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Electron Gyrokinetics (@ Sub-Larmor Scales

kipe > 1 electron Larmor rings are >> spatial scale of e-m fluctuations

w < (),  butelectron Larmor period << time scale of e-m fluctuations
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Electron Gyrokinetics @ Sub-Larmor Scales
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Electron Gyrokinetics @ Sub-Larmor Scales
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Electron Gyrokinetics @ Sub-Larmor Scales
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Magnetic Fluctuations (@ Sub-Larmor Scales

Our equations are electrostatic. Is this a good approximation?
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Magnetic Fluctuations (@ Sub-Larmor Scales

Our equations are electrostatic. Is this a good approximation? — YES:
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Magnetic Fluctuations (@ Sub-Larmor Scales
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Magnetic Fluctuations (@ Sub-Larmor Scales

Our equations are electrostatic. Is this a good approximation? — YES:
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Plan: Theory = Observables

1. Solve this system for A and ¢ :

oh O(y
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Free Energy

1. Solve this system for A and ¢ :

dh B,
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UJ_—p(lth(b v R
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Rather than “solving,” we can resort to Kolmogorov-ology: scalings will be
set assuming constant flux of some conserved quantity, viz., free energy:

3 3
(11 [n( //d va RQF(, . ./d

& ] z //(1 vd‘Rh‘
20y Ne
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free energy

njection collisional dissipation

= (negative definite!)

[AAS et al. 2008, PPCF 50, 24024]




Free Energy

1. Solve this system for h and ¢ :

3 )¢
o8 el e O G G
ot ot
u, = pc Uthe .B V
: kv,
(¥)m = g e ;;5)

; kiv
L';( ‘) — = /(] \"% h _OZ it /d'iV.]()( BI_L)hk
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Rather than “solving,” we can resort to Kolmogorov-ology: scalings will be
set assuming constant flux of some conserved quantity, viz., free energy:

©° h hC'[h]
3 3 3 \ g .28 L
”[ne//d V(]R_QF() +~ ./d ] = //(1 vdR //(1 vd'R 7,

free energy injection collisional dissipation
=F (negative definite!)

NB: free energy has to get to small scales in velocity space, to dissipate.



Free Energy

In general, the free energy in ¢ f kinetics is

\ ) <
F Z'j;(s.s_' Zz o“/d vd’r f, hl/] Z //(/ vd ")I(l,f'“
Os

2
o Sy S 3. Y | in our case
=n.T. |in( //(1 vd' R‘?Fn +‘/(l rQ(J

Kruskal & Oberman 1958 Howes et al. 2006

Bernstein 1958 Schekochihin et al. 2007-09
Fowler 1963, 68 Scott 2010

This has a long history: Krommes & Hu1994  Banon, Jenko et al. 2011-14
Krommes 1999 Plunk et al 2012
Sugama et al. 1996 Abel et al. 2013
Hallatschek 2004 Kunz et al. 2015...

Rather than “solving,” we can resort to Kolmogorov-ology: scalings will be
set assuming constant flux of some conserved quantity, viz., free energy:

1 3. 3 1 3 = 3 h\ 3. 3p NCA]
n.(,//d vd R2FOT+ /(1 rQ(1 = //(1 vd' R //(1 vd'R z,

free energy collisional dlS sipation
(negative definite!)

. . |
So our conserved quantity is (minus) entropy! [AAS et al. 2008, PPCE 50, 24024]
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Constant-Flux Cascade

2
7 - h =
h = — ateachscale k|

Fo

Constant flux of free energy:

Rather than “solving,” we can resort to Kolmogorov-ology: scalings will be
set assuming constant flux of some conserved quantity, viz., free energy:

] hCTh
J //(1 vd‘R X //(l‘vd‘R Clhl
...(' Ne R]

free energy 1n]ect10n collisional d1531pat10r1
=¢ (negative definite!)

