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Part I:

Why? - Some Philosophy...

< 24



Evolution of MFE Theory
M8l
« Beginnings: 60’s ~ 1980

Micro-stability
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Evolution of MFE Theory cont'd
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G ok,
+ Intensively Studied —5557_1\93@3 Aedzs <(Rad

'lr .
. Mndy’ - c.f. contrastg Disruption, SOL heat load ]
. But: 7@

— much remains to understand
(_M —)

— lots happening

* Renewed interest via: P\

— LH transition — especially witthMP i

==1
— Pedestal structure — c.f. gAshourvan, 2018 }
- _W _ cf. Hajjar, et al ’t al 18
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Part ll:

a) OV of Basic Shear Flow Physics

For reviews, see:

- P.D. Itoh, Itoh, Hahm ‘05, PPCF - ‘k-space’
- Gurcan, P.D. '15, J. Physics A — ‘patterns, real space’
- Hahm, P.D. ‘19, J. Korean Phys. Soc. - ‘Avalanches,
spreading, and staircases’



Part ll:

b) Selected Recent Developments

_ T

— Staircases -\real s/paD

- T —c.f.H . review
Dif-Pradalier N.F. ’15

— Noise + Modulation - ‘k-space’
— ——— — R. Singh, P.D.-submitted ‘20
pmgf//‘b ﬁl‘a"i




- How do Zonal Flow Form?

Simple Example: Zonally Averaged Mid-Latitude Circulation

» classic GFD example: Rossby waves + Zonal flow
(c.f. Vallis '07, Held '01) c.f. Rossby-Drift wave

» Key Physics: duality

e Rossby Wave:
energy radiation

I v , U, D > —kyky|pz
avgrgonco : < gy = 2P (k2)? Oy ) Z&\x |9l
\ 4
Vo Upny < 0 > Backward wave!
momentu =» Momentum convergence

convergenc at stirring location




» ... "“the central result that a rapidly rotating flow, when stirred
in a localized region, will converge angular momentum into

this region.” (l. Held, '01)

<Outgoing waves = incomw

viscous damping |

zonal

X X X X source ——

!

viscous damping ;

shear layer

formation

» Local Flow Direction (northern hemisphere):
» eastward in source region y\fj <bive USC,
» westward in sink region
» sethfy 330 €«

» Some similarity to spinodal decomposition phenomena

- Both ‘negative diffusion’ phenomena
- Cahn-Hilliard equation (c.f. Heinonen, P.D. ‘19, ‘20)



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

|
X .
X Emission Absorption
) VAN Canvi = i
=) X =) |
X x>0 = v, >0
X — v, =-2p’ _ kekyv.
=0 ATV SVS% o
. c? vw<0 = kk,>0
radial structure V5V ) = — |4, > k,ky <O ’

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

« zonal flow layers form at excitation regions
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Plasma Zonal Flows |

 What is a Zonal Flow? — Description?

— n = 0 potential mode; m = 0 (ZFZF), with possible sideban
———
T———
— toroidally, poloidally 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)

~7@ « modes of minimal damping (Rosenbluth, Hinton ‘98)

___E_) « drive zero transpo’I
— natural predators to feed off and retain energy released by gradient-

. . 4
driven microturbulence

i.e@’ssoak up turbulence energy
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Plasma Zonal Flows 11

Fundamental Idea:

— Zonal[flow in magnetized plasma / QG fluid du
—/q(elvin’s/theorem is ultimate foundation/ dt

=0

* Charge Ba}@nce — polarization charg g/flux — eynolds force

~— Polarizat ncharge‘ '"2_{72 ¢ =in, GC-(-¢-)-“n (¢).
polariza nqgth s ) L_'_/51:1_(-3-5--I-_'_élecl‘ron density

— SO0, =T, p2<17,,EVi$> %0 ‘PV transport/mixing’

arization flux — \What sets cross-phase?
— If 1 direction of symmetry (or ne meiry):
& b

—p @EVJ =—0,(V.;V.;) ljaylor5915 -

—0,( rEle> mm) Reynolds force mmp Flow

n
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Zonal Flows Shear Eddys |

* Shear Dispersion: (Kelvin, (/SLI.’T_a_onr, Dupree’66, BDT'90)

— radial scattering + (Vz)' — hybrid decorrelation
~— v > >

— D, S ®2(V,)*D, /3" =1/ ] O*O*ﬂ
0 o\"E L =17, e
€« € €«

=» shearing enhances mixing!

+ «

>

Time

* Other shearing effects: Response shift
and dispersion
— :patial resonance dispersion: o —kyv, = o—ky, zl%(VE §' (r—r, >

— differential response rotation — especially for kinetic curvature effects

~— *_~
— Shear induced nonlinear Landau damping 7’5’){
~—

» PV gradient also relevant — flow structure (Heinonen, P.D. 19 ‘20)

]

Y ==
- ———
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Shearing II — Eddy Population

N
S i g ___J VE Eekhavev, Sideey

« Zonal Shears: Wave kineticszﬂharov et. al.{ P.D. et. al. ‘98, et. seq.)
"Coherent interaction approach (L. Chen et. al.)

