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Observed Magnetic Fields

Magnetic fields are observed on all scales
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Fields

Cosmic Magnetic

e Observations:
e Galactic fields ~ 10 uG
(e.g. Beck 1999)
e Cluster fields ~ uG
(e.g. Bonafede et al. 2010)
e Upper limits:
« BBN ~ 107 G
(Grasso & Rubinstein 2001)
« CMBR ~ 10° G
« Reionization ~ 10° G
(Schleicher et al. 2008)
e Lower limits ~ 10> G (?)

(FERMI obs. e.g. Neronov & Vovk 2010;
Taveccio et al. 2010)
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Cosmic Magnetic Fields

| | | | | | | | | | | | | | |
e Observations: 4 N
e Galactic fields ~ 10 uG
i Zeeman splitting )
(e.g. Beck 1999)
k6 —
e Cluster fields ~ uG 5
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(e.g. Bonafede et al. 2010) =
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o Upper limits: -8 F g
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e primordial (e.g. inflation, cosmic PT)
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Generation of Primordial Fields

Possible generation of primordial magnetic fields
(e.g. Grasso & Rubinstein 2001; Widrow 2003; Widrow et al. 201 I

* during cosmic inflation (e.g. Turner & Widrow 1998)

* during cosmic phase transitions
e electroweak PT (t ~ 1019 sec, T ~ 100 GeV)

(e.g. Baym et al. 1996)
¢ QCD PT (T ~ 100 MeV)

(e.g. Quashnock et al. 1 989; Cheng & Olinto 1994; Sigl et al. 1997)
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Generation of Primordial Fields

Possible generation of primordial magnetic fields
(e.g. Grasso & Rubinstein 2001; Widrow 2003; Widrow et al. 201 I

* during cosmic inflation (e.g. Turner & Widrow 1998)

* during cosmic phase transitions
e electroweak PT (t ~ 1019 sec, T ~ 100 GeV)
(e.g. Baym et al. 1996)
e QCD PT (T ~ 100 MeV)
(e.g. Quashnock et al. 1 989; Cheng & Olinto 1994; Sigl et al. 1997)

= causal process
= coherence length limited by Hubble length
at epoch of generation
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Evolution of Magnetic Fields

Subsequent evolution

* dilution by cosmic expansion:

B o g

assumption: flux freezing (no dynamic damping/
amplification)

* but: damping/amplification is important

(e.g. Jedamzik et al. 98, Subramanian & Barrow 98, RB & Jedamzik 2003/04,
Schleicher et al. 2010, Sur et al. 2010, Jedamzik & Sigl 201 1)
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Evolution of Magnetic Fields

MHD equations on an expanding background:
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* v, ¢ viscosity; ¥,  heat conductivity/heat flux
* H, a Hubble parameter/scale factor = cosmic expansion

assumption: infinite conductivity = large Prandtl numbers

Robi Banerjee, DESY+UHH Theory Colloquium, Dec. 12th, 2012



Evolution of Magnetic Fields

Syt G

MHD equations on an expanding background
with super co-moving variables™ (e.g. Enqvist 98):

- - (pV — O

oz TV (PV) ,

ov . .1 1 =~ ~ .
ﬁ (VV)V‘*’;VP‘FRBX(VXB) = —S
%—I—V (EV)+p(V-v) = -

%—?—VX(VXB) = 0

— no Hubble-expansion
— same form than non-relativistic MHD equations

= pa’ p = pa B = B a*
= va'/? E = ea T = T a*
= ya®? v = va'? dt = dta 37
= (a2 H = a3?2H
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Evolution of Magnetic Fields

Further assumptions:
* incompressible MHD:
V, VA X Cs
va <cs if B<5x10~ G at recombination

v

Fw + (v V)v—(vp - V)v, =T,
BVA 0
o + (v V)vy — (va - V)v = vVy,,
dissipation: Reynolds number:
2 2/1 (2 . <]
g = [TV ey <L Re(l)—v/_*q7 lmfp>>l
—av  lye > If| v lmfp ,
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Evolution of Magnetic Fields