[AAS et al. 2008, PPCF 50, 24024]



Constant-Flux Cascade
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[AAS et al. 2008, PPCF 50, 24024]



Constant-Flux Cascade

h? . h =
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Constant-Flux Cascade

h? . h s
Constant flux of free energy: L_ ~¢g. | h= 7 at each scale kLl
T | 0

cascade time

oh ' d(¢)R
i) OV +” Y Fy + Clh] TX

\/\ 1 Pe

Cascade time: |77 ~ ki {u ) ~ Qe(kLpe)Z.fo;p ~ Qe(klpe):‘/zap

NB: 77! < Q. provided ¢ < ;2 (we'll check this later)

[AAS et al. 2008, PPCF 50, 24024]



Constant-Flux Cascade

2
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Constant flux ot free energy:
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Constant-Flux Cascade
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Constant flux ot free energy: h%p ~ é (k. 0)~3/2

A

Cascade time: T8 k.L(“‘L)R ~ (1, (:AT_L/)(',)Q']A()";) g Q(,_.(AT_J_/)(_..):;"“'ZL,D

NB: 77! < Q. provided ¢ < 775 (well check this later)

('I"'J_/)(" )3

[AAS et al. 2008, PPCF 50, 24024



Gyroaveraged Response

—
-~

Constant flux of free energy: h%p ~ é— (k1 05) 312

...and we now need a relationship between ¢ and :

¥ ‘ - 1 . kiv
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[AAS et al. 2008, PPCF 50, 24024]



Gyroaveraged Response

e 8 e —3/2
Constant flux of free energy: | h=yp Q. (k1pe) we’ll show this
: decorrelates )
: : - ov)
...and we now need a relationship between ¢ and p : on the scale 5

Mthe /\‘J_/')(z
Qv : W ,
p(r) = — /d“v (h)r = a Z(f."k'r @@
Ne G Ne |

oscillatory integral, sign changes
with period
Av 2

[AAS et al. 2008, PPCF 50, 24024]



Gyroaveraged Response

| B2 & o an=Bf2
Constant flux of free energy: | h=p ~ o (k1pe) we'll show this
decorrelates ; '
: : o v
..and we now need a relationship between ¢ and j : on the scale —= ~ D
Uthe 'L e
Lp(*)z /(]vh —(\Z —/d:‘v
1 h h s Y G
e (20 \ (kos 7
\"'.‘II"J_/)( \/i\l klpf - ( .".'/\'L U ) ot ( SZ, B 1 )
T T oscillatory integral, sign changes
from J, integral accumulates with period
(gyroaverging)  as a random walk, A e
v Uthe el — i -
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[AAS et al. 2008, PPCF 50, 24024]



Nonlinear Phase Mixing

ClF2 & B YL
Constant flux of free energy: | h"y 0. (k1pe) we'll show this
' decorrelates ; 1
. . x v
...and we now need a relationship between ¢ and j : on the scale —= ~ /
Uthe vl Pe
p(r) = — /d“v (h)r = Z(f"k'r— /(1“V Jo
72‘(‘7 a 71(—} a Q(-j
k
1 h h

ol V I‘T_L/)e \/4"\—‘? - k_Lp(:‘

Two values of gyroveraged E x B velocity
(uy)r(vy) and (uy)r (v’ ) come from spatally
decorrelated fluctuations if

v ‘l":l_

]. (5'1'_3_ J.
o I T

=5 coherence scale in velocity space, g.e.d.
ki Uthe k1 Pe

[AAS et al. 2008, PPCF 50, 24024]




Nonlinear Phase Mixing

| 2 £ _3/2
Constant flux of free energy: | h*p ~ o (k1pe) we'll show this
decorrelates 5 !
-~ ()
..and we now need a relationship between ¢ and p : on the scale —= ~ :
Uthe ‘1 Pe
¥ ‘ . 1 k 1]
o(r) = — [ d®v(h)y = a e"k'r—/dv]
o(r) Ne / (M Zk: Ne . " 9