» dk, | dt =3+ k,V;)/or; v = V) +7,

Mean Tk kT —— Vy A vy
shearing ~ " r 0" E / _
A s

Zonal :<§kf>:Dkr R - / ) V w U Wbﬂ X

Random o, T—

shearing D, = Zk;‘VEI’q Tki/ — Wave ray chaos (not shear RPA)

D‘,‘ q 1 . . .
- Mean Field Wave Kinetics V= Wwave action underlies D, — induced diffusion

ON 0 N density — Induces wave packet dispersion
o Lot PV VN = (0 ReVe) = 7N = CINVE -~ ppplicable to ZFs and GAMs

9
ot

N | |
<N>_6_lchk6_lcr<N>_yE<N> (C{N}) jZonal shearing

- Evolves population in response to shearing field - statistically specified
o

16



Shearing 111

shearing

Energetics: Books must Balance for Reynolds Stress-Driven Flows! { scattering

Fluctuation Energy Evolution — Z.F. shearing

- (0 o o o S o —2k k,V.p?
R — D — _— — D. — V = rve s
Point: For d(Q)/dk, <0, Z.F. shearing depletes wave energy

Fate of the Energy: Reynolds work on Zonal Flow

Modulational 9,9V +3(5<I7J79 >)/ or= yoV,
Instability — k k,0ON N.B.: Wave decorrelation essential:
5< >~ (1+k2p2)? Equivalent to PV transport

1

rVH
Bottom Line:

— Z.F. growth due to shearing of waves

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

— Z.F. damping, evolution of profile - staircase

17



Feedback Loops

» Closing the loop of shearing and Reynolds work
M -

Nonlinear
flow dampingfQSUPPRESS gflow damping
« Spectral ‘Predator-Prey’ Model, P.D. et al ‘94 et. se
Mebn  Blalea

Zonal flows energy

SUPPRESS * *DRIVE

Inhomoge—_HDrift wave
neity® t}yvbulence
DRIVE
Prey — Drift waves, <N>

0 0 0

5 =5 Do (M) =)= 52

b(. BZ(/D;&Q

Predator — Zonal flow, |¢,|?

o o1 6<N> 2 2 2 2
at|¢q|—q—akr 1, 1" =val o, 1" =rull @, 114, |

- Self-regulating system - “ecology”

L . an@te extenm
- Mixing and mixing scale regulated

See especially: K. Miki, P.D. et al 2012-2016

18



Heetr [ned

Inhomogeneous Mixing
and Staircases



Dynamics in Real Space

» Conventional Wisdom ->|Homogenization ?!
4 .

— Prandtl, Batchelor, Rhines:

\N‘
— PV homogenized: -
Shear + Diffusion @

— Mechanism: - Shear dispersion © ~ 7, (Ry%

(2D fluid)

Vg—- 0

- Forward Enstrophy Cagcade, ‘PV

@uce Bi-stable Mixing

/ 4'\) Qnﬁ = 0:0

@/ 4 0.2 .
ja\b\ C\@21./350”1—0.4-0.20.0 0.2 0.4 ' /4 ' ‘

T T

— Cahn-Hilliard + Eddy Flow €<-> bistability .D., Chacon,

PRE Rap. Com. “17)

v

—> target pattern



Fate of Gradient?

localized
inhomogeneous

mixing
—> OR \\

- layers, steps, corrugations
pattern of - shear layers < - relation to corrugations?

inhomogeneous N

mixing ?! _| @ ’




Spatial Structure: ExB staircase formation

e ExB flows often observed to self-organize structured pattern

e 'ExB staircase’ is observed to form

r

o ¢
*
|
—

Turbulence drive\ R1L

in magnetized plasmas

~ LN QITNS

T

? “ExB staircase”

of shear flows ‘ 2\
JEr
[ W\ /

-

ob

140 160 o

| ¢
Normalised radius: r/ p,

Atmospheric Jets

(from Dunkerton et al. 2008

also: GK5D, Kyoto-Dalian-SWIP group,
gKPSP, ... several GF codes

(G. Dif-Pradalier, P.D. et al. Phys. Rev. E. "10)

flux driven, full f simulation

- | Quasi-regular pattern of shear layers
and profile corrugations (steps)

egion of the extent A > A
interspersed by temp. corrugation/ExB jets

— ExB staircases

- | so-named after the analogy to PV staircases
oNMOPIETCRES” =

- Step spacing = avalanche distribution
Y\Aouter-scale

-i scale selection problem )




ExB Staircase, cont'd 1

e Important feature: co-existence of shear flows and avalanches/spreading

/ L

T T

- Seem mutually exclusive ?

[orsea)

—> strong ExB shear prohibits transport

- mesoscale scattering smooths out corrugations

-~

- Can co-exist by separating regions into:

Turbulence drive: R,

1. avalanches of the size A > A,

0 - . . .
80 100 120 140 160 180 2. localized strong corrugations + jets
Normalized radius: r/p,

* How understand the formation of ExB staircase??

