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dead zone

cosmic
non-thermal ionization rays?

of full disk column

resistive quenching
of MRI, suppressed

angular momentum

transport MRI-active ambipolar diffusion

surface layer dominates

collisional ionization at
T>102K (r<1AU),
MRI turbulent

Gammie (1996)
Armitage (2011)




~ Jupiter s Great Red S

In nature, vortices‘ .
thrlve where there |s >
W Rapld rotahon 7
» Intense shear\
» Strong stratlflcatlon |




ovian Vortices Versus Protoplar
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- Shearing Box Simulatiof

SF STATE

Box rotates with gas at radius. ro 4
Keplerian differential rotatlon 9 Llnear She
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HYdrodynamlc Equatlons

SF STATE Con3|der a small box of gas in orblt around protos
- rotating reference frame, gas flow appears as a I|n 2

() = vy(2)§ = —5Qoz,
d(lnﬁ)/d = gz(z)ﬁ(z)/ﬁ(z)

Stratification
measured by
potential . -
temperature
profile and the
'Brunt-Vaisala

. frequency.

Euler equations with anelastic approx. in rotating reference frame:

Ov/0t=—(v-V)v — 2002 x v+ 302 2& — VII+ (6/0)g. 2,

90/0t = —(v - V)0 — v, (0N?/g.) — Lradf,
0=V _-|p(2)v],




Because the vorticity is
divergence free, vortex lines
cannot end in the fluid but must
form closed loops or go off to
infinity! (Like magnetic field
lines.)
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SFSTATE z-component of vorticity
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Dawn of the Zombie Vortex IS

THE ASTROPHYSICAL JOURNAL, 808:87 (16pp), 2015 July 20

MARCUS ET AL.




: Bé'roélinic '; Criti“cali Laye]rs_" .
N1 NL2T A

o(m) =

Io-lky_l(fl m m

See Wang & Balmfdrth (2020): “Nonlinear Dynamics of Forced Baroclinic Layersﬁ’;’
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It Much of the early work on PPD-'
dynamlcs ignored stratlflcatlon
‘was the belief that if a rotating fI
stable a stratified rotating flow |s SV
“more stable (FALSE!) | .

3t Need high resolution to r  Iv
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SF STATE

Marcus et al. (2013) —
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ZVI with non-uniform stratificatie
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SF STATE
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2VI with non-uniform stratifications

SF STATE
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Figure 7. Zonal flow in profile Run_Brunt_Step. (a) Vertical component of relative vorticity in a horizontal plane at
height z = 2H, after ~ 2800 orbits. Colormap is the same as in Figure 3. (b) Azimuthally averaged vertical component of
total vorticity in rotating frame. The total vorticity here is the relative vorticity plus the vorticity of the Keplerian shear,
wiep = —(3/2)Q, indicated by the vertical dashed line. (c¢) Corresponding azimuthally averaged relative azimuthal velocity
vy — VKep. (d) Corresponding azimuthally averaged azimuthal velocity, including background Keplerian shear flow. Note that
the graph in panel (b) is exactly the first derivative of the graph in panel (d).




SF STATE

. dt - ey

dTy/dt = ‘|‘(T Td)/tCOl

dust radiates energy in the infrared

1/t = 1/t5" + 1/tCOZ +1/th04,

—1
trelax = 2t|| {1 — 1 — 4t2/t50lt2ad

~ tCOl(l + tgad/tcol)

~ 4col
~ tg -I_ tthi’ﬁn

Gas and dust exchange energy vla colllsmns_,,.- .




SF STATE -y .
' - _~+ Optical depth =
' ' .~ Gas density p =
Cy 1 ‘Opacity x° ) 8
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SESTATE Rate of energy exchange between gas and dust V|a |

Ao = 7ra2ndngvg(2A)kB(Tg T,)

—1 2 1/2
~128x10° Wm 3K — Pi/Pg Py r, \" (T, — Ty)
‘ 1 pm 0.01 106 kg m—3 100 K g ’

Respense time ~ thermal energy content / energy exCh_ang'e rat .

tCOl = pgCp/(Acot/| Ty — Tal)

_ — —1/2
~ 700 s | — pa/py) "~ Py LT, Y
1 pm 0.01 109 kg m—3 100 K ’

(5 = paca) Aot /1Ty — Tal) = (paca/ pyco)t”

