| " i Q
Y\ |
FIO\,JS .
s

Ya\




On

Re

Au e ed,

t
N




. oy I
re e en(=l7e 4

@ Sf-"‘“"ﬂib mwﬂc‘ﬁ'

("_"r |

'\'SO..

| scdles
) 5‘{7\

A

6

SCEume S'f'f‘oﬁ

SCc/a{“ Qzuc

c/of S\

———

f_bqj Y Lyt

Mo fieon Q‘{?&:
e?) e(‘af‘eéf

% L’A}\r

B;
4

A
[ 4

(‘cﬁ?@

§Tem =D /\Jedﬂuce(/ M
'f'rfcns" \CBF;Z% 7/) (;L SCef « N

L 'ﬁ? /me) . A@ﬂoﬁcéﬁ

Reducgd MHD = Rempl Ty A  The 5
8, o =u = DAy Xe |
Als s | et B
I ¥ > Vs |
| By Recluces Representitren |
P RG:A ULC‘ZOp /V’ /40 P/ Qe S"h\u\_g < Sf"‘au )’l'{- 8 1
— = """ Yy ~ ‘ =s,
,fD | elih TL‘?\ *Q‘Sf/mo‘d'c
/V”’fne" ‘F\U-}! /\1 HO 4 6 ‘ }{ OQM;GQ.I] ?/\{3‘ !
2 é /i 4 é A -4:‘0) |
£ e
= J7 C'OMMC'/\'['E?
ey
LMQ _g'y_ = O :b Lf’ C’o.m_)ooq@q_{-o ;
((D = ?c./!@'f; )0 ‘bef"\ Z""_\Z ::‘C-))

Cts Fron <yne Foze
\j 3 f} E'f'/ C’S\S‘)

""} [step
fis*a'ﬁbpf‘c ) and smel|
Aiveclron onf)f as |

@'\""ﬁf‘h
Pty
Streas .[/7 Cj‘?
e‘\ef&;/ E""KS:? 7
~4 foeld)

i 0(6)




_’;ke—-,(bf”l ) <t
streqs Ra .

\/J-l_w)a s ﬁ-:)-.
= \/ﬂ_N & P f

cnd ffest e belen

J\(@; ) r~ an@g.i),, .

> ABz ~ 62';

| “‘ Tf‘o /ade&"f‘ <
Now ‘H\ef\ :

M‘\ﬂ/\

L VAM ’Xg

|
\
|

B=2% g

|
Z

2

=0 er\-gmec/ k)/

(Springaes)

&_Fﬂv Vj_e_VJN Ep‘

7Y =0 w chfbm/w&@“zé)r/"'
| / |

(o2 m\ ,}

fo

¢ gﬁé(:’ G og

crder =D B =ConST;

e—

pae
Sim fj&l‘/};

g 6 ~&s

@3 B.’:."

e p o 0(E)

(]C{j /cd‘f’ VQ .

Sipition Penacs)

ce Wag bR

b ey

’--—-’.a.-

eut +he fiRE mede

TE

5

: {‘eﬁ.

t‘.l/c{‘

fentr's/

v




Naty E=-124v4 =~ yxB |
I S| e ﬁ & |
| 1 A UxgB —1
13- s @
K;% = CZ Xé[_> °% |
so | Oy AL ~ €’ (=l Qa&\
a qfé = (ﬁ'@) s, o ® Vi T A
. e R Tohetils pies. |
= v =2 x e | Azl ok
U *-;l-é;—" AL \/2[06‘({7
— 0{70/\ L v (.
ExB
Jo «biing  petelle] component o ~ |
Et*{'\{@l)u)* ~y petelle] copponent of @ }
= ||3FP+ ypY = 4@&9@”
ot . ey |
,A (vedwpoﬁmml ) BVIR " =
S0 have Q/L{,X ) esucfion | g
: 7 VP > |
AV L v Y = @z&z-;zs |
SL - 8. 9z B+ o%ﬁ-vp
- ,
eﬁ%‘ffm o€ ew/dfior = Mg acts Hhx,