1 h h
Y VEkipe VN kipe

3 O(p ]
2 + U|V”h @ V_Lh.z _((?’>RR)+C[II] +X .
It ot

Two values of gyroveraged E x B velocity

(uy)r(vy) and (u))r (v’ ) come from spatally
decorrelated fluctuations if

1’ l l ) /

Qeﬂ

coherence scale in velocity space, g.e.d.
[Tatsuno et al. 2009, PRL 103, 015003]
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Entropy Cascade

m

(kLp) =2

Constant flux of free energy: h2p ~

Q. we’ll show this
decorrelates 5 {
. v
...and we now need a relationship between ¢ and p : on the scale : . T
Uthe vl Pe
Qv . e 3 . kiv,
o(r) = — [ d®v(h), =« ekr __ /d“v J,
() Ne / (R zk: Ne | =\, S0

~

| 1 h h
o \/IL 1 Pe \/A'r k 1 Pe

Thus, we have a phase-space cascade (“entropy cascade”),
Simultaneous in position and velocity.

ov | 1
Uthe I‘Lpe

coherence scale in velocity space.
[Tatsuno et al. 2009, PRL 103, 015003]




Entropy Cascade

n

-~

Constant flux of free energy: | h%p ~ Q_ (kipe

(

‘)—3/2

...and we now need a relationship between ¢ and J :

o _ : 1 .
R (R o 1& ] = Q {zk.r_/l.i J
p(r) = - /( v(h)r = a Ek € e a“v .Jy
20

Ne |

we’ll show this

decorrelates

o
on the scale —

1

) i Uthe l"i/)r

~

1 h h
;’._’) ~ ~ >
Vkipe VN  kipe 20
Thus, we have a phase-space cascade (“entropy cascade”), = 1°
Simultaneous in position and velocity. s 5
~

Spectral representation in terms of Hankel transform:

. . 2
hx(p) = 27 / dvy v Jo(pvy )hk(vy) | | |
: - | | |
= , 1
Phase-space spectrum: Ey,(ky,p) = p|hk(p) |Z 1 5 10 20
(Plunk et al. 2010, k1 pe
JEM, 664, 407] P Uthe ~ k1 pe| coherence scale in velocity space.

-1

[Tatsuno et al. 2009, PRL 103, 015003



Entropy Cascade
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Entropy Cascade
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Constant flux of free energy: h? © ~ Q_ (k.1 pf)_:‘/ 2| =

~

; 1/3 |
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Theory vs. Simulations

GK SIMULATIONS by T. Tatsuno (2D, electrostatic, decaying):
10° |

107 | \\Eﬁ[k,};ﬂ-’ . (a) THEORY:
102 | RSSO e e
3 | N T P

107 | oy — © ©
107 | E:._ficl},r'i‘r"“x E ~— |
o5 | o\ | \ 'E“J__m'ﬂ e ———— | B, « k7
10® — T m %%‘"«1.,_:-1. .
1[}_? B |:||} “-u::"-».,__ e i ‘l.—-l,-".'i
108 | — (iil) ] = L

1 2 2 10 20 20 100

kyp
[Tatsuno et al. 2009, PRL 103, 015003] |
B & A_Ilfi,.-'.‘;




Theory vs. Simulations

GK SIMULATIONS (3D electrostatic, ITG):

THEORY:

ki

s —4/3
thTX k__‘

—16/3
ljB:}ZAJ_

[Banon Navarro et al. 2011, PRL 106, 055001]

This was done for ion entropy cascade, but in the electrostatic limit,
the theory and results are exactly the same [AAS et al. 2008, PPCF 50, 24024]




Theory vs. Experiment!