—1 —1/2
~ 0 7 S a pg Tg /
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SESTATE Net power (absorbed Am'i‘hus'e‘rhitt'ed) by dust |nI R:

b Ao = na(4ma?)(Q)o T} — na(ma?) f. = na(4ma?)(Q)o (T} — T2)

—1
a for aT' > 600 pm - K,
~5.68x 107" Wm™ K1 ( 3 P _3) (T — Teq) X ( ) '
10—® kg m ( for aT" < 600 pm - K,

iy &

B - ._..‘ .

ty* = paca/(Arvaa/|Ta — Teq|)

T, a
~ 14 s x (100K um) for aT" > 600 pm - K,

(100 K for aT' < 600 pm - K.
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‘'without “smearlng” out the resolution neces
' Instablllty processes and turbulent m|xmg?

Slmulatlons should include
{;-'tlmes Evolution of dust sJ_

| ':dust via vertical seﬂlmg _‘
| depend on hydrodynam"

- “Local” S|mulat|ons are good for |dent|fy|.;
instability and foIIowmg evolutlon into non

But how do we connect “Iocal” S|mulat|ons:

Need more development of subgrld scale m
size distribution that can be |mple d in |
simulations (e g. Estrada et aI



Dimits shift, avalanche-like bursts, and solitary
propagating structures in HasegawaWakatani
models for plasma edge turbulence

zonal mean flow o =0.5 « =0.5 ratio = 5:1 radial particle flux o = 0.5 x = 0.5 ratio = 5:1

Antoine Cerfon, D. Qi, A. Majda, Courant Institute NYU
KITP Staircase 2021



DRIFT WAVES AND DRIFT INSTABILITY

\no cos

—

v ©°

Unstable bad-curvature
side, eddies point out,
Stable direction of effective
side, gravity
smaller
eddies

Cartoon picture by G. Hammett
(PPPL)

Kinetic simulation by J. Candy
and R. Waltz (GA)

\\\\\
particles quickly move along field
lines, so density perturbations are
very extended along fields lines,

which twist to connect unstable fo
stable side



TURBULENCE DRIVEN TRANSPORT

» Random walk by eddy decorrelation

LE Lo o LB LB
>DO(?C TCOC@OCTOCT
o T
Dx = ox—
B B

» D inversely proportional with B.
Unfortunate, but expected.

» D proportional with T.
Unfortunate, and unexpected: as the plasma
gets hotter, confinement degrades

» Transport dominated by turbulent driven
transport

— : ;
» “Low confinement” mode, experimentally

L.~ 10 ”
© Ps verified
Heuristic picture from Troy Carter (UCLA)



A LUCKY DISCOVERY

» “High confinement” = Lmode(§73me)
regime discovered as 'f o
input power is e @
increased! A:-:'h"—‘-"""

E g oy L-Mode

» Edge transport barrier, - e
with large gradients? o | Frhode ™

» Strong, cross-field : e Potosial oo
rotation localized in <

the edge observed 3

¥, Wagner et al., Physical Review Letters 49 1408 (1982)
L. Schmitz et al. Nuclear Fusion 52 023003 (2012)
SK.H. Burrell, Physics of Plasmas 4, 1499 (1997)



SHEAR SUPPRESSION OF TURBULENCE

Movie 1
Movie 2

With Flow Without Flow

» Sheared flow “breaks up” turbulent eddies, smaller eddies mean
smaller diffusive step size *

» Fundamental role of zonal flows

Z.Lin, T. S. Hahm, W. W. Lee, W. M. Tang, R. B. White, Science 281, 1835 (1998)



NONLINEAR UPSHIFT OF CRITICAL GRADIENT

20t /

!
~

2
Q, /(v,n KT (0/R)

Linear critical /7
gradients ./

V]
4

Dimits shift S RIL, 6

Nonlinear upshift of the critical gradient for the existence of
significant transport, a.k.a. “Dimits shift” 56,

5 A Dimits et al., Physics of Plasmas 7, 969 (2000)
®D.R. Mikkelsen and W. Dorland, Physical Review Letters 101, 135003 (2008)



BURSTY TRANSPORT & AVALANCHES

» Low-transport regime characterized by nondiffusive, scale-free,
and avalanche mediated transport 7

’G. Dif-Pradalier et al., Physical Review E 82, 025401(R) (2010)
Tobias Gorler et al., Physics of Plasmas 18, 056103 (2011)



