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- Big questions in co.smic. ray physics:

o What are the sources of the high-energy particles called
cosmic rays? ‘

o How does nature accelerate particles to higher
energies than is possible in man-made accelerators such _
as the LHC?

o What is the engine of the brightest and most violent
explosion in the universe!?

o Can cosmic rays provide insights about the nature of
dark matter? ;



CosMIC RAYS AND
TURBULENCE
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. FROM LAMINAR FLOW TO
TURBULENCE CASCADE
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Astrophysical fluids are turbulent as
. Reynolds numbers of flows are high

Astrophysical flows have Re>10'°,



B FIELDS ARE FROZEN IN AND COMOVE
WITH ASTROPHYSICAL FLUID!
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Importance of wave-particle
interaction: Fermi II .

Stochastic

Acceleration:
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| Importance to Fermi I acceleration

e Shock Acceleration ® Reconnec.tlon
Acceleration

Turbulent model
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BIG SIMULATION ITSELF
IS NOT ADEQUATE

It's time to I'm not hugging —~ e , _ .
embrace new you until you get ® big numerical simulations

tEChY\O'OgY! theSe StiCkY " ﬁt reSUItS due to the
notes off me.. . . !
existence of "knobs" of

free parameters (see, e.g.,

/).

® Self-consistent picture can
be only achieved on the
basis of theory with solid
theoretical foundations

and numerically tested.
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Qutline.

a. Particle Scattering in tested model of MHD turbulence
.b. Cross field transport in MHD turbulence

c.Turbulent reconnection model for Y ray burst (GRBs)



Qutline.

a. Particle Scattering in tested model of turbulence



MHD turbulence can be decompsed

Zami

Goldreich & Sridhar 1995;
Lithwick & Goldreich 01

E @0

Cho & Lazarian 02




Contrary to common belief; Scattering
in Alfvenic turbulence is negligible!

1. anom walk 2. “steep spectrum”
E(k i )N k i -5/3, k L~ L1/3k//'3/2
e E(k;) ~k;*

Steeper than Kolmogorov!
Less energy on resonant
scale

scattering efficiency is reduced
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Prediction from NLT is confirmed
by simulations
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— == Magnetic field

Scattering frequency

Mirror interaction dominates scattering at large pitch angles o. (including 90°),
and gyroresonance with fast modes is dominant for small pitch angles. 16



Major Implication: CR Transport .
varies from place to place!

Confinement of CRs in different phases of ISM

Yan & Lazarian (2008)

Observational support on
nonuniform propagation of
CRs (AMS 2010; Fermi-LAT
2011,2012; PAMELA 2011):
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Ex |l of implications: Palmer
consensus explained!
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Flat dependence of mean free path can occur due to
collisionless damping!




PROPAGATION IN PARTIALLY
IONIZED MEDIUM -

CR’s mean free path in MC
0.1 . |
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Example implication: B/C ratio

Evoli & Yan 2014
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Log Kinetic Energy [GeV/n]

| GeV peak of B/C ratio can be produced without
introducing the reacceleration!



IDEA OF FAST MODES
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=~ < FIELDS

seen face on

Log[¥N(p)

| ! \ 1)) 1 Il Il Il
3 4 ¢ 2

- Log(p/m _c)

Log(y) g\p/myc)

Figure 8. Left-hand panel: Time evolution of the spectrum of relativistic electrons as a function of the Lorentz factor. Right-hand panel: Time evolution of
the spectrum of cosmic ray protons as a function of the particle momentum. In both panels calculations are reported for: = 0,4 x 10'>,8 x 10'°,10', 1.2
x 10'® s from the start of the re-acceleration phase. Calculations are performed assuming (Vi_/cs)* = 0.18, Lo = 300 kpe, ngy = 1073, kgT = 9keV, B =

| uG and redshift z = 0.1 (for IC losses). Brunetti & Lazarian (2007)




Acceleration by fast modes is an important
mechanism for electrons!

& }’ : “ "/k,- @\5; N
y :_: % e .,f TR R L
—A(F)E N
Tesp whistler| B¢ e
n G

T
---loss

electron acceleration

X Accelerafio

Comparison of rates

Kinetic energy

Detailed Study of solar flare acceleration must include fast, modes
and their damping (Yan, Lazarian & Petrosian 2008).
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* Dust dynamics is dominated by MHD
turbulence! : -
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Grains can reach supersonic speed due to acceleration by turbulence and
this results in more efficient shattering and adsorption of heavy elements
(Yan & Lazarian 2003, Yan 2009, Hirashita & Yan 2009).