Re>» 1 = decay via MHD turbulence

E~ f ki3 (v, ) + (lvail?) = [ dInkE,

cascade direction quasi-stationary transfer of

\ energy in k-space

— Kolmogorov Turbulence

dE, FE
d_tl ~ 7; ~ const (/)

!
1/ LInt 1/ Ldiss k



Evolution of Magnetic Fields

spectra of turbulence

Kolmogorov (41): T« = /v

Iroshnikov-
I?::icllqwln;: (64/65); TIK = ({/v1) (va,L/v1)

k=5/3 . unmagnetized
B /k o { k=3/2 . magnetized



Evolution of Magnetic Fields

turbulent decay: numerical simulations
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Evolution of Magnetic Fields

turbulent decay laws

* |nitial spectrum on large scales (/> L):

k\n [ \—n
E ~E0( ) —Eo( ) fOI‘l>L0.

o with: v, = VE; :
t\—2n/(2+n)
energy decay: E = Eog| —
70
increase of £ \2/(2+n)
coherence length: L~ LO(T_)
0
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Evolution of Magnetic Fields

turbulent decay laws
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* decay law: E~ EO(L)‘Z"/ 2
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Helicity

Helical Fields

* Helicity (measures complexity of the field):

1
— Pz A-B
H V/V T

is conserved (no resistivity)

e maximal helical field: H~B?L=FEL

£\ —2/3
energy decay: E ~ E, (_)

L\ 2/3
inverse cascade: L =~ Ly (—)



Evolution of Magnetic Fields

e Fields with maximum helicity: #H . =~ (B2L) ~ (87)EL
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Evolution of Magnetic Fields

Evolution of small scale random magnetic fields

no initial helicity with max. initial helicity
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Evolution of Magnetic Fields

Viscous regime (Re < 1):

vi . (T) L B UIQA,L(T)
vl == ) = ML
for Imfp < L for mfp > L
M
Vi
— Tvisc.damp — o 2
A

— overdamped modes for ¢ < Tyisc
(Jedamzik et al. 1998, RB & Jedamzik 2004)

— B(¢) = const
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Evolution of primordial fields

apply to cosmic evolution
— evolution equation:

L(T) 1

N/ m~/

v (T) ~ H(T) ™ 2

T, =~

turbulent regime (Re »>1): vp(T) = va (T)
viscous regime (Re < 1):

B U?&,L(T) L B U%&,L(T)
vell) == wll) = ST

fOI" lmfp < L fOI’ lmfp > L




Evolution of primordial fields

viscosity # and drag o
°* heutrinos:

Ny X lmfp,v o< 17>
Oy X l/lmfp,v 0. 75

* photons:

Ny € Imfpy < T
oy & py x T



comoving length [pc]

Evolution of primordial fields

combine with cosmic evolution

coherence length
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Evolution of primordial fields

combine with cosmic evolution
coherence length ) field strength
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Evolution of primordial fields

combine with cosmic evolution

coherence length
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Evolution of primordial fields
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T, [eV]

Evolution of primordial fields

combine with cosmic evolution

spectral index n spectral index n

present day field strength and coherence length
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Effects of primordial fields

. Be \?
® B L0 (]
. M7 ~ 107" Mg .
’ (:1 n(;)
(Subramanian & Barrow [998)
® . _NAp = —~ ‘?
Lap = 22 |(V x B) x B/B
(Sethi & Subramanian 2005)
1 oy oy 174
B m \
® . ﬁﬂnm.:-: ~ 234 :"k"l'[‘.}l.’:_l (1 [1[;_-“) ( 0.3 )
(Jedamzik et al. 1998, | e ! » :
Subramanian & Barrow 1998) y Qh*\ T h O\
0.02 0.7 '
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Effects of primordial fields

Ambipolar Diffusion

® |ons are to the magnetic field.

® Neutrals are indirectly coupled to the magnetic
field by

® The coupling is : partial diffusion
through the field lines

® Magnetic energy can be dissipated by

2

—

o (Vxﬁ)xB

167T27P§Pi

Lambi =

%TLH<U’U>H~+ ST, T %an<UU>H*',HC
My [TLH x5 4an]

’Y:



Effects of primordial fields
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Both are significantly increased in the presence of strong magnetic

fields.