LABORATORY EXPERIMENT:

FSLP [7,, &
(k; =8x102m1,

Hot cathode
(W coated with LaBy)
Magneti

c coils
(60,000 AT x2, 20,000 ATx3) DR RIR L[]

ky-LP [, & LPA [7, &

z=0.87 m) LP [n, T, 04l (z=0.17 m)

Magnetron

(z=093m) (m=4,z=043m)

1.35m

THEORY:

01 T T T T
001 Turbulence
ol . (ECR)
—0.001 }
=
S 0.0001 F
N_
5 10707
I
o= 10°F
S8 107
108+ Noise Level
107
0.01

|[Kawamori (2013), PRL 110, 195001]

This was done for ion entropy cascade, but in the electrostatic limit,
the theory and results are exactly the same [AAS et al. 2008, PPCF 50, 24024]
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Theory vs. Simulations

PIC SIMULATIONS (3D, self-generated m. field):

(a‘) 102 o b """': L LR T T T
| Biermann Weibel, | THEORY:
10°+ N\ 1 -
CR \~ K Ep o k1*°
M ~ ~ o
- 2L ! 1 O
2 Y : "
- : a n —-10/3
o ! E, o k
o 10°f ! ) 1
tw =2 :
i g
10 :%237 E _ Lh X AL
- —— 1881.6 : | K| pe=1
— 2331 !
108 L L
0001 0010 0100 1000  10.000
| k| de
[Schoeffler et al. (2014), PRI 112, 175001] Ep kllﬁ,-":s




Theory vs. Simulations
GK SIMULATIONS by J. TenBarge (3D, forced):

Eg,

@ z
0 - .
10° | o THEORY:
5 . =43
| L}, R
: . S -
g © ©
| —AstroGK, t = 2.477 ‘ e -
10 | - - -Exponential: kls/%"“/’f 5 E. o ,l,-ll("""’
----- Broken: k% — k° i
DR |
0l =< | y —4/3
10 1_',].“ 5 3 A.L '
They say exponential is ~
a better fit here, but I don’t think so. ~ \
5| —AstroGK, ¢t =1.927 T
10 - - -px ial: k8/3-kipe o ' I —~16/3
ponential: k "'‘e S [ ¥ /
----- Broken: kI3—> kI"’ ._;‘ | EB X l'-_L
1 2 .
10 10 16
k.o ps - ~ 5.3
[TenBarge et al. (2013), Ap] 774, 139] t



Theory vs. Observations

E(k,) (nT?km)

SOLAR WIND OBSERVATIONS (Cluster):

10% .-t ! T T T
- ' Ak *®exp(-kpo,) —— THEORY:
10° | —
K xk: "
~ ~ -
10—2 9 @
[ J
— - —-10/3
10—4 L‘v: : }'_L
107° cluster/staff—sc - Ep 'I'.Il ,
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- ¢ staff—sa noise
107° e N
0.01 0.10 1.00
kl (krn'l)
- —16/3
[Alexandrova et al. (2012), Ap] 760, 121] Ep o< k|
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Theory vs. Observations

SOLAR WIND OBSERVATIONS (Cluster):

102
THEORY:
10°
= | En < k1™
S 10° e
o) | o
5 107 -
O ) ' —l(] )
N2 E, o< k]
g 1078
O
—4/3
AN 10_ EI;' e 'I‘.L .
10—10 B fpeNf)\e ]

0.01 0.10 1.00 10.00 100.00
frequency (Hz)

[Sahraoui et al. (2009), PRL 102, 231102]




Theory vs. Observations

# of events

SOLAR WIND OBSERVATIONS (Cluster):

THEORY:
120 Ey i7"
7 o)
e N
o XK )

60
Ep o< k7*/°

30¢

0
2 6 5 -4 -3 - 1.00 10.00100.0
slope (>, ) iency (Hz)

_1.—16/3
EB X l"_L

[Sahraoui et al. (2013), Ap] 777, 15]
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Theory vs. Observations

MAGNETOSHEATH OBSERVATIONS (Cluster):
2002-01-30 09:35 UT

THEORY:
E; g
i~ = -
CC

E, o kT "
Eg o k7*/?