= BB +PxpVP
| —t A
of, af Fernatvely, | \ Q¥ - ﬂ_ﬂ |
-l o
T
f:(-’v\a/// fc 75 ) wmfe s 4 motioa |
cells of
OV pvep ¥ = =P + T8 Epd |
3% - = = = i ] A5,
. ; | - (Q‘“) & (e:)o/‘o xp’ ftfejr’)
(CV?QBT %\ = Uof‘f'z‘c,Z‘b C’crv\}ﬂcf\eft'/' (il é‘)
: eUe "{‘M . |
Dy/\«ﬁ ;\i‘.&.:/{;ﬂwej @{;é—“-@ G |
QW + Y TWe =-UEF 4 & Ix(Jx8)
= 87 Je —-{717/2: Pt &
= A7 Jdz
| .9 wz, + VvV wz = é‘fT
5
bt |
ko= Z IV = 17355
To= 2-(vxBle = 7P
) )




Se

w xd
AR -2 T

Lon ol y Aovd ¢

e & ce el

.%.ﬁ?¢ .+},,§‘

LY

/\ AV

"y
= o
= B7

D&;é + /;7 yﬁ'?b _ o
- il \
i
: U’ FFL Ji?
i

o7

ks Pecbuc
_4' N
7en o5 uctie

Aé‘v‘-ca

 $ +Aé? ,@c

D |
=t )"A?W\z};q

. "\r/u‘/\ Ee’“afy i

+ O

2 24

N

4+

10 +o :2 %(\

’\c\/!tc{‘ f
,Le_.;.f" 4’;{:\/@,\‘ ‘-—d U

’e)‘ e a s




OM&

= &
(o /fj)

E

- [@% B2

LQ*-J (P/Lc,
iy

&
f-V«y = A0 TP
*vag

e 'V aJLz' o A Ld U‘S}

P

1)
- f,;fz}( [CZE)%— Qg‘?
ﬁ‘&k

A’a»

w—
=

A

A7

K Gc/\fcfzof\\ /s S‘r‘m)o/e S‘foﬁ

*CA(SE’{\J@'{‘
form

(;‘;3

S /7L {H Co Alerud

Erq &P
» (g2

5o CoAG‘ elJe :(

F Ve v

to Ao
PR RN A

é@c'f)&‘ z'b’_} y .

w:;\ e b= [ e,

=0 , =

USMP

()




i3

._mi
ao
Y

:i /V; He@ - @‘f‘; ‘e § |
| . Gejer Stvmsﬁ,’% &~

i P

= thepeiats —steqgdd]d ) @ shaght

1 - /ﬂw Gej/uev'\f?/ (LJ{ LJM.YJ
- A | =N\ e-f‘f‘m’i}(’%Q

J Au )‘\ﬂj\

".:i/

i
g
<

o~
.
N




;’« .

i
EEY
Z

_:1>

l

10|
o
i

N

4
e %:)';/

i /
Ohlms
Jadld




/Vox.u’
/LS‘,DJ 8:}*;@)&2 =
By
/U“’j (%@:V +v-U
| AN
/
~YOY = 0y —|
~y
P(gﬁé > = -,?CP -
BRI o
L= (Q, (Deeamd "/ﬁ
Y VI‘; _E. +j

|
LI §

G
-
"

}j = = 2
) %<

ey

>

e \

s el

ét/

>> + g

Sf‘ﬂeaj 4 <

oE
*‘ﬁie-/fey 7o JK/V\WMQ‘
P+ xR
e
> + PYRY TR
tebs
SORR I
: z5
i _\x’)p\ig ¢ ﬁ_v §’
b B2
| e NI
urd + B8 + BT A
Yl =y
7 (v B é?ﬁftfs _




?
= UK
D¢ = UxVxd |+ B.da FXE
Dt 7 -
N =
+ &g (0xk])
S o
FrVTO L0y ¢ &) DK
A FTD
+0,- 704
A~
2. ()
2 = 00|+ B by Tu 4 w3 P,
At Lg/PNY R,
| N |
W, 1> Pf"’
A TP = VPV TTE = 9, E riﬁ 7}
At 4R, s
| —
,A Lodla
- Very o«f‘; ez &




v

[

Ey =mJ )
betre /

P

Pll=e_
— - /

Acteve /q Phlced

Co =’22"c\;f)q ('f'

€ A l
«3«7—3,«??35’\ Cedlod[” ~— ¢

/

e dved s
i

u’@@ g 41 E S
0‘«"" ——

ey
L OCYD.)
L _

e =4T ro)
‘N )02?7:5

@ Caﬁt‘ﬁf C el g 'ELY, J)
A [ Vo) =22 T,
ar ' )2

(™M, 3> mqj
- Uerf &y

b

AT Y )

ved

A4

ﬂ;,_\bo&,

X

0l




ane )wal’: fe U;c..»*ﬁl;zly 4
= oy edd £ H-t K
‘—% MJ{) Qen fc:.tffé ,"‘oqf}(\\ ’7:_'_'
w ; Q‘vﬁff fe55e S
" TouetR
bz ).
1

C‘wvia, T

< (\ci

S Q.)n')l enXro N

2l /
..Mj

HD

(&)

cﬁ;FP&”r-«“f- Ve (“{ EY
R ex .