< Whatis process of self-organization linking avalanche scale to ExB step scale?

i.e. how explain the emergence of the step scale ?

e Some similarity to phase ordering in fluids — spinodal decomposition
v




Corrugation points and rational surfaces?
- No apparent relation

2800
I I I I
E'?'_ GYSELA
p, = 1/300 ~
= TS#45511 A
.9 10 — ~ -
© =
2100 © I o
o o
S
£ 51
(]
o+
1400 g
o
ow =z 0 | | 1
S 0.2 0.4 0.6 0.8 1.0
- Normalised radius p
£
}_
700 . . .
> Step location not tied to magnetic
geometry structure in a simple systematic way
E

(GYSELA Simulation)

0.2 0.4 0.6 0.8 1.0
Normalised radius p



.Bistable Mixing — A Simple Mechanism

» Mean field model with 2 mixing scales (after Balmforth, et al. 2002)

—

» So, for H-W:
. R O 0 O(n) 0*(n)

DenS|ty.g<n> B E(D" dx )+ D5 simple mixing + 2 length scale

: . . - - staircase
+ Vorticity: / S =20, - 022 |+ 2
ot Ox Ox Ox? .
C L, / sz‘gﬂ‘ -
He o’
> e O An —uy P .
. intensity): P \[ o ] - | includes crude turbulence
> ' spreading model

« D,y ~Vliy, T

T =

Imix = lo
7 mix — ’
~— a4 I5[0x(n — w)? /)/?
\ —
« Scale cross-over - ‘transport bifurcation’ =
two scales! =

YO~ G*’V@\ ”
@D\ - R~ 0<\

- /Lr\‘q



U-VoL = VB S  S Ndes 99 Y -

Staircase Model — Formation and Merger (QG-HM)
7aVaVaVala¥aVa%

Energy

fluctuations% Wl

mergers

PV transport

- € - Q - PV mixing events

_ Qy]' top - rq} bottom N9 v

Note later staircase mergers induce strong PV flux episodes!
(Malkov, PD.; PR Fluids 2018) %

T - -



Staircase are Dynamic Patterns

—

! 0.008F

oShear pattern detaches and delocalizes 0.006}
from its initial position of formation.

0.004 |
oMesoscale shear lattice moves in the 0.002}
up-gradient direction. Shear layers 0.000
condense and disappear at x=0. '
—0.002}
oShear lattice propagation takes place —0.004!
over much longer times. From t~O(10) 0.0

to t~(10%).

oBarriers in density profile move

. " o . —_—
upward in an “Escalator-like” motion.

-)| Macroscopic Profile Re-structuring

N
(Ashourvan, P.D. 2016)




Macro-Barriers via Condensation

(a) Fast merger of micro-scale SC. Formation
of meso-SC.

(b) Meso-SC coalesce to barriers

(c¢) Barriers propagate along gradient,
condense at boundaries

(d) Macro-scale stationary profile

T u
jo.02
1.0 Jo.01

28

n(x)

« Steady \:

state

X

=>(H transition? 0 02 04 06 08

- 0
log,,(1)v, (Ashourvan, PD. 2016)

1.0



FAQ re: Staircase Structure?

_ WX &S
* Number of steps? -domainL
o 7 /YMMWN
« Scan #stepsvsV/natt=0 (n.b. mean gradient)
S
— a maximum # steps (and minimal step size) vs Vn 2°_<a> e
— rise: increase in free energy as Vn 1 C
de— — 2 :
— drop: diffusive dissipation limits N | »

- Height of steps? D)

— minimal height at maximal #

E—

- —

=>» system has a 'n ‘sweet spot’ for many,

Height of steps

small steps and zonal layers

T 0.00
[— 44 46 X X .
-vn (t=0)



Non -locality’? - Potential Enstrophy Spreading
Effects?

« Scan N; vs Weighting parameters g, for potential Enstrophy Mixing

N

7 p—i

3 #9 \—'—\__ L
@g:)-,yz Y B = coefficient in D,

e

3
2k
1

o1 ok 03 04 05 06 07 08 09 10
B (Turbulence spreading of PL:)

—_—
- ScanHeightvs g~
— () T —
) > [turbulence spreading tends
- to wash out small

corrugations, limits step #

Height of steps
(=]

03

- corrugations need not
regular size

02 1 1 1 1
0.1 0.2 03 04 C o 6 0 7 08 09 1.0

B (Turbulence spreading of PE)




T,
-

T
Status: Ongoing Study =LA N

« Explore Mechanisms Py~ /QFT?‘P“
W&ul‘\. ‘rﬁé;‘b‘['éf She At

/_\’-—/ 5“7’;’(‘%
ecent hints: M. Choi, AAPPS-DPP ‘20

— Bistable Mixing

o)

-
_imh —> study of layering in, say,[ITG + Impuritiesl?!
« Layered state performance? Finc =< hewt

« Boundary effects = staircase structure?

— 7 >

P pspr

C—QS_L' —_ = Pe=
> 2




Noise + Modulations



Noise? ff m

*( RH 98 )et. seq > ZF screening and scale (pp)

- “residual”
. Brief mention: (N.B. rarely utilized)
6t|¢q|2 = 21C|Sq|2/ €m0 (@)]? & screened noise
‘ S, €>V Vg, —V-Vg,=V-VVig > - polarization flux
L_;i

 ZF’s excited by random walk, in polarization beat noise field
(o

« Overlooked €, y, <0 -> negative viscosity etc.