BURSTY TRANSPORT & AVALANCHES
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L. Villard et al., Plasma Physics and Controlled Fusion 55 (2013) 074017



BURSTY TRANSPORT & AVALANCHES (+ FERDINONS?)
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SIMPLEST FLUID MODELS FOR ZONAL FLOWS
DYNAMICS

v

Two popular models: Hasegawa-Mima and Hasegawa-Wakatani

v

Models are NOT accurate for magnetic fusion experiments

v

Shearless slab geometry
Still attractive for their simplicity

» Better understand drift instability — zonal flow mechanisms
» Fundamental properties of zonal flows

v

J.B. Parker and J.A. Krommes, Physics of Plasmas 20, 100703 (2013)



ELECTRON DYNAMICS - APPROXIMATIONS

» Adiabatic limit= zero resistivity
» Small mass = neglect inertia

» Dynamics parallel to the magnetic field
ENE” = _vag

» Assume uniform temperature

Vi (?i) = VIHIN =V|In (Z\I\I;> = N(x,y,t) = f(x,t) exp <?’j>

Adiabatic electron response

. . s L
» Write every quantity asa = a +a witha = Liy Jo! ady

N = ny(x,t) exp (?) ~ np(x,t)(1 + e]Tgo)
e

e



ELECTRON MASS CONSERVATION

» Mass conservation + Integration by parts:

ON _0pON 0pON _ ON _ 0 (1 [b 05,
ot dy ox  Ox dy ot ox\L,Jo oy
» Use % = np(x, t)%f
88]? =0 No net radial electron flux

» Conclude: i
= N=mno(x)(1+ ET—f)

= Solve for normalized density fluctuation n = n = ¢



HASEGAWA-MIMA MODELS

8? +J (e, q) — ’”"ZS; =0 J(0.0)=0cp0y0~0yp0iq , K="
Original Hasegawa-Mima model®: Potential vorticity: g = V¢ — ¢

» No drift instability — turbulent forcing must be added externally

to observe emergence of zonal flows

» Not Galilean invariant for boosts in the y direction

» Unphysical net radial transport of electrons: ON /0t # 0
Modified Hasegawa-Mima model’ Potential vorticity: ¢ = V?p —

» MHM model has desired Galilean invariance

» No net radial transport of electrons: IN/dt = 0

» Stronger zonal flows observed

» Still no drift instability

8A. Hasegawa and K. Mima, Physics of Fluids 21 87 (1978)

°R.L. Dewar and R.F. Abdullatif in Frontiers in Turbulence and Coherent Structures
(World Scientific, 2007), pp. 415-430




IMPORTANCE OF PROPER ELECTRON TREATMENT

nitial state of @ at (=0

suapshot of 7 at 1=50 MHM
r

pshiot of ¢ at 1=50 CHM
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(a) initial drift wave state with wavenumber s = 2

initial state of  at t=0

snapshot of  at t=50 MHM
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(b} initial drift wave state with wavenumber s = 10

D. Qi and A.]. Majda, Chinese Annals of Mathematics, Series B 40, 869(2019)



HASEGAWA-WAKATANI MODELS
» Equation for potential vorticity g = VZp —n

0 0
4 J(p.q) — koD = —DAY

ot oy
0 0P —n) — DA*n Original HW!?
7”+](%n)+,€£: a(gf ~> 4 g.%n
ot oy a(p—n)—DA*n  Modified HW
e Original HW: NOT Galilean invariant, hard to generate zonal
flows

e Modified HW: Galilean invariant, strong zonal flows
» Hasegawa-Mima limit: o — oo
» OHW: n — ¢, ¢°"W — V2o — ¢ = gOHM
The OHW model converges to the OHM.
» MHW: 71 — ¢, MW — V2 — ¢ — 71 £ ¢gMHM
The MHW model may not converge to the MHM model.

A, Hasegawa and M. Wakatani, Physical Review Letters 50, 682 (1983)
R Numata R. Ball and R.1. Dewar Phusics of Plasmas 14 102312 (2007)




A SUBTLE CONVERGENCE QUESTION

oni 0 (1 (W _0p
G )

slfa=o0,ni=¢=2=0

» If ov is finite, no obvious bound on a_?



