Non-thermal particles

Lecture 19
April 3, 2017



Fokker-Planck eq: what it means

f.(x, v) = phase space density of species o ( = e, p)
averaged over ensemble of particle configurations

F(x,v) =g, E(X)+q, ~xB(x) Force felt by each particle in
¢ ensemble @ (x, v)

ensemble- A
averaged VxB_—J(X)—ﬂ [vfp(x,v)—vﬁ(x,v)]fv
fields ¢ ¢

& similarly for E(x)

o, 9 _ 0 [E(x,V) _ 9 /Ay, 1 9’ Av,Av;
ot ax.(v’f") av,.l m f“] v (<At>f“) 2avav (< At >f")

N

Mean effects from fluctuating forces —
averaged over ensemble




One use for F-P eqn.
linear plasma waves

e.g. Maxwellians

1. Start w/ static,

(©) 0) _ 0) _ N
uniform solution to F-P: Jo (v) EV=0 BY=Bgz
2. Add small, plane-wave S (X% v.0) = ;7 (V) + £ (V)"
perturbation

E(x,r)=EVe™ ™ ot

3. Expand F-P to linear order in perturbation

A n £(1) ) /. R
ciof =ik v) 7 - e (vpi) So e B (0L V)

o Ame A A A
BY =i— kxf[pr(l)(V)—er(l)(V)]dBV & similarly for E()

ck

linear integro-differential equation



4. Solve linearized eqgn. for particular k

Find many solutions: . )

* eigenfunctions... W £ W)

« ..eigenvectors.. E® B® (transverse, longitudinal, ...)

e .. and eigenfrequencies (k) — wave modes
* e-freqs complex — —
Im(w) < 0: damped
Im(w) > 0: unstable 10*
z
Z
* all dependant }3 10
on choice ©
o o O ol - T T T T T L
of equilibrium =, 10
(0) =
fo (V) \é’ ,]O—j._?
B = B,z k-b=cos(60°)
10_4 B L 1 1 1

107" 1072 107 10%



For many solutions (waves): |w(k)| >> Tt = A(v)/v

=>» can neglect collisions i.e. discard A (v) & D;(v)

solve collisionless F-P eqn. a.k.a. Vlasov Egn.

* initial solution, f_(%(v), need not be Maxwellian —
many distributions work

 still find damping

i.e. Landau damping ©

* sometimes find ®

instabilities S

] —

=» growing waves —
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3
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MHD —
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small k




New meaning for Fokker-Planck

3 many random linear waves = small random E(x,t) & B(x,t)

f.(x, v) = phase space density of species o ( = e, p)
averaged over ensemble of particle configurations
AND ensemble of random waves

ensemble- g g = 27 Jx)= 27 (v £,(x) - v £.(x,W)]dy

averaged fields c c

WILL NOT include the waves & similarly for E(x)

Oy 0oy d[Exv) ] _ 0 (/Aav\ ), 18 (/AvAv,
ot ax.(vifo) BV,-l m fo] 8V,-(< >f) 2 v,V , (< >f")

N

Mean effects from fluctuating forces — averaged over
particle ensemble AND wave ensemble




New meaning for Fokker-Planck

diffusion includes 1<Avl.Avj

2 components 2\ A7

between discrete particles —
collisions (as before)

spectral density of
plasma waves

effect of random forces from
turbulence of plasma waves

2 [ 1
m




New meaning for Fokker-Planck

9 (/Av, 1 9° AvV,Av
- IV, (< At >f0) * Eaviav]. ([< At )fa)

diffusion includes 1<AlevJ.

2 components 2\ A7

Jo

Yo _ —i(Vifa)_ ° lFi(X,V)

ot 0x; ov,l m

_ _ (col) (turb)
> =D, = D" +D|

Energy £ =%mng2fo(X,v)d3v
Saw in last lecture that Dij(co')
from elastic collisions will conserve particle energy.

Q: Do we expect D, ("™ to conserve particle energy
as well? Decrease it? Increase it?



lllustration of turbulent effect

Simplest case: unmagnetized plasma B =0
(but not most relevant)

largest force from _(F i(kx-wt) 73
random electric field E,(x.1)= f‘Ei(l'(,w)’e d’kdw

random Fourier coefficients

Ensemble of random fields:
* Fourier coefficients Ei(k,u)) are random complex variables

e Zero mean <1:3i(k,CU)> =0

* Variance specified by spectrum W;(k,w)



E,(x.1) = [ E(kw)e“d’kdw

(E,(x.DE;(x,1))= f d*kdw f &’k de'e " (E (K,w)E (K,0))

Stationary homogeneous turbulence =
correlation only between E(k,w) and E(-k,-o)