St 17




‘DY'\«QM TEN all Z-Gvu.\/ L:-YO\L-)S (,,v\, \JT ‘
| ® An Takead|, W ov)




What regulates radial extent? =

« Zonal Flows Ubiquitous for:
~ 2D fluids / plasmas R, <1

Rnf [l L] L] = LN ol "
* ‘v-a't'lg‘n‘ gg, IVIag“etlzatle“Boa Stlatllleatlﬁll

Ex: MFE devices, giant planets, stars...




Simple Example: Zonally Averaged Mid-Latitude Circulation

» classic GFD example: Rossby waves + Zonal flow

(cfVallis 07, Held "01)

» Key Physics:

break & dissipate

Dreak & dissipate

Rossby Wave:
L
k kJZ_
kyk - 2 12
Yoy = 280555 (BB = B~ kel |y

“ VgyVpny < 0 -> Backward wave!

—momentum |

=» Momentum convergence |

convergence

atstirring focation




» ... “the central result that a rapidly rotating flow, when stirred

in a localized region, will converge angular momentum into

this region.” (I. Held, '01)
» Outgoing waves = incoming wave momentum flux

viscous damping i

b | b
{ & <r
I~
? ( T~ zonal
X X X X source — ; \; shear layer
Y ) !
# 7 // formation
NN L
(Y <

viscous damping :

» Local Flow Direction (northern hemisphere):
» eastward in source region
» westward in sink region

» set by >0

» Some similarity to spinodal decomposition phenomena
— > Both 'negative diffusion” phenomena -




Wave-Flows in Plasmas

MFE perspective on Wave Transport in DW Turbulence
* localized source/instability drive intrinsic to drift wave structure

— couple to damping <> outgoing wave

i
x o . .

X Emission .— Absorption
X AN\ N
X - N \J \/

RO

| x i .- x>0 = v, >0
X pi =-2p R (o i

x=0 o T A+kp2)’ v. <0, kk,>0

2

radial structure (Vv ) = —% |4 I? k., <O

* outgoing wave energy flux — incoming wave momentum flux
— counter flow spin-up!
v, 4l




Zonal Flows |

 What is a Zonal Flow?

— n =0 potential mode; m = 0 (ZFZF), with possible sideband (GAM)

= toroidally, potoidaily symmetric ExB shear flow

* Why are Z.F.’s important?

— Zonal flows are secondary (nonlinearly driven):
* modes of minimal inertia (Hasegawa et. al.; Sagdeey, et. al. ‘78)

* modes of minimal damping (Rosenbluth, Hinton ‘98)

* drive zero transport (n = 0)

— natural predators to feed off and retain energy released by
gradient-driven microturbulence




Zonal Flows I1

e Fundamental Idea:

— Potential vorticity transport + 1 direction of translation symmetry
— Zonal flow in magnetized plasma / QG fluid

— Kelvin’s theorem is ultimate foundation

e 120 ambipolarity breaking — polarization charge flux — Reynolds force

polarization length scale J L ion GC L' electron density

~ SO T, =T, mmp p <erVl¢>¢0 =) PV transport’

polarization flux — \What sets cross-phase?
— If 1 direction of symmetry (or near symmetry):

- p*(%,:V¢)=-0,(v,%,,) (Taylor, 1915)
~0,(v.;V.z) =) Reynolds force mm) Flow




 Coherent shearing: (Kelvin, G.I. Taylor, Dupree’66, BDT‘90)

— radial scattering + <VE>' — hybrid decorrelation

> >

= k2D = (V2D I3 =1/z f\ ﬂ ﬂ //’
(/7
<« «

— Akin shear dispersion 4.. s

— shaping, flux compression: Hahm, Burrell '94 »

Response shift Time

 Other shearing effects (linear): and dispersion =y
— spatial resonance dispersion: @ =k = o—ky, —k, <VE> (r=1)

— differential response rotation — especially for kinetic curvature effects
— N.B. Caveat: Modes can adjust to weaken effect of external shear

(Carreras, et. al. ‘92; Scott ‘92)




Shearing 11

e Zonal Shears: Wave kinetics (Zakharov et. al.; P.D. et. al. ‘98, et. seq.)
Coherent interaction approach (L. Chen et. al.)