FLUX-BALANCED HASEGAWA-WATANI MODEL 1% 13

» Fundamental quantities are 4° = V¢ — 1and n

oq° b I 4 b
ot (@) —ng, = DAY
on 05
at—l—](tp, )—i—/ia—y—a(ap i) — DA*n

» The BHW model converges to the MHM model in the
appropriate limit, by construction
» MHW model for comparison:

o) - (7)o

» Linear drift instability identical in both models
» Nonlinear dynamics very different

2A.J. Majda, D. Qi, and A.J. Cerfon, Physics of Plasmas 25, 102307 (2018)
D. Qi, AJ. Majda, and A.J. Cerfon, Physics of Plasmas 26, 082303 (2019)




DIFFERENCES BETWEEN THE MHW AND BHW
MODELS

» Robust zonal flows: In the BHW model, zonal structures
observed even in the highly resistive limit!%13

BHW model
snapshm ofon vorciy. _a=001 n»U 5 .
WV N 1
15 \ \3 e
1o | 0.5
i
SN
> BN 0
5 1 7a
a0l ) 05
15 A ) £ / El
ol IR G
-10 0 10
b :
MHW model
snapshot of ion vorti 0=0.01 k=0.5 __ snapshot of fon vortcty =01 k=05 s
1
05
| ] 0
-05




DIFFERENCES BETWEEN THE MHW AND BHW

MODELS

Zonal jets are more robust, but also have larger variability!?!3

particle and vorticity flux in MHW model

particle and vorticity flux in BHW model
T T T

2004 N 1000% T q
transition | flow with ——<un>
+drftflow |
of wruence | = t of P >
LT -
-100 [1P5e | -500 - Pl
.7 | e
pooto=m=r ) L 1000k == " L L
107 10° 10" 10?2 107 10°
a a




DIMITS SHIFT IN THE BHW MODEL, NOT IN THE
MHW MODELM

total particle flux changes with parameters

total particle flux with different values of « and fixed a = 0.5

R 10
=10 K, =0.0185_ -

-
Pl

“D. Qi, AJ. Majda, and A.J. Cerfon, Physics of Plasmas 27, 102304 (2020)



RADIALLY PROPAGATING COHERENT STRUCTURES IN
THE BHW MODEL, NOT IN THE MHW MODEL!4

BHW

zonally averaged particle flux o =0.5x =1 zonally averaged particle flux o =0.1 k=1

l!""‘(‘l’ [ | [

15 15
% 10 %10
5 5
0 0 .
1000 2000 gy 3000 4000 1000 2000 fime 3000 4000

time time



COHERENT STRUCTURES PROPAGATE IN REGIONS OF
HIGH SHEARM

BHW Channel Geometry

zonal profiles of the velocity field

L S
- | 2t - -
f—a=01 —a=03 —a=05 — - a=08 - - a=1 0 5 10 15 20
zonally averaged particle flux a =05k =1 zonally averaged particle flux a=0.1 k=1

0 KA \
1000 2000 {ime 3000 4000 1000 2000  tjme 3000 4000

BHW Periodic boundary conditions
zonIIy averaged particle flux a =05k =1

zonally average:
‘. 1] I\

d p

article flux a=0.1x=1

3000 3500 4000 . 4500 5000 5500
time

000 3500 4000 . 4500 5000 5500
time



SUMMARY
Transport in tokamaks may be separated into an organized Dimits
regime and a strongly turbulent regime.

In the Dimits regime, one oberves periodic bursts in the particle /heat
fluxes, with avalanches and coherent solitary structures.

We have presented the only known Hasegawa-Wakatani model with
a Dimits shift, avalanches, and coherent solitary structures.

The key to observing these phenomena in the Hasegawa-Wakatani
framework is the proper treatment of the parallel electron dynamics.

Strong velocity shear is required for the existence of radially
propagating coherent solitary structures.



Capturing negative turbulent viscosity in reduced
models of unstable shear flows

Adrian Fraser!, Paul Terry?, Ellen Zweibel?, M.J. Pueschel,
J.M Schroeder?, B. Tripathi?

