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LONGSTANDING PROBLEMS OF
CosSMIC RAY.RESEARCH

® Ad hoc turbulence models

. ® Inadequate description of the interactions
between MHD perturbations and particles, e.g.
90 degree problem.

® Perpendicular Cosmic Ray (CR) transport
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Quasilinear theory is not-adequate

-

®  Long standing problem: 90 degree scattering
K .= Q/v—x, the scale is below the dissipation.scale
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of turbulence :D No scattering at 90°7? |:> A —>0?!

Nonlinear theory:

A key assumption in In reality, the guiding
Quasilinear theory: \:> Cenfer is perturbed,
' especially on large scales,

guiding center is .
unperturbed Zo=vut; z=(vu = Av)t.




- Nonlinear broadcniﬁg of resonance
solves the 90° problem!

On large scale, unperturbed orbit assumption in QLT
fails due to'conservation of adiabatic invariant v,*/B
(Volk 75).
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Comparison w. test particle simulation

Xu & Yan (2013)

Particle trajectory
— Magnetic field

Transit time damping (resonant mirror)
dominates scattering of most pitch angles
except for small ones.



*CROSS FIELD TRANSPORT IS’
IMPOSSIBLE WITHOUT O B
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' Perpendicular transport

o Dominajced by 'field line |

Wandering.
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Test particle simulations

. . with realistic turbulence
Intensive studies:

e.g., Jokipu & Parker 1969, Forman 74, Urch
77, Bieber & Matthaeus 97, Giacolone &
Jokipn 99, Matthaeus et al 03



Is there subdiffusion (Ax2=Ate, adl) ?

e  Subdiffusion (or compound diffusion, Getmantsev 62,
Lingenfelter et al 71, Fisk et al. 73, Webb et al 06) was
observed 1n near-slab turbulence, which can occur
on small scales due to instability.

Az? x Az
* ' 2 /
Az2 X D”At A.’E > Atj

*Diffusion is slow if particles retrace their trajectories.

What if we use the tested model of turbulence?



Subdiffusion is not typical! :

In turbulence, particles’ trajactory bécome -

indep‘endent when field lines are separated R in
by the smallest eddy size , 11 min. W)JL -

The separation between field lines has a Lyapanov type growth,

provides Rechester-Rosembluth distance, Lrr =lii,min log(l.Lmin / 4 ;\4
r) (Narayan & Medvedev 01, Lazarian 06) (’\\ \ / . )
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Subditfusion only occurs below L1 min! _ Particle trajectory

Beyond |1 min, normal diffusion applies (Yan & — Magnetic field
Lazarian 2008). :



Prediction for perpendicular %mnsporf

(A | ) L)
®Ma< 1, CRs free stream over distance L, - %%
thus  At=(R/L Mp2) LIy, 7~

D, =R?/At= 1/3Lv M,*

(differs from the M,? dependence in
literature)

Perpendicular dirfusion depends on
M, =068B/8,,.



Nuinerical result for perpendicular diffusion
(> 1) '

the best fit
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Xu & Yan 2013

Cross field transport in 3D turbulence is in general a normal
diffusion, which has a M ,* dependence!
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Perpendicular diffusion | (2&,, < L)

Prediction: M, <, D, = D Mp*

Numerical result:

the best fit

M ,* suppression
compared to D, 1s
confirmed!

Xu & Yan 2013




CROSS FIELD. TRANSPORT IN
SOLAR WIND IS FAST!

Solar Wind
Speed

400 km/s

particles / (cmzsec sr (MeV/nuc))

Carbon: 0.55 - 5.33 MeV/nucl
0.47 - 5.20 MeV/nucl

-
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Oxygen: 0.57 - 6.05 MeV/nucl
0.49 - 6.00 MeV/nucl

[ron: 0.25 - 8.15 MeV/nucl
0.23 - 10.71 MeV/nucl
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vy ion C, O, and Fe fluxes measured on both ACE (blue)
ses (red) in the July 2000 event.

from Maclennan et al. (2001)




Field lines are superdiffusive
on small scales -

RMS separation of lines

Lazarian, Cho & Vishniac (2004)

(Ix1(t) — %2(t)|?) ~ t°.




SUPERDIFFUSION OF CRS
IS OBSERVED .

.
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field lines

Consistent with earlier theoretical predictions (Narayan & Medvedev 2001,
Lazarian 2006 for thermal particles; Yan & Lazarian 2008 for CRs)



-SUPERDIFFUSION HAS M,*
DEPENDENCE .

® Theoretical predict'ion

® Numerical result
Xu & Yan 2013

the best fit

((62)%)
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x Mg.8~4:0.78




Summary

Changes in the MHD turbulence paradigm necessitates revision
of particle’s transport theories.

CR scattering i1s dominated by broadened TTD (resonant mirror)
interaction for most pitch angles but small pitch angles, including

90 degree.

Subdiffusion does not apply.

On large scales, CR perpendicular diffusion is suppressed by
M ,” compared to parallel diffusion.

On small scales, CR transport 1s super-diffusive, has a dependence
of /M 7in sub-Alfvenic turbulence.

Implications are wide, from thermal conduction in turbulent
medium to turbulent reconnection.