<Ei(k,a))Ej (k',a)’)> _ yvij (k,a))lé(k + k')?(a) N w,)'

spectral stationary
density
avgs. indep. 3
ixort (EXDEx.0)= [dkdoW,(kw)=(EE,)

energy density in 1 1 3
e =—(EE)Y=—|d’kdoW. (K,w
turb 8.7T< i z> 875 f u( )

turbulent waves:



velocity change
due to waves

At At At
Av, = [v,(0dt= [LE dt =L [E (ve,0)dt
0 m m 0

\

motion of free

using B (vi,n) = [ E,(k,w)e""™ d’k dw particle {unaffected

by waves)

(AVAV,) = th—Af t tdt’ [dkdo [ d3k'dw'e“"'v-w”e“k"v-a’”’<Ei(k,a))13: j(k',w')>

0

and using  ( £,(k,0)E, (K',0)) = W, (k,0) d(k + k) §(w+ o)

yields

correlation <AV Av, > Zt_fd kdoW,K,w)

fdtfdt’ i(ev-m)i=t) ]

J

Y
what is this?



assuming At >> fdt' i(w-kv)? ~fdt' i(w-kv)t —78(w-Kk-V)
wave periods

At At

At
> fdtfdt' i(ev-w)(r-1) fdma(w-k-v)=Am5(w-k-v)
0

forf
dt dtl ei(k'V—a))(t—t') :|
0 0

2
= At [ dkdoW,(k,0)d@-Kk-V)
m \ y J
Doppler resonance: w’ =0

> (AVAV,)= ;—22 f dkdoW,(k,o)

Fokker-Planck coefficient

AV.Av . 2
D.(.t“rb)(v)=—< M VJ>=%e—fd kdw W, (ko) 6@-k-v)
" .

| |

spectral in resonant
density waves




D™ (v )_—— [ d*kdw W,k,w) 8@-k-v)

Can express
diffusion in
form

v dependence from
resonance in spectral rl.].(v) =
shape alone

Dgurb) (V) _ 4‘7_52

2

€
7 (V)
m

N

oc to energy density
of turbulence

[ dk W,(k, k- v)

[dkdw W,,(k,w)



Turbulent Diffusion —
more relevant examples

magnetized plasma 2 Jiy>0 (27
(Moghaddam-Taaheri et al. 1985) k 2
X Wk (t )( 1v1) a(ﬂ?w e k" U" ).

@, /

resonance conditions

l

d*k 1
D.. :Z m? / TPV, mow(k) — kyjvy — nflc]ajay,,

harmonic

Lower-hybrid waves in a Doy i) =T d’k ("‘a )2

EM waves in a magnetized plasma
(Karney 1986)

FMS waves — wave-particle interaction via moving
mirrors (Miller et al. 1996)

) p\*1[ ¢ ATEN N ck)
Dy ={mey g 8 (mc) y? (|1’|| |) (1 - Uu)(C) UBL dk(gn Walk)




of, 9 A [FE&xw) ] 9 (/A 1 9" (/AvAv,
o ax,.(v"f“) avi[ m f"] avi(<At>fa)+26Vi8Vj(< At >f")

1 /AV,Av,
=D, =
2 At /
Collisional diffusion: from e
. c . : Turbulent diffusion: from
particle-particle interactions o ,
wave-particle interactions —

—drives f_(x,v) toward a _
?2?2?
Maxwellian (LTE) drives f (x,v) toward ??:

| 47’[6 AI’L,V 0., (turb) o) 82
ur
Dl§co )(V) - rms U Dij (V) = 4.777 m turb l] (V)

3
m \"

Q1: which term dominates?
in which part of phase space?

Q2: what form does f_(x,v) take
where D™ dominates?



0.1

Q1: which term dominates?
in which part of phase space?
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ur e’ say p = -1 1
D(t b)( )= i Eury Ty T.(V) (p > -3) rij (V) = E
( I (turb) 1 /
of i, D; 7 (v) of Wave number
— | ==—FAW)|f- . h terizi
ot ), . A(V) v, characterizing
: - /- spectrum
(turb)
A (v)=- 4re’An v, SO D;"” () =— jzwturb— v i
m2 V3 Ai(V) e nAk \F

L) -0 = SO w o Ak

), TE

| turb

power law
spectrum See Bian et al. (2014)



Wave-particle e’ €
P Dgurb) (V) -4 J'L'2 turb

interaction w/ m? kv

foy < V[T goenAk
JUE

turb

* Produces power law tail in distribution function

* Energy source: turbulence of waves

* Acceleration via wave-particle interaction

* more vigorous turbulence = harder spectrum
(i.e. smaller )



