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Clusters of Galaxies Interstellar Medium

Haffner et al. 2003

X-ray: NASA/CXC/SAOQ; Radio: Greg Taylor
(NRAO).



Clusters of Galaxies

Magnetic fluctuations

le-11

k B (k)
[erg/cm Kolmogoroy
le-12} Spectrum

le-13f

le—14~ '

0.1 1 k [kpc—l] 10

Vogt & EnBlin 2005

100

tn
(=

I
o

logg(apactral density, Py, (m™))

&
o

20

Interstellar Medium

Density fluctuations

T 14 T T T T

/ RM fluctuations

N T H-alpha (WHAM)
L \
DM fluctuctions
___.--—- {,m linas)
ISM \mlo:tty
fluctuations

af/dt in
daynomic apectro
1 0—10 -5&7 -'I /3 : -I

refructwa

-

scint. index ".
(stars ond boxes} N, weak IS8
- S, atom i A
Kolmogorov spectrum |
AR
b 4
wtrong s
at meter A 4
- ¥
decorralation BY AY
&. ongulor broad. :
| § L 1 2 -
—~18 -16 —-14 -12 -10 —8 —&5

logyo{spotial wavenumber, q (m™')}

Armstrong+ 95; Chepurnov & Lazarian 09



Turbulent energy cascade
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https://commons.wikimedia.org/w/index.php?curid=64829708



Turbulence dynamo

agnetic field

Turbulent motion
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Turbulence dynamo

Turbulent energy spectrum
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Diffusion of magnetic fields

resulting in inefficient dynamo stretching of magnetic fields




D=(434+0.3) X10"19m2g-1

Linder et al. 1976

Molecular diffusion



Molecular diffusion Turbulent diffusion



Molecular diffusion Turbulent diffusion



Molecular diffusion Turbulent diffusion

Diffusion of magnetic fields

Resistive diffusion

Turbulent diffusion
Ambipolar diffusion

(partially ionized medium)



Turbulent diffusion of magnetic fields

Heusen 2017




Turbulent diffusion of magnetic fields

Turbulent magnetic reconnection | Lazarian & Vishniac 99

Heusen 2017



Molecular diffusion Turbulent diffusion

Diffusion of magnetic fields

Resistive diffusion

Turbulent diffusion
Ambipolar diffusion
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Nonlinear turbulent dynamo

Goldreich & Sridhar 1995; Lazarian & Vishniac 1999



Nonlinear turbulent dynamo

Numerical studies: e.g., Cho & Vishniac 00; Cho+ 09; Beresnyak 12

Our analytical theory: Xu & Lazarian (2016)
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Turbulent diffusion of magnetic fields Dynamo Efficiency




Kulsrud & Anderson 1992

Xu & Lazarian 2016
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Molecular diffusion Turbulent diffusion

Diffusion of magnetic fields

Resistive diffusion

Turbulent diffusion
Ambipolar diffusion

Linear dﬁjhamo Nowlinear d:,namo




Linear Damping Dynamo




Turbulent dynamo in a partially ionized medium

NASA, Hester and Scowen

NASA/JPL-Caltech




Turbulent dynamo in a weakly ionized medium

Neutral-ion collision frequency V. =y, P;
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Turbulent dynamo in a weakly ionized medium

Neutral-ion collision frequency V. =y, P;

in ni
lon-neutral collision frequency v . =y, p_
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MHD turbulence in a weakly ionized medium

Strongly coupled Weakly coupled Decoupled
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Coupling state Strong coupling  Weak coupling  Decoupling

MHD turbulence WA < Vni Vni < WA < Vin WA > Vin
Turbulent dynamo I' < vni vni < I' <vip I' > vin

Xu et al. 2015; 2016; Xu et al. in prep



Damping stage of dynamo

Weakly coupled
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Damping stage of dynamo

Mk = Moo (3 [raae) (£
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Magnetic energy: Ev(t) = 5 M (k,t)dk.
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Xu & Lazarian (2016)



Damping stage of dynamo

Our analytical theory: Xu & Lazarian (2016)
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ionization fraction turbulence driving condition

Weakly coupled
| B~t
. v
_ 99
- Most turbulent energy carried by neutrals

cannot be converted to the magnetic energy.
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Numerically tested dynamo theories:

Ambipolar diffusion Turbulent diffusion

Damping dynamo Nonlinear dynamo

Our analytical theory: Xu & Lazarian (2016)

Numerical tests: Cho & Vishniac 00; Cho+ 09; Beresnyak 12; Xu et al. in prep

Astrophysical applications:

* Formation of first stars
» Interstellar magnetic fields

« Magnetic field amplification and CR acceleration at shocks



