performance (1)

l:;i-.,r.(l;}:rh /':b. [.x.]

Tube 5A Ryu & Johns 199% Std SPH MHD (olag et al 2003 In 3D.
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Performance (1)

l:;i-.,r.(l;}:rh /':b. [.x.]




Performance (1)

c01_m{J1__4020

l:;i-.,r.(l;}:rh /':b. [.x.]




Performance (1)

c01_m{J1__4020

l:;i-.,r.(l;}:rh /':b. [.x.]

SPH MHD with WC4 kerneldeck et al, in pre).




Performance (1)

di\:r(.b.}wl; /."b [.x.]

SPH MHD with WC4 kerneldeck et al, in pre).




Performance (1)

di\:r(.b.}wl; /."b [.x.]

SPH MHD with WC4 kernel + viscosity switChsdck et al, in pre).
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Performance (1)

di\:r(.b.}wl; /."b [.x.]

SPH MHD with WC6 kernel + viscosity switChsdck et al, in pre).

19/11/2013 =p. 16




Performance (1)

c01_mO1_lyisc_hind_020

di\:r(.b.}wl; /."b [.x.]

Including higher order terms in induction equati®s et al, in pre).

19/11/2013 =p. 16




Performance ()

High order terms for derivatives:

VA@):Z%(A—AJ-—(J A A NTW (7, )

for ~ in idnduction equation we need to invert

X0 = 32— )W (7, h)

which leads to .

dBY m;
— = E p? ((Av)ka — Bf(Afu)l)
Wiig! /

AU = (?72 — ’17]' — (7”; ) ara)

(Beck etal, in pre)).

[
8Wij T

87“ ‘rz’j‘
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Performance (I)

! Prlce 2005 (2D) |

Gadget 3D

Tube 1A

A

100 1'20 140 TUD 180

SPH MHD with WC6 kernel + VISCOSIty SWI'[ChBe(ck et aI in preb)
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Performance ()

—reference

—~—1D result —__referencs

—+—1D result
—e—2D result, a=45

—o—2D result, a=45

0.2 04 06 0 0.2 04 06 0.8

] Li & Cen 2006) In 2D and in 45 degree.

&
o
=
il
*

=4
g
=

SPH MHD with WC6 kernel + viscosity switChsdck et al, in pre).
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Magnetic Field buildup

Simulations on galaxy scales ...

t = 943 Myr

9000 Lj
N 1

S8
SV =

—-

o /
=
ez

M51 (Fletcher & Beck 200 and a simulation using the MHD
Implementation in Gadgekdtarba et al. 200).
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Magnetic Field buildup

Problemswith formation of dwarfgalaxiesif Biac > 107°uG

:) - 6
Bigm = 2.10 Bigm = 2.10™ jog({L.cm ™)

t =3Gyr - -

uh{ nG)

(RAMSES,Teyssier 200))

19/11/2013 =p. 17
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Magnetic Field buildup

Simulating the magnetic field amplification during galaxy
mergers like in the Antennae system. Final magnetic field
strength and field configuration in broad agreement with
observations.

[1=100%

6.011

4.524

3.038

1.501

S p i s i e S, S T

: 0.0835

log
Em
[1078g pe 7]

(Chyzy & Beck 2005 Kortarba et al. 2010)
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Magnetic Field buildup

Simulating the magnetic field amplification during galaxy
mergers like in the Antennae system. Final magnetic field
strength and field configuration in broad agreement with
observations.

(W Artarlha At Al D925°N1 N\ 19/11/2013=pn. 17



movie_hanna.mpg
Media File (video/mpeg)


Magnetic Field buildup
Final magnetic field close to equipartition with turbuleetacity
component, largely independent of initial field values.

= Hierarchical buildup of magnetic field

B.=107% G first >
B,=107 ¢ encounter fit

B,=10"° G

-4
10" - B,=107 G
5 isol. By=10"° G
107° isol. B,=107° G /v[

107°

10710 .
0 200 400 600 800 1000 1200

t [Myr]

(Kortarba et al. 2010)



Magnetic Field buildup
Final magnetic field close to equipartition with turbuleetacity
component, quasi independent of initial field values.
= Hierarchical buildup of magnetic field

first
encounter

600 800 1000 1200
t [Myr]

(Kortarba et al. 2010)
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I\/Iagnetlc Field buildup

=982 Myr t=1483 Myr t=1984 Myr  (=2486 Myr

e A \ hQ
|

t=2987 Myr t=3488 Myr t=3989 Myr t=4490 Myr

s <. AN 3

log < density [g cm™?] >

-100 O 100 -100 O 100 -100 0 100 -100 O 100
x [kpc/h] x [kpc/h] x [kpc/h] x [kpc/h]
t=982 Myr t=1483 Myr t=1984 Myr {=2486 Myr

. o
Q
Z A0
> .
1=2987 Myr t=3488 Myr t=3989 Myr t=4490 Myr

® & g

-100 0 100 200 -100 O 100 200 -100 O 100 200 -100 O 100 200

L

(Geng et al. 261151 x [kpe/h] x [kpe/h] x [kpe/h]



Magnetic Field buildup

(Geng et al. 2011)



coll_rho_M1M7.avi
Media File (video/avi)


coll_B_7.avi
Media File (video/avi)


Magnetic Field buildup

Smaller merger less efficient in driving turbulence.