N(E)mc® [em™]

Stochastic acceleration in action
Miller et al. (1996)

FMS waves — wave-pa rhc'le DU (y) Tk ve
interaction via moving mirrors 2z turb
8 mn
Maxwellian FMS wave turbulence
108 L coré' T PP - . . . —
C b
[ \ 10-8 time ‘
el N
100 MMM 10_10 1 AL N ,
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Diffusive Shock acceleration

Assumes wave turbulence™ producing little/no energy
change [sic] but very effective pitch angle scattering

7 T (turb) 7
8f(V,M) _ i D(tV af + J D002 (1—[12)%
o0 ) 0V oV ‘8/1 \% ou ,
Y
dominant term
V2 8~
T, ~ I i< v small S _fz |sfoto:0|c.?|str|but|on
66 ou of velocity

“little/no energy change” — yet still the waves can
lead to particle acceleration — given a shock

* Alfven wave turbulence has this property



Fact 1: Strong pitch angle scattering leads to a
random walk along field line =» spatial diffusion

UV
" v W3V
> S
T ~ V2
1 : 2 " Dy
As = v, 3
Ranc?lom.wallfé Lol
spatial diffusion K~<MVAS>~ <M T, > A% ‘_I;Déf;“b) du

w/ coefficient



of BUT pitch angle depends on
— = reference frame... in which

ou frame is it isotropic?

Isotopic
distribution:

A: It is isotropic in reference frame of the fluid in which
waves are propagating — frame moving at fluid velocity u

Fact 2: Strong pitch angle scattering leads to a
change in energy where V -u#0

Consider a place whereV -u > 0 & define x as the
gradient direction: V -u = du /ox > 0

A particle has velocity v which does not change as it
moves up gradient of u,. What happensto |[v—-u]?



1
1

. Au=Ax(du,/dx)
I |v| cos(0,) (u,/dx)

v, = \/V(Z) +(Au)* =2v,Aucos(6,) =~ v, - Aucos(d,) assume

L ou u<< |v|
Av =V, —v, =—Aucos(8,) = —At|v|cos (Ho)a—x
X
Av 1, (ou 1
—) ===V —==—2vV|(V'u analogous to A(v) in F-P
(o) ==3hle=-5M(w  analogous o A

particles gain energy crossing shock (V -u < 0)



Assuming dominant pitch-angle scattering

(turb)
D 66

v I f _ 9

f Fokker-
+ Uuv -
\ ot 5 ox, odu v’ (I-u ) ou Planck
[ ‘ /\ / l
’ Parker
JACI I _f 1 (aux)vaf+ 9 (Kaf ) cosmic
ot ox 3\ dx ov  ox ray Eqn.

\ax
For rigorous derivations see
Gleeson & Axford (1967), Skilling f
(1975), or Forbes & Priest (2000) 13.3 Dgg"b)




Parker
steady a5}‘%+u 9 _ l(au’“)vaf+ J (Kaf) cosmic
ot ox 3\ ox ov  o0x\ 0x

ray Eqn.
F—0 @ shock
X — —0C0 ul Uz ﬂ:ﬁ:
no NT particles > — u, P
upstream > X
A
| |
: o f ofN 1, af 0 ( af) _0
™ (ulf K ax) 0 ”K@—xﬂ—g(ul uz)Va—Vx=0 Py u,f —K ™
u
fn=pmexs(Lx] - Fxv)= B
JIf||__ 1o :
Ka u,B(v) 3(u1 ) VB(v)
- ™
power B(v)=v £ 3, 3X
law w—u, X-1




f—=0

A= Uy u;
No NT particles > —
upstream

< E——
p— >

W_P_
u, P
X

turbulence scatters

particles back to shock f(x,V) _ fOV—§ X > 0

— shock energized
particles 3X

MHD shocks: 1 <X <4
= oo > E >4

tends to be more effective w/ ions



Shocks are good particle accelerators

SUN
From Prof. Chen — lecture 8 °
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Summary

F-P egn. can include effect of random plasma
waves on particles — wave-particle
Interactions

Effect captured in D;tr)
Can lead to non-thermal tail — incl. power law

Wave-particle pitch-angle scattering + shock 2
diffusive shock acceleration

Viable explanations for NT tail —is it correct?
How could we tell?



State of the field today

e SEP ion acceleration — diffusive shock (general
consensus IMHO)

* Flare acceleration (e~ or ion) — no consensus
IMHO

— SA models popular

— need to account for observations of o(t), E_(t) etc.

— SA models not coupled to global flare model — no

self-consistent energy supply (start w/ given
turbulence)