« Can't really formulate F-D thm é%?screening unstable
S ———— o




Noise, cont'd

» Sociological Observation: Nearly all theoretical works subdivide into
e

1

— —~

— Screening, residual

— /

— Modulation, negative viscosity _

—
* |nteraction”

— What of density, etc. corrugations?

staircase ?!

and
— Noise effects on feedback processes

Macroscopics - LH transition

MM e (/\\(ok&d'
oAl Y

7

A~ = (82



v -
ﬁ

Zonal Inte t10

Volut1on

4 2 zona nal
<E+2uk; <|¢k| >+2r1, 1<,%>+2R [21771 " >] Zcf% @%{ +2D,,L nk +2s.k<|nt| >+m[2gj(n}¢k)] Fr
- 8 y
\) a =
. ”fimal « k2 and -ve for <0 — transfer Wayy Wavy * DellSIW corrugation modulaju(.)nal
a% . — damping {; . cross-coefficient
to large scales by NEGATIVE VISCOSITY P ¢y and advection noise F,; ALL
_ _ - 5 +ve and scale as l/ag.
» Modulational instability when —#n,; > uk;
defines a critical spectral slope _ ) _
T = Density cascade forward in
e Zonal growth is maximum when a, — oo Zonal k,
—>Non-adiabatic fluctuations inhibit _
transfer to large scales " = Corrugations become
weaker as the response
al, % become more adiabatic.
o M >0 ALWAYS for — < 0 =
qx

Forward transfer when ‘R (1'zk¢k*> <0,
backward transfer when R <nk(/),f> >0

e Noise = Reynolds stress squared times triad
interaction time. ALWAYS +ve and of

envelop scale ! Fi"'= 4Zﬂ;®{”_qq ; 0, =q,q,
e Noise/Modulation =
qflq/kiglk = Turbulent KE/Zonal KE

* Corrugation 1s determined by
noise vs diffusion balance.

- Important for staircase

orward cascade i k-space 1
supporting the 1dea of
(inhomogeneous) mixing in real
space.




Spectral evolution of zonal cross-correlation
— —

From zonal vorticity and zonal density equation one can obtain

0

0

BN

(0 D) (3193) = (1, %39) + (¥,11,9,7)

r

e —>Zonal correlations are determined by correlation of fluxes and zonal profile
/_A /ﬂ

* Significant for layering or staircase structure - potential and density are aligned 1in staircase!

Q: When do zonal density and zonal potential align?

From spectral closure

2;7(') |n |2 +2C(’) |¢ |2
2k k 2k k +ve when — (/4 +D )k2 - 25(’)
—(u+D,)k2=2 | —ve when — (u+D,)k2—2£0 <

Where f(r ) = M + ¢1,= non-lin zonal damping rate + non-lin corrugation dampmg rate
TN

~

* —>Zonal density and potential are correlated (anti-correlat nodulatignal

[
growth of zonal flow 1s more (less) than modulational dampmo of corrugations.
"W e —————




Summary of zonal flow and corrugations interaction

(a) Zonal flow - Vorticity equation - Polarization charge flux

Process

Impact

Key physics

Polarization noise

Seeds zonal flow
/'T'M

Polarization flux correlation. +ve
f

definite &

f—

Zonal flow response
(comparable to noise )

Drives zonal shear using DW energy

Non-local inverse transfer ink, .
-ve viscosity

Zonal shear straining of
small scale

Regulates waves via straining

Stochastic refraction straining
waves. induced diffusion to high

(b) Density corrugations - Density equation - Particle flux

Density advection beat

Seeds density corrugation

Advection beats due to non-

noise adiabatic electrog
—-'-Ng——_,
Density corrugations Damps and regulates density
response corrugations

Zonal shear straining of
small scale

Regulates waves via straining

Stochastic refraction straining |

waves, induced diffusion to high 4

(c) Zonal cross-correlation - Vorticity and density transport processes

ZCC response

/) D\
- U

Sets corrugation - shear layer
correlation;

Growth of zonal intensity must
exceed the modulational damping
- of corrugation

‘A ~N SN



F \S T

Feedback loop with zonal noise

Feedback + Noise — revisit Predator-Prey 15

Turbulence energy ¢ evolves as

duced diffusion /shearing
& e ot |
x _ JETETME . Nonlinear damping

B=0

E,

Zonal flow energy E, evolves as
Modulational growth 051
‘)Ev - 7
T — y\u_E‘/r— voE, 4 pe”

Va0

0 . "
Without noise: 0 0.2 04 06

o Threshold in growth rate y > #5y,/c for appearance of stable zonal flows.
* Turbulence energy increases as y/y below the threshold. until at y; /o at threshold

. Be}'ond the threshold. turbulence energy remains locked at 7,/c while the zonal flow energy continues to grow as
' (rin—vle).
With noise:
* Both zonal flow and turbulence co-exist at any growth rate — No threshold in growth
rate for zonal flow excitation
* Turbulence energy never hits the modulational instability, absent noise!