Y i \|\/ Eg o klm,f:;

10° 10' 107
Frequency (Hz) 16

-_—— R —=3.3

[Huang, Sahraoui et al. (2014), Ap] 789, L.2§]



Theory vs. Observations
MAGNETOSHEATH OBSERVATIONS (Cluster):
2002-01-30 09:35 UT

2

Ep o< k748
10 - R
- CC)
250 — o k=10/3
200
—4/3
2 150 | S o
S 100 |
Rss
50 |
. o o p-18/3
“l0 8 -6 -4 =2 10 -2
slope (>f) (Hz) 16
2 ~ —9.3

[Huang, Sahraoui et al. (2014), Ap] 789, L.2§]



“Kolmogorov” Scale

W here does the electron entropy cascade cut off?

Jh )R
= tyVih+ (ui)r - Vih = ——=F + Clh] + x
ot ot !
nonlinear advection collisional dissipation X
. ' 3 S e . ‘ ()")' ) vy s
rl k()R ~ Qe(kipe)20  C o~ vevd, e ~ Ve < )
()l.’l Uthe
i RS
~ 0, ((‘)> (kipe)'’? ~ Ve (k1pe)’
because 1/3
. :: ,L* —7/6
¥ SZ,..) (kLpe)

[AAS et al. 2008, PPCF 50, 24024]



“Kolmogorov” Scale

W here does the electron entropy cascade cut off?

dh 0, a,O)R
= I'HV”’I -1- (U_L>R . V_J_h - - ( E) + (-Y[II] =X
ot ot .
nonlinear advection collisional dissipation )
o , e _ . O° v ix
r i~k (u))r ~ Qe(kipe)’?e C~vu, Uthe 5,3 ™ Ve ( l)
v — ()1'1 Uthe
(1, (() ) (k1p :Il”"")’ ~J U, (:l;d,_/‘)(f)2
. . 1 o | ¢ n /e e
Collisional cutoff: ~ —=5 ~ (VeT), 2Pi= Do 2/
k.L(:pc-: T Uthe T T
NB: spatial and velocity nonlinear time  “Dorland number”
resolution are linked! at Larmor scale
: (.08
R | o, Pe
T[’.- ~ Sz(:k]’[} it f B(]

[AAS et al. 2008, PPCF 50, 24024]



“Kolmogorov” Scale

u.]

2
F(k )19,

0.1
0.001 +
<, 0.0001 QS I
S L i
10 ~10/3
p k
10°F y :
107 .
10°+ Noise Level k ~15
________ 1C
10° v

Turbulence This appears to have been checked in
| a laboratory experiment (for 10ns)

D=28 [Kawamori (2013), PRL 110, 195001]

.« e ]. (5'1' . . 2/5 —2/=5
Collisional cutoff: o G (VeT, )5 5 — Do—3/°
,‘T_J_ cPe T Uthe T ].
NB: spatial and velocity nonlinear time “Dorland number”

resolution are linked!

at Larmor scale
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[AAS et al. 2008, PPCF 50, 24024




1 (S‘I'l(_-

Collisional cutoff: ~ (1 e T, ):5,.-";) — Do 3/5

k_J_(.‘ Pe T Uthe T T
NB: spatial and velocity nonlinear time  “Dorland number”
resolution are linked! at Larmor scale
(). oB
-1 “se Pe
2y ¢ e I"'j(__ B()

[AAS et al. 2008, PPCF 50, 24024



Validity of Low-Frequency Limit

Tl Mk pe) P Qe & kipe € (Qerp,)’ ~ 58 ™ (

Cq D —1/5
Thus, the entropy cascade stays within low-frequency limit if ¢,, << Do™ 7 or

1/6 s
U, : can't be
Pp. K ( E) too difficult!

Otherwise all sorts of high-frequency physics will kick in...