M1M10 G9I9
M1M15 G9I9
M1M20 G9I9
M1M50 G9I9
——— MIMI100 G9I9

2

(Geng et al. 2011)
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Magnetic Field buildup

34 00 00

3359 30

00

PLot file version 2 created 11-SEP-2009 16:13:17
ICONT:SQ IPOL 4860.100 MHZ SQ 6.1.3

2236 10 05 00 3555
RIGHT ASCENSION (J2000)

Cont peak flux = 9.4028E-03 JY/BEAM

Levs = 9.000E-06 * (3, 5, 8, 12, 20, 30, 50, 80,

120, 200, 300, 500, 800)

Pol line 1 arcsec = 4.1667E-06 JY/BEAM

Soida et al., in prep.

N(@@))»
(@)

-100 0 100
x [kpe]

Kortarba et al. 2010




Magnetic Field buildup

no B
— MG

MG alpha=0.05
— — — MG no IGM

0G

PDG

intermeJiate

n
o
g
ol
r
o
4
0
"
J
i
E3
N

500 1000 1500 2000 2500
t [Myr]

Kotarba et al. 2010

* Merging drives shocksturbulence andstar-formation
* Star-formation drivesvinds
* Windstransport outmagnetic fields
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coll_bfld_IGM_vir_PDG.avi
Media File (video/avi)


y [kpc/h] comoving

y [kpc/h] comoving

Magnetic Field buildup

redshift = 0.0

—

(@)

log(n) part/cm® comoving

-400 -200 0 200 -400 -200 0 200 400 -200 0 200 400
x [kpc/h] comoving x [kpc/h] comoving x [kpc/h] comoving

redshift = 5.8

log(|B]) [G] physical

S R
Z 7\ NI

-400 -200 0 200 400 -400 -200 ( -400 -200 0 200
x [kpc/h] comoving x [kpc/h] comoving x [kpc/h] comoving

Growth of a magnetic field igalactic halo Beck et al. 2012)
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Magnetic Field buildup

Local perturbation ansatz leadseck et al. 2012)

1 B o o) — L

Bt(a) — ? [(47Tpthurb) ! =+ BO 26 A )} i
3/2 ;1/2
/ ktérb

i — 2.050 b
W|th fy T e 1/2
T}turb

Redshift z Redshift z
o 9.00 4.00 2.33 1.50 1.00 0.67 0.43 0.25 0.11 o 9.00 4.00 2.33 1.50 1.00 0.67 0.43 0.25 0.11 0.00

150 km/s 1 kpc

25 kpc
Lurb 100 kpc

logye (B in Gauss)
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P 11077 part/cm?

-20
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Cosmological scalefactor a Cosmological scalefactor a
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Magnetic Field buildup

Redshift z
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Cosmological scalefactor a

Comparison ofnagnetic growth and simple expectation for
Vturb — 100km/s and\ = 25kpC. (Beck et al. 2012)
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Magnetic Field buildup

A sub-grid seedingmodel based o8N:

é?Z? ‘V/fVSNthlg TSN : 'sB s
- — - e
ot At PN SB Tinj 5

seed

* Supernova remnantyy ~ 5pc, By ~ 1074G

* Bubble:rsg ~ 25pc

* Injection:r,; = h; (€.9. numerical resolution)
* ep: hormalized dipole vector

e NgnyAt < 1 = stochastic approach

o Limit diffusion: Ly = vpAt, vp = 1/0.5(c2 + v2)
°* p=10*cm’s!
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Magnetic Field buildup

Redshift
9.00 4.00 2.33 1,50 1,00 0.67 0.43 0.25 0.11 0.00

_4 I | | |

SN Seeding
Primordial fields
- 1 2 Lz | | | |

0.1 0.2 03 04 05 06 0.7 0.8
Cosmological scalefactor a

Comparison ofmagnetic growth for primordial
seedingfrom star-formation. (Beck et al., submitted)




Magnetic F

Z=15.7 =31

bBg(B) & physlcal

m
(=
=
o
E
m
5
=
4
E
o
a

Direct seedingfrom star-formation process (e.g. every SN in
simulation induces a idealized seed magnetic field with alloc
dipole shapefgeck et al., submitted)
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Magnetic Field buildup

Redshift = 4.6
Redshift = 2.5

Redshift = 0.0

log(fraction)

bg(B) & physical
g} partom® eamaving

¥ [spm] mamering
ta

-3000 -2000 -1000 0 1000 2000 3000
Intrinsic RM [rad/m?]