L-H Transition

1.5r
f ~
With Noise { KD 03 + Noise L
. . . 1r
» Significant zonal flow appear below the modulational
instability threshold. No ZF threshold in Q. Zonal flows
exist at all Q. 05
* Turbulence level is reduced, no overshoot, zonal flow 0
. . - mciiby = 0.2
enhanced. No discernable trigger. o] —dah 02 .
= Aan, = 0.2 "
1 |===ciib, = 0.4 - “t 9
—e-id@b, = 04| —,K vy
0.8 @beoﬁfg il
*D L 92////' 1 \‘-‘\ /’I{
etal '\ -~
06f i . =3 o 1
) i~ 7/,/ “;/,\\.
04r £ 7 »)-‘.' N
i A N
02t 'l s —-—_‘-4 \ ~ e
_'B ‘ o a--—"'—'—- A
0 - ) N N ]
: 0 0.5 1 15 2

. =phase 1n the back transition 1s more oscillatory than that in the
forward transition.

*\ Hysteresis with noise is robust w.r.t variations in initial
w
10n

0.2

The area enclosed by hysteresis curve decreases with noise

o5 05 (12 15 2 . N0’>b< — SC_ ZCoGQQ_[S




Status: Ongoing Study

QoJJ‘u_:{ B vaY
——
« | Bi-directional transfer(@: KE - large scale———

) - =
nt. Energy > sma@

- phasing of shear layers, corrugations
o mgations

challenge ! - sign? - growth shears vs corrugation damping

» Beat noise + modulations comparable

» Classic question: “If zonal flows are the trigger, then what triggers

e
the trigger?”

P
@wer: No discernable triggerin ritical Intensity? LM
Ve 6"‘4&"{\"7
. @oot in L-H models eliminated S




Flows with Disordered Magnetic Fields

a) planar tangled field: g —plane MHD and ‘viscosity’ in

solar tachocline
C.-C. Chen, PD: ApJ’20, APS-DPP’20

b) stochastic magnetic field: Reynolds stress decoherence

and LH Threshold with RMP

Chen, P.D., Singh, Tobias: APS-DPP’20, submitted to PoP
Others in prep.



What is the Tachocline?

Thin, stably stratified layer at the base of convection zone

inferred by helioseismological inversions
hydrostatic, § > 1 ~ weak By
turbulent

why should | care? Interface Dynamo
(Parker 1993)

solar dynamo!

many problems in conventional wisdom of mean field dynamo

convection zone
overshoot (3D)  (helicity)

but: - shear is good! -- i __________ I -
- stable stratification enables shear tachocline ZD)gg

theory € - multi-scale physics



How is the tachocline formed?

* meridional cell “burrowing” vs ?

meridional
circulation
<> VP XVp
(Ertel’s thm)

=> “burrowing”

« ? Contains it ? Momentum transport and

‘viscosity’ of great interest!
— Spiegel and Zahn (1992): y ot great

—> Latitudinal viscous diffusion (2D ?)
— Gough and Mclintyre (1998):

- note PV, not momentum, mixed in 2D - negative viscosity
or

> fossil field in radiation zone (?1)



Model: B —plane MHD (Tobias, P.D., Hughes ApJ Lett '07)

« Shell = tangent plane

! in plane
z > 20 9
I o, p = R CoS
(6 from equator)
: y .
- ¢, A N — x (periodic)

— Vorticity: (3; + V. -V, )w — B0, = %1 P20 + f

— B - 0 = Charney (HM) SR

— f = overshoot ‘pumping’

Stable stratified

— Induction: (8, + V. - V,)A = Bydyp + vV2A

- ala’ Drift-Alfven: w? — wwg —k2VZ =0 (R. Hide) (Tobias, et. al.)



Field Structure?

 Weak B, + high Re, Rm

= (B?)~B3iRm from conservation of A (to n) in 2D

(Zeldovich) (B*) » (B)*

» disordered or ‘tangled’ magnetic field ‘stochastic’? <-> pumped by

random overshoot. Stochastic character <- forcing

Kuyg ~ 14c6B /BoA, lgc — 0 allows Ku < 1 even for 6B/B, large

(‘delta correlated’)



Field Structure, cont'd

. Small-scale random fielcs .
. P
. X

+

\ '
‘Large-sczale magnetic fields

(after Zeldovich ‘83)
« System may be thought of as:

— ‘soup’ of magnetic cells
— threaded by ‘sinews’ of open lines €<-> percolation? — length of line

— embedded in fluid, ~ frozen in (Rm > 1)

—> points toward effective medium approach



Momentum Transport / Z.F. Production?

* Numerics: forcing via celluar array

— predictably, Z.F.’s absent B,

— weak B, eliminates Z.F.’s !



Z.F. Production, cont'd

B, and n characterize
Momentum Transport

« Systematics:

+ > Z.F’s form

& 2> NoZ.F.

- B3 /n emerges as control parameter for character of momentum transport
« Echoes Zeldovich (B?) ~ Rm(B)?> and,
Reynolds-Maxwell: (V) —» (VV) — (BB)

=» Tangled field retards momentum transport...



Z.F. Production, cont'd
* Isit so simple? (Chen, P.D. ApJd 2020)

« Conventional wisdom: Reynolds vs Maxwell, and Alfvenization

— Rossby, etc energy converted to Alfven wave

— Reynolds-Maxwell equipartition

=20 - 0
) Reality —— Maxwell Stress (B, B} —+— Reynolds Stress {e,u,)
102 T - T -
. 'J": -1 ’,,’_“r‘A 2 =
The Reynolds stress is suppressed g s I~ Hvenize
N

when mean field is weak, before

the mean field is strong enough to

fully Alfvénize the system. . — ;
104 103 102 104 10°
0
Conventional wisdom: Maxwell/Reynolds stress

balance when the system is Alfvénized.
(Chen & Diamond, ApJ 892 24, (2020))

« Reynolds stress quenched by (B?) prior Alfvenization!