1UCSC; 2UW-Madison; 3DIFFER, Eindhoven University of Technology

March 3, 2021
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Shear-flow instabilities drive turbulence, enhance mixing

Below: example of turbulence driven by unstable shear flow

— enhances mixing beyond diffusion
t=0.0(d/Uy) t = 30.0(d/Ty) t = 150.0(d/Up)

5 —

- Turbulent transport: difficult to predict
- Natural systems (e.g. stars) often too complex for accurate direct
numerical simulations
— One motivation for this work: need reduced models, tools for

predicting behavior when simulations impractical or impossible
2/21



MHD KH: weak/moderate B enhances turbulence despite
partially stabilizing instability

Palotti et al. 2008: for B = 0 (left), large-scale vortices dominate KH
B £ 0 (right) increases small-scale fluctuations despite stabilizing influence

07458 0.8336  0.9215  1.0094  1.0972 _7.8922 —6.0958 -4.2993 -2.5029 —0.7064

3/21



MHD KH: turbulent transport, layer broadening rate
increase with field strength

Mak et al. 2017: as By increases (left to right), turbulent momentum
transport increases — layer broadens faster

(a) M =001 (b) M =003 (¢) M =005

> 0 0 0
——t=0
—— —t=50
- ——t=75
-10 -10 -10
-1 0 1 -1 0 1 -1 0|~ ——t=100
ﬂ —— =150

This work: pursue explanation for this counter-intuitive trend — might
lead to reduced models

Specifically, explore role of stable modes, variation with Bg

421



Stable modes: overview

Some fluctuations return energy to the driving shear flow

Inviscid shear flows: for every unstable mode there exists a “conjugate”
stable mode (tied to PT symmetry, see Qin et al. arXiv:2010.09620)

Eg

uilibrium V, = U(2)%

Unstable mode ¢, k=0.4
N\ N\ T

-6 -4 -2 0

2
Stable mode ¢, k:f.4

o

1

Fraser et al. Phys. Plasmas (2017)

S

Unstable modes:
driven by shear
flow

Stable modes:
put energy back

Both types
present in random
perturbations

Unstable modes: u(z, z,t) ~ uy(z)e*+%e7 — linear growth
Stable modes: u(z,z,t) ~ uy(2)e*=Te=7" — linear decay

5/21



Stable modes: overview

Signatures of stable modes exist in shear flow experiments

Note: energy transfer to/from perturbations <> momentum transport
down/up the gradient (Reynolds stress) <« layer broadens/shrinks

MEASURED
REYNOLDS
STRESS

(Wygnanski & Oster 1982)

_ .03 03
2313. 02
(AU o .01

1)
0% 5 5 ©°
]

Figure 20 Evolution of Reynolds-stress cross-stream distribution with downstream distance
in a forced turbulent mixing layer (from Oster & Wygnanski 1982 and Browand & Ho 1983).

Shear flow
experiments: layer
broadens first,
then sometimes
shrinks

(Ho & Huerre
Ann. Rev. Fl. Mech.
1984)
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Stable modes: DNS

2D Kolmogorov flow

Fraser et al. (2018): examine stable modes in 2D Kolmogorov-like flow
(Vo ~ cos(kg'z)y)

=
N

0 0
@)X @)X

Streamfunction ¢ at three different times

7/21



Stable modes: DNS

From DNS results, calculate mode amplitudes 3;

At each ky,t, expand state qg in basis of eigenmodes ¢;:
ONL(2, Y, 1) = o, S, ky, t)e®vy = G =3 Bi(t)g; ()

Left: evolution of
NPV Bj(t) consistent
w:  with previous

B
- 107 /\//V 0.2
107 work: (9 excited
B 160 %5 B0 175 200 é by ,81,61 nonlinear
5 0. 3;
107

1004 — 81 I 2

18]

18-85 5, . . .
T @GR ) interactions (think
67 0.1 GQ’-)
N 1071
< M/\\\A M 02 . Right: continuum
24 10
fh modes (y = 0)
0 IUU ZUU 300 40() uUU ()UU 7l)() 7(‘)»'2 0.0 U.‘Z exclted tOO

|B2/0B1] = 1 in saturatlon = significant energy transfer back to mean flow,
(B> important in saturating the instability
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Stable modes: DNS

®1, @2 alone describe some fluctuations well

Flltered o) Z]' B0,
24 2.4
. 1.8
. 12
: 0.6
: 0.0
X 0.6
. ~12
. -18
. —24
Bigr R
2 - |
3 A
—2 ) —0.6
: -1.2
- ) ~18
o5 00 05 25 00 05 24
x/\ x/\
¢~

Common assumption in reduced
models: ¢ = ¢ at large scales
Here: including ¢4 yields
significant improvements

1.07 — bty
08 —— P11 + Pag
§ ’ —_— Zauﬂi‘?ﬁj
0.6
[
2
®
= 0.4
[a's
0.0 T T T
0 200 400 600

t

B1p1 + Pago captures Reynolds stress here — what about MHD?
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Shear layer with flow-aligned By