B) CROSS FIELD TRANSPORT
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Is there subdiffusion (Ax2ocAts, a<l) ?

e’ Subdiffusion (or compound diffusion,
Getmantsev 62, Lingenfelter et al 71, Fisk et

al. 73, Webb et al 06) was observed in
near-slab turbulence, which can occur
on small scales due to instability.
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Diffusion is slow only if particles retrace their trajectories.
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« Observational evidence from solar ‘wind

Interplanetary magnetic field
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Fig. 2. Heavy ion C, O, and Fe fluxes measured on both ACE (blue
and Ulysses (red) in the July 2000 event.
from Maclennan et al. (2001)
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Observations do not support the slow subdiffusion as discussed often

in literatures (Getmantsev 62,Fisk et al. 73, Ko' ta & Jokipii 2000; Mace et al. 2000; Qin at al.

2002;Webb et al 06). =



General Normal Diffusion is observed in
simulations!

compressible tu:“b1ule})i_ EXuI& Yan 2013)
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Cross field transport in 3D turbulence is in general a normal diffusion



Cross field transport is normal diffusion on
large scales

Theoretical prediction: Numerical simulation

the best fit

Dy = DyM;

M4=0B/B
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Field lines are superdiffusive
on small scales -

(Ix1() — x2(t)|?) ~ ¢>.




TABLE 1

REGIMES OF MHD TURBULENCE AND MAGNETIC DIFFUSION
Type [njection ~ Range  Spectrum  Motion Ways  Magnetic Squared separation
of MHD turbulence  velocity — of scales k) type of study  diffusion of lines

Weak Vi<Va  lvans, L] kiz wave-like — analytical  diffusion «JsLﬂli
Strong anisotropic

subAlfvenic Vi <Va lins ltrans] kla""':; eddy-like  numerical  Richardson ~ %:\11
Strong isotropic

superAlfvenic — Vp > Vi |y, k;”'{x eddy-like  numerical Richardson N %
Strong anisotropic

‘ ' y ’ ’ : ,"'3 ' ' ' \‘;
superAlfvenic Vi, > Vi [lin), k | . eddy-like  numerical Richardson ~ 7MY




. 1l. ACCELERATION AT
SHOCK W. FINITE ‘S1ZE

U N[ LI . o\° [ b \° [104u\* ,
Fmaz = 32 —M — — MeV - :
( 400km /s > ( 100Au A) < 90Au ) ( A ) .
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C). TURBULENT RECONNECTION MODEL
FOR GRBS

H: - I - HH

(a) Initial collisions only distort magnetic fields

Zhang & Yan (2011)

H: - B

(b) Finally a collision results in an ICMART event

Bursty reconnection occurs as a nonlinear feedback of the

increased stochasticity of B field.



TURBULENT RECONNECTION
TRIGGERS A GRB AT LARGE R

Distance Scales in the ICMART Model

central engine
R~10"cm

o=0,y>>1

Emission suppressed
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Internal Collision triggered Magnetic Reconnection (ICMART)
model provides a natural explanation for highly magnetized
GRBs (Zhang & Yan 2011,~ 60 citation/yr)



Variabilities of light curve are
naturally explained!

slow variability component fast variability component
related to central engine related to turbulence

Zhang & Yan (2011)




Summary

MHD turbulence is a key player for particle transport and
acceleration.

Compressible fast modes dominates CR. CR transport therefore
varies from place to place.

CR perpendicular transport 1s diffusive in large scale turbulence
and superdiffusive (SDfon small scales.

Existing codes (GalProp, Dragon, etc) are to be modified to
account for these new understandlngs.

In the presence pf tu}”bulence, shock a(;celgtration 1S in.sens.itive to
maglnetlc field direction. The acceleration 1s iny efficient if
locally generated small scale turbulence dominates.

Reconnection Acceleration in turbulence is important channel for
energetic events in highly magnetized objects.



ICMART
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(a) Initial collisions only distort magnetic fields

E
DAS:

(b) Finally a collision results in an ICMART event

MODEL

Astrophysical systems are not perfectly symmetric
systems. For example, current-driven kink
instability may develop in the jet (e.g., Mizuno et
al. 2009a), which would introduce a slight
misalignment of the magnetic field axes in two
consecutive “shells.” This would result in a small
cross section near the magnetic axes that have
opposite orientations in the two shells