Begs two related questions (Chen, P.D. '20)

 How understand the dynamics in disordered
magnetic field?

— examine PV transport in prescribed disordered field

(replace: 8 —plane MHD > g —plane + B)

- mean field theory

— calculate PV flux (V@) or Reynolds force (I,V;)’ in

tangled field



Effective Medium Theory - Outline

« a Multi-scale problem: (principal effect via (] X B))

« Two-scale averaging: - stochastic field scale

1 1 ensemble average over
1. F= JdRZ[dB Py 5 F 2. ()= T dx? dt the zonal scales
° st st Dty
Zonal Mow Rossby wave Magnetic Rhines Stochastic-Field o
scalc Averaging scale Stochastic ficld

] 1 ( | « 1 ! > k
1 ) ' )1 - >
kzonal kRossby k MR ka\'g kaq

O Zonal flow

L
8'\

Rossby Wave Random-field
averaging region

Random fields

e l, o >0 €2 kg large

* kyg: kz(Vf> ~ w}22



Reynolds Stress Decoherence
* Recall: Tpy = (@) = (1)

& Multi-scale Dephasing:

52 small-scale
Mean PV Flux (T') and PV diffusivity (Dpv). Mean field B < B random
r PV Diffusivity
2 2 B7 ]\2
2 ‘ qk st.y

= ~ 2 vk +( pop ” @2+ 2k H Hopnk? 0~
F=_Z|uy’k| B w 2 _§+ﬁ>

y B2k2 k2 k2 BZ (2 dy

: w— (=) —2— k2+(°‘\ — —

Hop wZ + )72k4 Hop wz + ”2k4 #OpnkZ

» The large- and small-scale magnetic fields have a synergistic effect on the cross-
phase in the Reynolds stress.

4)p Dispersion relation of the Rossby-Alfvén wave with stochastic fields:

(mean square) (square mean) Rossby frequency wy = — gk, /k*
B2 2
+ iuk2> <a) + ink2> _ Dok
HopP
AW of the > Drag+dissipation effect
sping constz mt B /\ //1(,/) large-scale

- — this implies that the tangled
dissipatic - - . .
S g fields and fluids define a

Dissipative response to Random magnetic fields resisto-elastic medium.



Reynolds Stress Decoherence, cont'd

* The Point:
— (B?*) degrades Reynolds stress coherency, along with k;V,,
— (B?) » Bp

« (B?) coupling (after visco-elastic)

- ‘resisto-elastic medium’ replaces notion of ordered magnetization

- physics: Radiative coupling into tangled network = decorrelation
* Mean Flow?

_ 1 -
0¢(Uyx) = §F> T (BN Uy) + vV 3(Uy)

(previous) PV flux magnetic drag



More Thoughts on Effective Medium

L/ Bszt- Resisto-elastic Medium: FAARTAL A
. "'.‘ 47 Alfvénic loops + elastic wave
({8, JAN = resisto-elastic medium

B K BH2
Sty + 0"x

= (),

o’ + i(a+ nkz)a) -
Hop Hop

t Large-scale field
Small-scale field spring constant
spring constant

» Fluids couple to network elastic modes. Large elasticity

degrades coherence

> This network can be fractal (multi-scale) and intermittent
(— packing fractional factor: B2 — pB2)
— “fractons” (Alexander & Orbach 1982).

> Similar physics— polymeric liquids. (Oldroyd B)
We can calculate the effective spring constant, effective
Young’s Modulus of elasticity. - I3 -

1 1 Schematic of the nodes-links-blobs model (Nakayama
—> Elastic Energy Equation & Vbt 1004




The Lesson, so far...

« Reynolds decoherence occurs via (B?) coupling, well below Alfvenization
- decoheres Reynolds stress before Reynolds-Maxwell balance

* Physics:
— tangled magnetic network
— effective resisto-elastic medium

— radiative decorrelation
« Tachocline?
— both S+Z, G+M(a) wrong
— magnetic disorder_.impedes momentum transport

— only G+M(b) remains standing — fossil field in radiation zone?



Reynolds Stress Decoherence
and the L->H Threshold in
a Stochastic Magnetic Field



Benefit and Cost, revisited

‘First ELM
* Need make/ L->H Transition with RMP ! the largest”
. : ~50% i in Py, for RMP
Increase in Py, for L2>H 17? \ abo\'/';ﬁﬁf;;i,";B%‘;;ve,, s
= NBI +
— (SB/B)critfor ; N ® NBI+ECH i
s ¢ 47
L->H Power increase E 2 ry
o 1 ?ITEB
— Significant ! tr'd
0o 1 Z AN 5
e |ssues: CéBr/B [104] -
~ Why L->H threshold 1 due RMP. (resonant vs.
> hdecoherence of Reynolds stress non-resonant)!

