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Length range of interstellar turbulence
spans over 10 orders of magnitude

Andrey Kolmogorov (1903-1987)

Kolmogorov law of turbulence
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Very limited length range of simulated turbulence

Turbulence length scales in the ISM [m]
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Turbulence has different properties

in the multi-phase ISM

Temperature

Turbulence spectral index
vs. length scale

Magnetization
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Simulations of turbulence in the partially ionized ISM
are very expensive

lonization fraction in the ISM

wWiM WNM CNM MC DC
| | | | .
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two-fluid numerical simulations
*extremely time consuming

Brute-force numerical studies of interstellar turbulence is
beyond current computational resources.




Analytical theories of interstellar turbulence
are advantageous

100 pc pc AU 1000 km

WIM WNM CNM MC DC

Testable: numerical simulations

Applications and predictions: a wide range of astrophysical problems
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Interstellar magnetic fields

Turbulent dynamo




Cosmic magnetic fields are generated by dynamo
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Turbulent dynamo amplifies magnetic fields

Turbulent motion Magnetic field

Growth < l

Dynamo efficiency

> Dissipation




Understanding of both plasma and turbulence physics
is required for studying turbulent dynamo

.

Resistive diffusion Ambipolar diffusion

Turbulent diffusion Turbulent reconnection

Kazantsev 1968; Goldreich & Sridhar 1995; Lazarian & Vishniac 99; Xu+ 2015; 2016



Disagreement between
numerical experiments & earlier theories

Nonlinear turbulent dynamo

Numerical studies:

Inefficient dynamo

e.g.,
Cho & Vishniac 2000;
Cho et al. 2009;

Beresnyak 2012

Analytical studies:

Efficient dynamo

e.g.,
Kulsrud & Anderson 1992;

Schekochihin et al. 2002;

MHD turbulence theories:

numerically tested

Goldreich & Sridhar 1995;
Lazarian & Vishniac 1999




New analytical theory of nonlinear turbulent dynamo
consistent with numerical results and provides predictions

Xu & Lazarian 2016, ApJ, 833, 215

e Magnetic energy: E =&+ %e(t — ter).

V] (V)

o Magnetic field length scale: k, = [kc_r 34 f,—geél' (t — tcr)]

3 ek T

e Dynamo timescale: Tnl = urf — * turi



New analytical theory of nonlinear turbulent dynamo

consistent with numerical results

Xu & Lazarian 2016, ApJ, 833, 215

e Magnetic energy: E=Ex+ %e(t — ter).

/

RS —*f Low efficiency: a small factor of turbulent energy transfer rate

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



New analytical theory of nonlinear turbulent dynamo

consistent with numerical results

Xu & Lazarian 2016, ApJ, 833, 215

I
V] (V)

=
o Magnetic field length scale: k, = [k'cr -

Numerical measurements:

Brandenburg & Subramanian 05
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New analytical theory of nonlinear turbulent dynamo
beyond numerical simulations

Xu & Lazarian 2016, ApJ, 833, 215
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Interstellar magnetic fields generated by turbulent
dynamo agree with observed field strengths

Turbulence driven by supernova explosions I = 30pc, V; = 10kms ™ *

WNM CNM MC DC
nglem ™3] 0.4 30 300 104
ne /Ny 0.1 103 104 10—
T[K] 6000 100 20 10
Twonlkyr] 1.9x104 19x10%4 19x10* 1.9 x 104
Bion [t Gl 3.0 25.1 79.5 458.1

Xu & Lazarian 2016



Interstellar magnetic fields generated by turbulent
dynamo explain observed field strengths

Turbulence driven by supernova explosions I = 30pc, V; = 10kms ™ *

WNM CNM MC DC
nglem ™3] 0.4 30 300 104
ne /Ny 0.1 103 104 106
T[K] 6000 100 20 10
Toonlkyr] 19x10% 19x104 19x10* 1.9x 104
Boon [1t Gl 3.0 25.1 79.5 458.1

High-redshift galaxies have interstellar field strengths comparable to local galaxies.

Xu & Lazarian 2016



New analytical theory of turbulent dynamo
in partially ionized ISM

Xu & Lazarian 2016, ApJ, 833, 215

3 3
Evolution law: | \/En = \/EM1 + %C_%L_%VL2 (t—1t1).

WIM  WNM CNM MC DC
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New analytical theory of turbulent dynamo
in partially ionized ISM

Xu & Lazarian 2016, ApJ, 833, 215

Evolution law: | \/Ey = \/Ep1 + %C_%L_%VL% (t—1t1).

Numerical testing:
Two-fluid dynamo simulations

RIEMANN code see Balsara 2004

R L Pi / Pn Vims ¢s Mao lapo
10243 256 —512 1.26 x 1073 0.2 1 500 12.8




New analytical theory of turbulent dynamo
in partially ionized ISM
confirmed by two-fluid numerical simulations

Evolution law: | \/Err = \/Ef + C__L_“V% (t —1t1).
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New turbulent dynamo theories
have an extensive range of applications

@ stars and gala@ Qus’rers of galaxiD
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Analytical theories of turbulent dynamo
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GM of our GalaxD @rnovcx remnants (SNRs)




Example I: magnetic field evolution
during the first star formation

Our new findings:

* Dynamo has multi-evolutionary stages

* Dynamo timescale is longer than the free-fall timescale

B [G]

Our analytical prediction:
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Field strength vs. time

Xu & Lazarian 2016

Filed length vs. time
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Example II: magnetic field evolution in weakly
magnetized molecular clouds

Our analytical prediction: Xu & Lazarian 2017

Evolving magnetic spectrum
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Example III: magnetic field evolution in SNRs

Numerical measurements:  Our analytical prediction:
Inoue et al. 2009 Xu & Lazarian 2017
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Example III: magnetic field evolution in SNRs

Numerical measurements: Our analytical prediction:
Inoue et al. 2009 Xu & Lazarian 2017

| ® Low dynamo efficiency \

X-ray hot spots
are located at
more than 0.1
pc behind the
shock front.
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New nonlinear turbulent dynamo theory
New turbulent dynamo theory in partially ionized ISM
consistent with numerical simulations
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Analytical theories of turbulent dynamo




Interstellar magnetic fields

Turbulent dynamo
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