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Stochastic particle acceleration in solar flares
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Reconnection and
magnetic tension lead to
outflow, which excites
turbulence in a number of

wave modes (e.g., Petrosian, Yan, &
Lazarian 2006)

Electron acceleration by

fast magnetosonic waves
(e.g., Miller et al 1996)

lon acceleration by high-
frequency Alfven/ion-

cyclotron waves (eg., miler &
Roberts 1995, Liu, Petrosian, & Mason 2006)




Coronal heating

'D_>> T|| for O* in coronal

holes (fast solar wind)
(Kohl et al 1998, Antonucci et al 2000)

(SOHO/NASA)
Strongly suggests ion

heating by high-frequency
waves.

MHD turbulence is one of
the proposed sources of
these high-frequency waves

(NCAR/HAO)




Incompressible MHD turbulence
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¥ But, incompressible MHD

P assimes" = 8#p/B?" #
P negleds fast magnetosonic wave (OfastwaveO

Shebalin et al 1983
Ng & Bhattacharjee 1996
Goldreich & Sridhar 1995,1997
Galtier et al 2000
Cho, Lazarian, & Vishniac 2002
Boldyrev 2006




MHD waves at low !

Alfvenwave: ! = k,vp
fast magnetonic wave (Ofast waveO):! = kva
slow magnetosonicwave (Oslav waveO): ! = K, G

In this talk, | consider only Alfven waves
and fast waves




Weak turbulence calculation
[Chandran, Phys. Rev. Lett., 95, 265004 (2005)]

¥ 11 1 dropslow magnetosnic wave, drop "nsast
¥ keep Alfven wave (# = kjva) and fagt wave (# = kva).
¥ reonant 3-wave interactions:
D #¢ = #p+ #q
p$= 5+ &
¥ AAA interactions = interactions among 3 Alfv en waves
¥ FFF interactions = interactions among 3 fag waves
¥ AFF interactions- 2 fag waves and 1 Alfven wave
¥ AAF interactions - 2 Alfven wavesand 1 fag wave
¥ Ay = 3D Alfven wave power spedrum

¥ Fy = 3D fast wave power spedrum




Wave kinetic equations for weak turbulence
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ANALYTIC PROPERTIES:
* energy conservation
* realizability
 equipartition solution

M, = —p m—(coso+ 1/2)(k [+ p m+q n),
My = 2k, I+2p m+q.n, * AAA term: Akoc;q3

* FFF term: 1o
My = My+Ms, My = Ms+Ms, Ms = My+Ms, Fi o h(®)k

My = Myo+Myn, M = Miz+My, Mis = Mg+M7,

= cos(oy) m = cos(o)) n = cos(oy)

= sin(cy) m = sin(c)) n = sin(cy)




Energy cascade mechanisms. |.

(requires oppositely directed Alfven waves)
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Energy cascade mechanism |: AAA interactions
| = xk,va. (k! k)
Nead oppostely directed waves
Frequencymatching: !,="!,+1,
"#H k,va = pval qrva
H# k.= p:" ¢
Wavenumber matching: &k, = p., + q¢..

Combine: k£, = p, and g, = 0. Kk 4




BEFORE COLLISION:
l” field line
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DURING COLLISION: each wave packet follows the field lines

of the other wave packet (Ng & Bhattacharjee 1996,
Maron & Goldreich 2001)

AFTER COLLISION: wave packets pass through each
other and are sheared
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Energy cascade mechanisms. Il.

k 1
FFF interactions, g ! k' 172
try to make Fi ! k' 7?2
(Cho & Lazarian 2003,
Zakharov et al 1992)
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Energy cascade mechanism Il: FFF interactions

I = +Kva.
Wavescan interact when propagating in same direction.
E.g. choose plus sign for all three waves

Frequency matching: kva = pva + Qva
1" k=p+q

Wavenumber matching: k = p+ 4.

1" All three wave vectors must point in same dir ection.




Energy cascade mechanism lll: AAF and AFF interactions
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Structure of “symmetric solution”
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Numerical solutions to wave kinetic equations
(Chandran, Phys. Reuv. Lett., 2005)
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Numerical solutions to wave kinetic equations
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Numerical solutions to wave kinetic equations
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Structure of solution without counter-propagating
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Additional points

+ fast waves refracted back towards Sun in
transition region, but can be generated by
Alfven waves in the corona.

 anisotropic input




Some open questions

Validity of weak turbulence theory

Role of slow magnetosonic waves and
entropy mode

Transition to ion-cyclotron and whistler
waves near the ion cyclotron frequency

Amount of forcing in corona and solar
flares




Summary

 MHD turbulence is key for solar flares and
coronal heating

* Incompressible MHD turbulence does not
produce high-frequency (cyclotron
frequency) waves

* Fully compressible low-beta MHD
turbulence does.