_ , . >
V‘\,/ba’f physics defines(6B/B) qrit (Schmitz, et al 2019)
tn ’ /

— What Else?



Magnetic Field Structure, Model R HP-D s3<l,.
eyer

* Mea Culpa:

— stochastic Iaye( calculate§

— paradigm: ‘stochastic field’ as surrogate for RMP field (complex)

("\
* Familiar story:

— strong mean B, 3D
— k- B = 0resonances, overlap = stochasticity / chaos
— Ku = 143.0By/A By <1 (no ‘delta correlation’ assumption)

hereafter b? = (6B/B,)?

«  Model

2 fluid, supported by kinetics

— vorticity - w, ¢

— induction - 4 trends model insensitive, as
V-]=0

— pressure - P ] =]p0l +]pS +]||

— parallel velocity -V



The Plan (builds on previous)

« Understand Reynolds stress in stochastic field
— physics argument
— scales
— analysis

» Implications for L->H transition



The Simple Physics (one way...)

. Shear flow generatlon — ‘tilting feedback

%——a (w+k9VE)—@ O=(/
then (V.Vg) —> _kHVEzg

SO ;A?\/@\% "tilt induces correlation
~ c? .
(We) ~ — Xz |¢k|2k@c Tilting Feedback
kﬁﬁ%v

- Modulational Instability, etc

——

« Stochastic field?”



The Simple Physics, cont'd
2

/y./ o=
» Recall (BBK'66) (w? — wpw — kfVi =0 wp = drift wave frequency
=

« Consider: k; = kﬁo) +b-k,, forstochastic field

o

* w=wp+olw

so (mean field)

ensemble avg frequency shift due b?
A lKJ\U\s»> / stochastic field effect on (kyk,,)

~ = c? 1kivi @
* (Vo) ~ = Ty 1wl (kEViTan — 575 2 55 I Pk

2 V., Ox )

- > criticverwhelm shearing feedback

+ TBC 6'31",;:, QM‘.?% y 1 A Er“elaeq_p’\




R eldy 4ty S=Add/
Scales

* When does stochastic dephasing become effective?

Basic scales: —
Alfvénic N ) Stchas
fenyarci Jatur: St St . e
Shear flow Dispersion | ovidtn | Jorondening Stochastic field decoherence
| | | | > beats self-decoherence.
0 . 2 ? .
kAx—u,  Val Bkl Aw Dk kZD Awy, vs VyDyy 18
ox - T
(non-lineal micro- D 5 k ~ FOM
instability process) - VA Tt ( ||)
Alfvén wave propagate ]
via stochastic fields 1
— characteristic Magnetic Auto correlatlon length /..
velocity from V- J =0 diffusivity RST&
ke €6
- FAQ's «

— why V,? > from - kAvaenlc coupling in response

— B, dependence? > V,( bz)lac mdependent B!

— Vy|Aky| = autocorrelation rate of vorticity response > mean
vorticity flux



Scales, cont'd
Cs

— scaling is unfavorable

re

.. . Alfvénic
» How stochastic is this? Shear flow Dispersion Natural Stochastic
rate linewidth broadening
J 2
kgAx—u‘, VA | Ak” I Aw Dk_L
ox - —_
r/
(excited by drift- (non-linear micro-

(T, L

€] COUupnIgy

HISTAUIL

stochastic field scattering length

‘ Ku

ma g
‘\
!

perpendicular magnetic fluctuation size

* In practice, need Ku ~1




Proper Analysis — Schematic

* V-J=0 ~ V4Dy characterizes mixing, p,, - RSTZ, R.R.

N

= VU, is signal speed along stochastic magnetic field

e 0,(L.Vy) =(V.V2@)  Taylor Identity

f\/ﬂ

Vorticity Perturbation

+ V2 = () 0(V?¢) + () kTP

/7( \ residual

diagonal VP etc. 2 flow energy

- P - Acoustic coupling slower

=» of interest to fate of intrinsic rotation



Outcome

-~ 9,
ax<VxVy> = _DPVE<‘72¢) + Fresk ax<P>

l,. = field autocorrelation

Dpy =~ § |Vr;k,w|
k,w
M —

Aw,, vs stochastic broadening

2k,
F;“es ~ = 2 - DPV;k,w
w Stochastic field

k,w
f decorrelation must
[ ] " ~ 2 . N .
Onset: Awy ~ kiViDy ' beat ambient limits

on Reynolds stress phase

\ spectral linewidth

» In practice: |Ku ~ 1| for effect, a challenge to predictions...




To the L->H Transition...



Theoretical Problem:
L->H Transition in a Stochastic Magnetic Field

 What of L>H ? - Converging, though still somewhat
(38 years +) Y

controversial (cf.J, ?
- L. Schmitz, APS)

« Fundamentals:

— Transport bifurcation
—VP

— Bistability essential — S curve (c.f. A. Hubbard, et al)

— Robust feedback channel — ExB shear flows

— Insulation layer at the edge...