Simulate a 2D, incompressible, unstratified shear layer in MHD with
flow-aligned By in Dedalus (dedalus-project.org):

<8 +v- V)v——Vp—i— I xB+uvViv

ot
9 2
EB V x (vxB)=nV"B
V-v=0
ok 1 Uniform B, Equilibrium flow:

Vo = U(Z)}A( = Uo tanh(z/d)fi
Equilibrium field: By = Byx

Non-dimensionalize in terms of
d) UO) BO

—10:
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Model details

Non-dimensionalizing and setting v =y x V¢, B =y x V4 yields:

—v2¢+ (V26,¢) = M2 {V30,0} + —V4¢

g, 1 _,
E?ﬁ ={¢, ¥} + —Rmv (0
(Where {f7g} = a:cfazg - azga:cf)

Three free parameters: M4 = Uy/va x Uy/ By,
Re = Uyd/v,
Rm = Uyd/n

Typically use Re = Rm = 500
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Back to MHD

Nonlinear simulations: stronger B enhances layer
broadening, eliminates phases of layer shrinking

Assess layer broadening via kinetic energy of the mean flow:
Layer broadening <+ reduced KEj_ —g

_——
H00r /\/\,;
= 300f | _
I r 1  Energy in mean flow
<& [ —— My =140 .
§ 200} My =25 . decreases faster -Wlt.h
[ — My=20 1 stronger magnetic fields
100f —— My =15 ]
[ —— My =10 ]
ob—— e L
0 50 100 150 200
t

Note local minima in KE;, —o — negative eddy viscosity — stable mode
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Back to MHD

|deal (v, 7 = 0) system includes the same stable modes

¢1, unstable mode ¢9, stable mode

At each unstable k,, one unstable
mode ¢1,1 and conjugate stable
mode ¢z, with 12 = —71

=10 0 10 —10 0

¢1: draws energy from U(z) — down-gradient Reynolds/Maxwell stresses
¢9: transfers energy back to U(z) — counter-gradient stresses

10
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Calculate eigenmode amplitudes 3; from simulations

From simulations, calculate
eigenmode amplitudes (3;
First take FFT: ¢ = >, - petkar
Then expand in ¢; basis:

o =>,Bi0;

Eigenmode amplitudes
L B 1

¢1, unstable mode @9, stable mode

10° 3

1071

10
0
-10
-10 w? 10
10
0
-10
-10 0 10
xT

_af ]
10 g —— Unstable mode 3
—10
sl —— Stable mode
~10 0 10 07 >~ 3
x 0 20 40 60

t
Use to connect Reynolds stress reduction/reversal to stable mode activity
(Also tested with eigenmodes of mean flow (U), rather than initial Up)
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Back to MHD

Unstable, stable mode amplitudes relate directly to
Reynolds stress

Consider Reynolds stress 7, = (ugzu,) at z =0

k=02 k, = 0.4
r — L e L L e e L
5F :
oF of
F— 18P 150 5L
5k S
N aem exn(2=0) [
~10f : :
s e oo S A SR A NS R B ] i A P R S PRI BT B
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
t t

|B2|? — |B1]? yields Reynolds stress at z = 0 almost exactly
= Trends in 7, with By can be understood in terms of B effect on (5,
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Back to MHD

Enhanced layer broadening due to less counter-gradient
Reynolds stress, more down-gradient Maxwell stress

My =25 My =40 My =60
05— T T —— = = —— =
Tu — k=027
s 10x7 ke =04
010 — X4, — Y 7
fel
S
)
=)
Il
-
=
S
~0.05F e 4 1 E 1
r -\ 7 1
O\ sl
[ \ s ]
[ AN \_/'/ ]
—0.10f Moo’ 1 § F §
B T R R e R T 1 1
z z z

Reynolds stress (solid lines): dominated by large scales (blue, orange), sign
implies counter-gradient transport, weaker at stronger fields
Maxwell stress (dashed lines): dominated by small scales (green), always

gives down-gradient transport, increases with field strength 16)21



Back to MHD

Reduced stable mode activity enhances small-scale
fluctuations, increases dissipation

With stable modes affecting saturation less at lower M 4, more energy
goes to small scales