3 2

‘asinh{|AM| [rad m¥])

*

¥l i

-am -z:::[m:] ;mr:uu a0 400 -z:;npw:] ;mm:m am 0.05-0.95

mpact)

O Broderick et al. 2007 (compac

Betk, A. etal. 2013 ©

Comparing predic | Igh Zz
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Magnetic Field buildup

1 Mpc

\/
Dolag et al. 2005 (see also lapichino et al. 2008/2009, Varah 2006/2009/2010, ...)
0B - . 4 o . - OB
— =V X (U XB)—=V X (MnagV X B)+ —
ot ot
/ / / seed
Cosmology Microphysics magnetic seeding
(star formtion)

(structure formation) (plasma physics)
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Magnetic Field buildup

Origin

Stellar (Biermann) battery

Primordial +
B atte ry Stellar d;namns
Dynamo (Turbulence Ry

Crab-like remnants
I

Stars :

10° remnants in

Supernovae 07 rannans
Galactic Winds \

!

Jets

!

Battery + dynamo

in first AGNs (z=57")

Extended radio lobes

Formation of disc

from infalling m
"contaminated’

radio lobe

¥

AG N S y \J etS 210G "seed field"

ShOCkS Rees 1994

+ further amplification bystructure formation
- dissipation ?

atrer
by

19/11/2013 =p. 18



Magnetic Field buildup

Dolag et al. 1999)2002
First cluster MHD simulationsifolag et al. 1999/2002
* Simulations reproduce the radial shape of the RM signal
= Magnetic power spectrum of clusters ¢ 2.3 — 3.1)

* Magnetic field configuration driven by cluster dynamics
= Initial magnetic fieldstructure not important

e Initial fields of ~ (0.2 — 1) x 10~ G are sufficient
= values reached byany modeldor magnetic seed fields

19/11/2013 =p. 18



Magnetic Field buildu

// ..<—.6.8é,vm—>
7 . 2 1

Observation Simulation

Feretti et al. 1999 RM

B T

*Zoomed” cluster simulationoplag & Stasyszyn 200
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Magnetic Field buildup

o A119 (Feretti et ol. 1999)
Kim et ol. 1991 + Clorke et ot. 2001

M, > 5 10" M,

('V_l
-
~N
O
O
—
=
24

+ 8 rad/m2

ComparingRM from observationswith MHD
simulations (polag et al. 1999/2001/2004/20p5




Magnetic Field buildup
107° 1 ' 1
ENZO (Collins 2009), 3x
RAMSES (Dubois 2008), 90x
FLASH (Brueggen 2005), 20x

P—Gadget2—MHD (Dolag 2006), 130x
P—Gadget2—MHD (Dolag 2005), 10x
. Grape—MHDSPH (Dolag 1999), 1x

1
0.1

r [Rvir]

= Radial shape confirmed by more recent works
= Generic feature from structure formation




Magnetic Field buildup

Polarization (Radio+RM)
*~, Vaccaetal 2010

~~
.h
L 4

r (kpc) *+. Observation (RMs in clusters)
100 Yoo 10

EE s EEEEEEEE

1000
T

Simulation

|

|
N
Fo 1
-

Polarization (RMs)
Guidetti et al. 2008

BoxSize/GridSize
1000/256

125/32
62.5/16

Kuchar & Ensslin 2009
" | L

10 l l — l l — 0.1 1
k (1/Mpc) Kk [kpc™]

Magnetic field power spectra: predictions vs. observations
See also Briiggen et al. 2005, Xu et al. 2009,2011,2012 ...




Magnetic Field buildup

reret}i 199|§ Dolag 200% b Dolag 200
l l l l l l l

Observed and simulated RM maps up to the highest resolution

simulation; 20 Million particles within®?,;,,
Mpy — 1O7M@/h, CChrmy = 1kpC/h (Stasyszyn, Dolag, Beck 20)3
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Magnetic Field buildup

Structure functions derived from observed and simulated RM

maps with increasing resolution.
(Stasyszyn, Dolag, Beck 2013)
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Magnetic Field buildup

- galactic outflows

Seeding from galactic outflowsonnert et al. 2009)

19/11/2013 =pn. 18



Magnetic Field buildup

?n..—r VN T ‘

dlpole (10x}

P

: LN
dipole (1/10)

B

'Fquadrupole (10x)

Seeding from galactic outflows, different modelgnert et al. 2009)
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Magnetic Field buildup

0.1 Dipole

M > 310" M,
All Haloes

Observations (see caption)

—
~
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N
©
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|
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=
o

200 400 600 800 3000 5000
r [kpc]

— Galactic seedingmodels alsaeproduce observedRM
profile within galaxy clustergonnert et al. 2009)




Magnetic Field buildup

density magnetic field

180 Mpc 180 Mpc

Buildup of cosmological magnetisnthroughseedingby SN.
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movie.mov
Media File (video/quicktime)


Magnetic Field buildup




Magnetic Field buildup

T T |
+A2142 (9.4keV)
XA2065 (8.4keV)

&Coma (8.2keV)
AA2255 (7.8keV)
[JA401 (7.8keV)

[13C449 (1.2keV)
+ZW0056 (1.2keV)

5>—

—
]

II|
-5

Brightness [erg/sec/cm?]