X1 = X1 (Vgxp/w)
xr | for Vg, g/w > crit.
VEXB = VP/Tl+



L->H Transition, cont'd
« Subtleties: (J,)

candidates:
— What is the “trigger™? - i.e., - polarization fluxes
- Reynolds stress
— What physics allows VP to steepen? - ﬁ;@t loss
« Coupling of energy to edge zonal flow
— Interplay of e, V, g, VP Kim, PD, PRL’03
_ 14F ' ‘ ' -
—~ Preynouas Crit. needed, oL Er [-phase
vob \
measured (Tynan) 0.8}
0.6
— Crucial to note E x B flow 0.4f
0.2F :
0.0kt ==~ ~

— Zonal noise promote transition o0 g




Results 1, with Stochastic Reynolds Stress Decoherence

4

The threshold increase due to
stochastic dephasing effect is seen in
turbulence intensity, zonal flow, and
pressure gradient.




~

,,?
Results IlI: L H Power Increment

&

 L->H, L1, I>H thresholds all increase linearly |@: (% /62\/B) q/e

. éot optlmlstolltely stated) Jes) o~ @ /Z% /O ~(

. L-l transition RR‘P
& >
o .
S ELM Supp.
7z 4
4 (@ pmo
5 i
: 3 -
£ - 4 =
= + + . ]
o g 2 2
=
o

I-H transition

0 1 2 3 4 5
dBJB (104) p2 ~ 1077
(L. Schmitz et al, NF 59 126010 (2019) )

Power threshold P



{(-:r %> N W2 vV A
* Broad Theme: Turbulencéand Transport [especially momentum,

Related Work (tive Summary)

PV] in Stochastic Field

 What of intrinsic rotation? % V) ? (local favorite)

* N.B. : ‘Pedestal Torque’ essential to stability in high performance

discharges!

— Parallel Flow < Acoustic Dynamic)s
So [

Scattering effect 9 modest

— vr and F, ... persist, with modification



Intrinsic Rotation, cont'd

But: ,&
« Broken Symmetry required, for (kgk;) # 0

k
* Fres ~ _Z VTurb

« Key Question: How does stochastic field interact with
N

symmetry breaking?
AN —

= V; is leading candidate mechanism

—> Currently under investigation i.e. shift vs dispersion



Direct Effects of Stochastic Field?
- Parallel flow, pressure

0
o & I
d: (V) + 0V V)) = 12 aﬂj 4&%;& -0

“kinetic stress” (W.X. Ding, et al)
E———

—
—

and:

~ ~ 0 ~
0¢(P) + 0,{V,.P) = ~ 3 Py (bV}))

* (Finn, et al '92: yate via OP + 6V,
(Fon et ol SZyateffnf/Byinop % _ )
w

* But... fluxes non-diffusive!

For static stochastic field

> (~cs Dy V{P) Residual stress

—csDy V(Vy) = Convection

p—

pressure ® B -7V, =0




Direct Effects, Cont'd

But: turbulence co-exists with stochastic field!

VS/@ turbulent scattering

_l
kijcs + (1/Tc)2]

X%: shift, contrast

Time scales:

Resonance:

What balanceslﬁr a(P)/or ?
A

resonance broadening

— ¢VyP > weak turbulence - residual stress
Py = — .
b only, as previous Now <8<t

—_—

—@VH —> strong turbulence > magnetic viscosity

b, v, interplay /@2‘2?
Y oD




Direct Effects, Cont'd

— Structure of flux, ‘Fick’s law’ changes !

=l d , /Q M/O
— Interesting new direction... —_—
N~

* Correlations?! (M. Cao, P.D., AAPPS-DPP 2020
v——/__/7

[Dynamics of Instabili

— Are b, turbulence uncorrelated? _ o
in stochastic field

— No - interaction develops (b¢) correlation classic question]
——

— ala’ Kadomtsev, Pogutse, impose 7 - ] = 0 to all orders
N = e

— Novel small scale convective cﬁ structure develops

e

=



Status

* Physics of Reynolds stress decoherence clarified

b? q
pZ\B €

* Pessimistic scaling for increment in Pry,-.s =2 linearin a =

« degrades Reynolds coupling
e a~1 & Ku~1
- V,D,, is characteristic scattering rate

» Turbulence <-> Stochasticity interaction enters parallel flow

dynamics (c;Dy,)



A Tantalizing Goodie...

nonlinear energy

transfer b'ursis'

- no MPs
7.5Fk— non-res. MPs
— resonant MPs

10.0

5.0

(M. Kreite, G. McKee, et al.
also Z. Yan, APS’20)

2.5}

0.0

V Vg 8, Vg (1012 m?/s?)

-2.5 2 M M 1
-8 -6 -4 -2 0 2
t-ty (ms)

» Transition - Pdf of Reynolds Power Bursts <-> statistics!

 RMP/stochastic field alters population of large bursts, approaching

transition

* Probe of power coupling statistics ?! <-> Multiplicative Noise
Process — Tilting?!



General Conclusions — More Philosophy

» 40+ years on from ‘Rechester and Rosenbluth’, dynamics in a

stochastic magnetic field remains:
— theoretically challenging
— vital to MFE physics (i.e. trade-off, 3D)

« Transport in state of coexisting turbulence and stochastic magnetic

fields is topic of interest. Especially, questions:
— small scale energy tensor evolution (real space)
— Need better understand Ku > 1 + transport
» Fractal network model promise new theoretical directions

« 1D (at least) L>H model ! Length scale of stochastic region will enter
(ongoing)
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