10° _
E _ 3 — Viscous
i SN SN, - Resistive
I \ AANERDNT o R = 500
L - - —=<d X
5 1077 " ‘\:’\\ oS / WM g M4 = 60, Rm = 250
o E N 3 E
5 PO ane — Wi 0 Rm =50
a P T —— My =60,Rm = 1000
2] - —
A 1072k I/',',’ (e 4 —— My =100,Rm = 500
E ] ]
F ! E
F “' J 3 Hydro run
1y
3 I 1
103 M) P R R
0 50 100 150 200

Small-scale fluctuations drive viscous, resistive dissipation
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End
Conclusions

- Stable modes transfer energy back to base flow, produce
counter-gradient momentum transport
- Stable modes nonlinearly driven by unstable modes to significant
amplitudes, despite linear stability
- Stable and unstable modes alone describe large-scale fluctuations well
In the MHD case:
- Increased By suppresses stable modes — reduces their
counter-gradient momentum transport
- Without stable modes, more energy cascades to small scales
- Small-scale fluctuations increase dissipation and down-gradient
Maxwell stress
Future directions for this work: MHD problem with reinforced profile,
separate model for magnetic fluctuations; investigate stratified shear
flows
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End

The end

Thank you!

Recently published in Physics of Plasmas, see
https://doi.org/10.1063,/5.0034575
My email: adfraser@ucsc.edu
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Backup slides

Assessing nonlinear coupling for a fixed profile
Eguilibrium Vo =U(2)x Unstable mode ¢;, k=0.4

I \\ —\\\ 100 Fraser et al. 2017:
! . analytical
; _2\_\6\5> RANS °” calculation of

<
-4 - - . ..
8o , Stable mode ¢2 k 0 4 osi3  hydro, inviscid,
1 < incompressible, 2D,

fixed shear layer
(¢: streamfunction)

-1 0 1
U
At saturation, does more energy go to ¢ or high k.7
— Consider arbitrary linear combination, ¢(z,t) = >_; 8;(t)$;(2)
— From vorticity equation, derive eqn for mode amplitudes:
0 0 .
5V 0= LI +NIo.¢l > 8 = iwiBi+ D CimnBmbn

. m,n
linear terms v-Vv ’
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Backup slides

Amplitude equations: unstable modes nonlinearly pump
stable modes

0
at/B Zw]ﬂ] + Z C]mnlean

m,n

Nonlinear coupling coefficients C},,,: characterizes energy transfer
between ¢;, ¢y, ¢, through v - Vv __ Eigenmode amplitudes

For stable mode j = 2:

10715 -

Of2= B +Co1B1BL+... 10-2k 1
N~ N—_—— E —— Unstable mode E

inviscid decay  NL pumping 10-3L ‘ ‘ Stable "“ode i

0o 20 40 60

Seen in simulations: first By ~ €72t then By ~ Coq1 3131 ox e?1?

stable-unstable couplings >
Evaluated threshold parameter P; ~ instable_only couplings found P = 0.3

=- Stable mode coupling significant in saturation
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Backup slides

Track stable mode excitation via DNS

KH in sinusoidal flow (Vo ~ cos(kz )y ): common secondary instability

Tracking stable modes in DNS requires eigenvalue tools, included in
gyrokinetic turbulence code GENE (genecode.org)

Fraser et al. (2018): simulate unstable, sinusoidal, reinforced* Vg.p shear
flow — investigate stable modes in post-processing

0.2

x  GENE NL k, = 0.05
GENE NL &, = 0.2
—— Rogers 2005 (GS2)
0.1 A Dedalus, Re = 400
GENE lin k, = 0.05
GENE lin k, = 0.2

e  GENE lin k, = 0.001

V/kVo

X Ax
A X X

0.0 ‘ : :
0.0 02 04 0.6
Ky /5o

Zonal flow,

gyrokinetics

-21KH-like stable mode

*(This is just over-complicated 2D Kolmogorov flow!)
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Backup slides

Magnetic field provides stabilizing influence

Calculate eigenmodes for Vj = tanh(z)%x, By = x in Dedalus

System is linearly unstable for M4 2 1-2 and 0 < k, < 1

0.20 | 7
0.15F § .
. 1 (Dashed lines:
— 0.10F : 4 wavenumbers in
i 1 our L, =107
I : 1 simulations)
0.05F | .
[ . ‘ ‘ - - ‘ i ‘ ‘ :
01)%.0 0.2 0.4 0.6 0.8 1.0
ke
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