Comparison oRM-Lx correlation from observatios
(Govoni et al. 2010@aNd results fronstar-formation seending
19/11/2013




Magnetic Field buildup

+A2142 (9.4keV)
XA2065 (8.4keV)

&Coma (8.2keV)
AA2255 (7.8keV)
[JA401 (7.8keV)

+3C449 (1.2keV)
| KZW0056 (1.2keV)

| | 11 11 | | | | | 11 11 |
107° 1074
Brightness [erg/sec/cm?]

Adding cool-core clusters...




A simple subscale model

Tl = T)coulomb + Nturb ~ 0.1 % Uturb X )\V‘curb

20272097

21212639

® @

21483463 ’

£1680241

21987669

2980844
2 “

23346905

4915399
80l

25265133

25503149

E
26287794

@

26348555

£6802296 - g

27358274

27570066
@

27577931

‘@
‘A

elected Z4 mMOoSt massive clusters 1rom a
Bonafede et al. 2011

PC/N box

19/11/2013 =p. 19



A simple subscale model

COMA: best fit
_.. COMA: 3 o profiles

4606589

Subset of 4 Coma-like clusters with= 1.5,3,6 x 1027cm?/s. (Bonafede et al. 2011),, 014 - 10



A simple subscale model

lllllll

90016649
91212639
91483463
91680241
91987669
92980844

d

93327821
93346905

T

91657050
94606589
96802296

T

107 1 1 1 1 I
100

Bonafede et al. 2011




A simple subscale model

lllllll

COMA: best fit
Dianoga set

107 1 1 1 1 I
100

Bonafede et al. 2011




A simple subscale model

I

1.0 : 2.0
Bonafede et al. 2011 Mv[lO Msolh ]

= Central B of 24 Coma-like galaxy clusters
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Anisotropic Conduction

Gyroradius == Mean-free path

A. Arth (master thesis), see als®zkowski et al. 201.1

19/11/2013 —
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Anisotropic Conduction

Observations

— csf

— . csf+MHD

— csf+Cond

- . csf+MHD+Cond

— csf+MHD+AnisoCond




hat we learned

oo Radio Observations T T 1 1
100 100 107 10 10° 10 107 ol
T T T T -1

RM Observations

C— — =

10°

Amplitude, km/s

0.001 0.01
k=1/x, kpc!
provided by |.Zhuravleva

Galaxy Simulations

KOEFFICIENT

non ideal MHD Sim. 0 ; [ e u

Bonafede et al. 2011

03 102 10" 1 10 102
MAGNETIC FIELD STRENGTH H (uG)

: X-RAY CONSTRAINT H >0 044G
=== BOHM LIMIT Kgq=b.6-105(A/ G 5cmls™
= = =& Kayy=23-10%" (H/146) cnls
=" (ONSTRAINT FROM v,
—--—===: UPPER LIMIT fi <119uG FROM VIRIAL THEOREM

Schlickeiser et al. 1987




Conclusions (MHD)

* Predicted magnetic field structures reflect formation
of galaxy clusters

* Hierarchical buildup of magnetic fields from galaxy
formation

e Galactic outflows are valid sources of cluster fields

* Predicted (complex) field structures in galaxy clusters
IS compatible with RM measures

* Filaments might host remaining signatures of magnetic
field origin

* Radio emission + magnetic field models allow to
constrain CR origin

* Numerics strongly improved, now to be applied to
different scales

* Sub-grid models to conneé to transport
processes are important.

19/11/2013 =p. 22



Outtakes

Exploding galaxies:

To high (~ x10°) initial magnetic seed field

19/11/2013 = pn. 23



ExplodingGalaxies_Julius.avi
Media File (video/avi)


Outtakes

Exploding cluster:

Missing, cosmological factar= x10~°) when dissipating magnetic fields e



ExplodingCluster_Klaus.mpg
Media File (video/mpeg)


Outtakes

Exploding void:

Time step of accreting particles too largre x10%) for a correct integration of induction
equation

19/11/2013 = pn. 23



ExplodingVoid_Klaus.mpg
Media File (video/mpeg)
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