. dkr/dl‘:—‘—a(a)"‘keVE)/ar; VE‘_‘<VE>+I7;5 A

Vy

" 7 A,

Mean T — 7.0 _ / )

shearing =t KoV /* A ” }*%n[pﬁw,
Zonal <é7c,2> =D,r /

X X
Random ' s
. 2
shearing D, = Zkg‘VE’,q‘ Tia ~ Wave ray chaos (not shear RPA)
! underlies D, — induced diffusion
* Mean Field Wave Kinetics — Induces wave packet dispersion
ON

~ - 0 ON
§+(Vgr +V)'VN_5(w+k9VE)'§ =7;N-C{N} - Applicable to ZFs and GAMs

5 B = e
=5 () DL ()~ (o)

Zonat shearing - computed using modulational response




Energetics: Books Balance for Reynolds Stress-Driven Flows!

Fluctuation Energy Evolution — Z.F. shearing

2
fdk (—(N3——D ——(N\): o {sy=— 5/ 7 D= 0 (N} =2k kV.p_

"ok, V) e T e ok, “ (1+k2p2)
Point: For d(Q)/dk, <0, Z.F. shearing damps wave energy
Fate of the Energy: Reynolds work on Zonal Flow

~ o~ N.B.: Wave decorrelation essential:
Modulational 6,0V +a(§<VrV9>)/ Or = —ydV, Equivalent to PV transport
Instability e k k.50 (c.f. Gurcan et. al. 2010)
<V V9>~ (1 _:kzpz)z
Bottom Line: = Modulation - inhomogeneity
in PV mixing

— Z.F. growth due to shearing of waves

= "Reynolds work” and “flow shearing™ as relabeling — books balance




®
—_Approaches to Modulation
— = = x - m =LY BTS2 = &

~ Weak, Wave Turbulence Problems

- Quasi-particle, Wave Kinetics = 6N

See: PD. Itoh, Itoh, Hahm ‘05 PPCF

- Envelope Theory, Generalized NLS = y

See: O.D. Gurcan, PD. '2014 J. Phys. A,

N.B.: Representation of PV mixing and its inhomogeneity

is crucial




Feedback Loops I

* Closing the loop of shearing and Reynolds work

Collisional

flow damping Y’PRESS

[ ——————

Nonlinear
flow damping

energy

Zona | flow: I

eturn

SORS———
SUPPRESS * *mu

~
Inhomoge- Drift wave
neity turbulence

7

DRIVE

Prey — Drift waves, <N>
0 0 0
(V) (V) =7 ()~

St = —Dk - =
ot akr 8kr
Predator — Zonal flow, |17

@, 3
()

a5

0
§|¢q12:rq I¢qlz_7d|¢q|2_}/)w”¢q |2-”¢q !2

247
UK,




~ Feedback LoopsII

Recovering the ‘dual cascade’:

— Prey —» <N>~<Q> = induced diffusion to high k. -[

= Analogous — forward potential

enstrophy cascade; PV transport

~ Predator— |4, |2~<V,§,9>{

= Analogous — inverse energy cascade

System Status

= growth of n=0, m=0 Z.F. by turbulent Reynolds work

State No flow Flow (a2 = 0) Flow (a2 # 0)
¢ Mean Field Predator-Prey Model My , - o
rift wave 2 ¥
Aar =1
, 2 ’ turbulence level) % o Sigor
(PD et al 94, DI H 05) 2 Yy Aoy y — Awyga™!
V= (mean square 0 - - —_
flow) @ a? o + Awara—!
0 2 5 Drive/excitation Linear growth Linear growth Linear growth
—N = ]/N —aV’N —AwN mechanism Nonlinear
at damping
a of flow
— V2 =aN V2 — 7/de —¥ NL ( V2 )V2 Regulation/inhibition Self-interaction Random shearing, Random shearing,
6t mechanism of turbulence self-interaction self-interaction
3 — =t = =T
Branching ratio lv" 0 T ¥ —Tope
‘ 2 Ya+arya~!
Threshold (without noise) y = 0 y > Awyga! Y > Awyga~!