/

- o /
o o 1 () ‘I' . , . ',u' = _2/=
Collisional cutoff: o G (VeT, )5 5 — Do—3/°
,‘T_L(.‘ Pe T Uthe T ].
NB: spatial and velocity nonlinear time  “Dorland number”
resolution are linked! at Larmor scale

(). o8B
_~— l =il p" ,

‘l ,J ~ Szt"\r’}/h. -~ : :

' B Bo

[AAS et al. 2008, PPCF 50, 24024



Linear (||) vs. Nonlinear (| ) Phase Mixing
Quick treatment:

§:% NONLINEAR (perpendicular):
007 | £,
0 0V | ¢ 3/5 —-3/5 -
8% | —— ~ (1e7p, )" = Do « 1
ﬂﬁ ‘the
0.05
Since cascade is nonlinear,
mixing occurs in one
turnover time (fast)
. . 1 OV | .
Collisional cutoff: —:

~

~ (1/(;,"[,“")3/5 = Do 2

k_chf: T Uthe

NB: spatial and velocity

resolution are linked!

I I

nonlinear time “Dorland number”
at Larmor scale
. (.08
T)_l ~ Sl(?ph. ~ _( £e.
e ."3(:‘ B()

[AAS et al. 2008, PPCF 50, 24024]



Linear (||) vs. Nonlinear (| ) Phase Mixing

Quick_treatment:

5:% NONLINEAR (perpendicular):
001 | 5
0 0V ¢ 3/5 —3/5
.02 'U ~ (VeTp,) /3 = Do ®™ el
%zﬁ ‘the
Since cascade is nonlinear,
mixing occurs in one
turnover time (fast)
0 TINEAR (parallel): o
- 15 “ballistic response”
— 10 I
5[ 5 Oh T
or o —+yVh=... = hxe kvt
i 5, Ot
AR
Ly 20
20 5'1}“ 1

after one turnover

~J ~y 1
Uthe "»” Uthe t time

if “eritical balance” holds,

so linear phase mixing is slow

[AAS et al. 2008, PPCF 50, 24024]



Linear Phase Mixing and Critical Balance

oh | ()R _
5 TUVih+ (UR - Vih= - 5 Fo+ Clh] +x

phase mixing nonlinear advection
. 173
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v

ki
[analogous to AAS et al. 2016, JPP 82, 905820212]



Linear Phase Mixing and Critical Balance

oh d(o)Rr =
— 4+ Vih+ (udr - Vih=—-="L2F + Clh] +
o s ) ot 7l +Xx
Phase-mixing region: phase mixing  nonlinear advection
.9 . ST
everything is linear, ~ ke 771~ 0, ( : ) (ki pe)/3
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— Nt
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& .
W
'\5’& R v" By pure kinematics of
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L ) E, ~constk? +... ask; — 0
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L ) at the phase-mixing threshold

v

ki
[analogous to AAS et al. 2016, JPP 82, 905820212]



Linear Phase Mixing and Critical Balance

dh )R ‘
E + I'HVHh -+ (U_J_>R . VLh - - Ot E) -+ p[]?] + X
Phase-mixing region: phase mixing  nonlinear advectior}
everything is linear, ~kvme T~ Q () (k1 pe)/3
no echo, free energy flux K 2
out into phase space <> o Advection-dominated region:
B o k8 p=20 PG fully nonlinear, perfect echo,
! e X ‘. v = % ZEb . SN ¢ )
i L £ .0 free energy flux to phase space vanishes
: () .
Very little energy! & ; /2
\~‘\,‘ PR 1 11/3
@ E, \1.3,1._
N g
o\\o . Most energy along critical balance curve
A,
e v Perpendicular exponent
R fixed by constant flux in 3D
K ’ v" Parallel exponent is
. white noise: loss of correlation
e at long distances

v

ki
[analogous to AAS et al. 2016, JPP 82, 905820212]



A

Phase-mixing region:
g 1egior.

everything is linear,

no echo, free energy flux
. |
out into phase space

E‘sﬂ X Ai A[

20m

[ |
Very little energyg! \;\r)

m—— mj= )

phase mixing

1/3
. ' - ] ~ { 'l")
~kjvme 77~ Q, (” ) (kLpe)®

A

'

nonlinear advection

Adyection-dominated region:
fully nonlinear, perfect echo,
free energy flux to phase space vanishes