Schleicher et al. (2009)
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Effects of primordial fields

Modification of primordial star formation
— constraints from the optical depth
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« 0.01F = 0.01

0.001
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Reionizatiox by Pop. Il stars Reionization by Pop. lll & Pop. Il stars

Schleicher, RB & Klessen (2008)
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Effects of primordial fields

Ambipolar diffusion during the collapse:
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Primordial magnetic fields
increase gas temperature
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B-Field amplification

Small-scale dynamo

(Batchelor 1950, Kazantsev 1968,
see also Brandenburg & Subramanian
2005, Schober et al. 201 2a,b)

e exponential growth of weak seed
fields

e growth rate depends on magnetic
Reynolds number:y o« Rm-1/?

e mag. spectrum: Emag,r < k2

e saturation at Emag ~ 0.1 Ekin
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B-Field amplification

1 | T I T |

B-fields during compression | halo cores |
0 Halos
10~ + - L
emaximum growth by |
: : : Sheets & | |
adiabatic compression: o R -
B x p?3 < 10 “F , / ~mean(B) -
= b
@ =
e small-scale dynamo works in 10”4} REY I
cluster forming models Shdd N\B o« p23
(e.g. Dolag et al. 1999, 2000; Xu et al. 2009, 2010) _6 | |
1071 | | .
e depends on numerical resolution 5 T 3 % 1 .5
10~ 10Y 10" 104 10° 10" 10
p/<p>

Dolag et al. 2005
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Dynamo during “First Star Formation™

e turbulent infall motions

(e.g.Abel et al. 2002, Greif et I T T T "
al. 2008) 14T | T=12
o e 7=10 ---
. E 16 N 5 S
e baryonic core modelled ¢ - |
on a supe.rcrltlcal ~ —18k ' -
hydrostatic sphere: o : .
* Mbaryon = 1500 Mol -20 — (a) | -
]

» po=5x107" g cm™?

- weak random field:
B = 1nG, =10

- transonic turbulence:
vims = 1.1 km sec’!

Federrath, Sur, Schleicher, RB, Klessen,201 1 7 [C m ]

o\ 1/2
characteristic length: Jeans length: \; = (Zﬁ)
P
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Dynamo during “First Star Formation™
e turbulent infall motions e 1
(e.g.Abel et al. 2002, Greif et

al. 2008)

e baryonic core modelled
on a supercritical
hydrostatic sphere:

* Mbaryon = 1500 Msoi

» po=5x107" g cm™?
- weak random field:
B = 1nG, =10
- transonic turbulence: ‘J

Vims = 1.1 km sec™!
Eﬁze 1.3 pc
1/2
T c2 ) /

characteristic length: Jeans length: )\; = (Gp
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Dynamo during “First Star Formation™

e analyse data within
decreasing Jeans volume:

Vs = dr(Ay/2)3/3

e use dimensionless time:

T=/ﬁdt

e free fall time
tg = (3m/32G (p(1)))"

_14; T =12 —
5 - ] =10 --- ]
5 -16F : ;
B - [
QU -18 ' -
(o)) ] : )
o ! | -
-20f (a) : .

!
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Robi Banerjee, DESY+UHH Theory Colloquium, Dec. 12th, 2012




Dynamo during “First Star Formation™

10‘2_

128 cells

64 cells
32 cells
16 cells
8 cells

Al

Suretal 2011

.
-
-

e growth rate depends on Ry,
i.e. resolution:

Rm & Ny*3 (e.g Haugen et al. 2004)

Ni: number of grid cells per
local Jeans length;
realization with adaptive mesh

refinement (AMR)

e minimum resolution: ~ 30
grid cells per Jeans length
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Dynamo during “First Star Formation™

Federrath et al 201 |

magnetic field

Magnetic field structure
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* spectra from numerical
simulation follow Kazantsev
theory
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Summary

* Primordial Magnetic Fields undergo strong
dynamic evolution (not only B o a)

* damping in the turbulent regime where va ~ v
* frozen-in in the viscous regime

* turbulent dynamo: efficient amplification of weak fields

* strong fields (~ nG) change cosmic evolution

* Cluster/Galactic magnetic fields are of
primordial origin?
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