Y );.—11/3
E, oc kPkT'"

Most energy along critical balance curve

0
ki

k|

[analogous to AAS et al. 2010, JPP82,905820212]




2D Spectra

oh ()R
1 = -v”V”h -+ <u_J_>R -Vih=- <Y> Fy + (_'[h] + X
ot : ot
Phase-mixing region: phase mixing  nonlinear advectior}
everything is linear, ~kvme T~ Q ( ) (k1 pe)'/3
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k Sy, *
” Very little energy! N . 0, —11/3
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[analogous to AAS et al. 2016, JPP 82, 905820212]



2D Spectra

These are “2D spectra” of .
EL’J(,\'” , AT_L)
k4

» Magnetic-field spectra are Eg(k), k1) o

k|

[analogous to AAS et al. 2010, JPP82,905820212]




2D Spectra

These are “2D spectra” of .

EL’J(,\'” a AT_L)
k4

» To get “1D spectra,” integrate over wavenumber ranges bounded by critical balance:
1/3

kY o .
~(1D) (1. . 1.07.—11/3 —10/3  (1D) ;. . s RO — AL o 38
Ei )(/u) 5 & /() dk, A.” k ~ k| : E,p (k) o /k"‘ dl\.‘llw k, l\,]

' o

very steep!
NB: this is also the

frequency spectrum

» Magnetic-field spectra are Ep(k), k) o

(same as dertved above)

k|

[analogous to AAS et al. 2010, JPP82,905820212]




Phase-Space Spectra

These are “2D spectra” of .

Elp(ll” - A’T_L)

"2
L‘l

» Magnetic-field spectra are Ep(k), ki) o

» To get “1D spectra,” integrate over wavenumber ranges bounded by critical balance:
1/3

s k) : " . | e AL "
EMD) (k) ) o / dly Dk t? ~ kT2, EGPY (Ry) o / dkikfk P kB

¥ . 1

» 'This all the tip of a larger iceberg —- PHASE-SPACE TURBULENCE:

Hermite spectrum: | Ey(m, k) o< m™ 19/2 Hankel spectrum: | En(p) 1)—-1,--'.‘5
m ~ ((5!.'|',."’.I‘t]“‘:) B p e~ ’-S('*;""(".lu :'
Spectrum of parallel Spectrum of perpendicular
phase-mixing: phase-mixing (entropy cascade)
Super_steep, SO [Plunk et 31 2010, JFM, 664, 407]
Landau damping

. . '4— Cf hneaf case: b‘h oxX m 'l.""‘:-)'
is heavily reduced:! [Kanekar et al. 2014, JPP 81, 305810104]

Details: another talk. .. or (exercise) derive this yourself by analogy with this paper

[analogous to AAS et al. 2016, JPP 82, 905820212]



Conclusions

» Turbulence associated with the kinetic species at sub-Larmor scales can be
understood in terms of entropy cascade, intimately associated with nonlinear
perpendicular phase mixing (small-scale spatial structure imprints itself on the

velocity space due to Larmor gyration of particles).

» Spectra at electron sub-Larmor scales:

density [, o< k| B , electric field Ep oc k| oo magnetic field Ep o k7 16/3

These appear to have numerical, experimental and perhaps observational support.

» Parallel phase-mixing is a subdominant effect (but this has not been checked!)

» Phase-space dynamics, statistics, scalings, etc. remain largely unexplored.
THIS IS THE NEW FRONTIER (imho): both for theoreticians & for observers.

|

|

“Turbulent Dissipation Challenge”

PPCF 50, 24024 (2008
( ) what it should be about:

ApJS 182, 310 (2009), sec. 7.12
PRL 103, 015003 (2009) cascade via phase space or position space?

THOR?
velocity-space
structure!

JPP 82, 905820212 (2016)




