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1. Turbulence why its everywhere and why its difficult
2. Simple picture for 3D turbulence, 2D turbulence (self-organization)

3D turbulence + rotation

4. What is the puzzle? (self-organization into 2D structures)
5. The role of waves (self-organization + wave turbulence)

6. Explaining the energy partition between 3D and 2D modes
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Turbulence: | know it when | see It

Visualization of turbulence
(temperature gradient in a cloud)
Mellado JFM (2010).




The control parameter: Reynolds number

Inertia: Flow rate increases with increasing U, L

Friction: Viscosity, fluid property: v [m?]/[sec]

UL
V

Navier-Stokes

d;u+u-Vu=—Vp + Re 'V, L
V-u=90




The control parameter: Reynolds number

Inertia: Advection — non-linear effect

Friction: Loss of kinetic energy

o;u+u-Vu=—Vp + Re 'Vu, V-u=0



The control parameter: Reynolds number

Inertia: Advection — non-linear effect

Friction: Loss of kinetic energy

Laminar Transitional Turbulent

Re = 7 Increasing non-linearity ' Jru+u-Vu=-Vp + Re~1V%u,
V-u=90



Typical Re is large!

Inertia: Advection —non-linear effect

Friction: Loss of kinetic energy

UL Water: v = 10‘6m—2
Re =— ~ 10% | s
V



Turbulence across systems and scales

Turbulent mixing

i
g Turbulence in rivers and clouds

Image from: Majchrzak et al, R

Energies (2023).

Fully developed turbulence = limit of Re —

HST

Active Galaxy Centaurus A
Hubble Space Telescope * Wide Field Planetary Camera 2




Statistical mechanics of flow fields

Velocity time series at a point

L e I A A |

TIME
Sreenivasan (1991)

Velocity spatial variation at a given time

x(m)

Arneodo et al (1997)



Statistical theory of Turbulence?

* Strongly interacting (highly non-linear, Re — o)
* Driven far from equilibrium (fluxes play a key role)

* Longrange interactions (sound waves equilibrate pressure)

deu+u-Vu=—-Vp+ Re WV u+f,
V-u=0




Crash course on 3D turbulence

Importance of conservation laws:

Kinetic energy conserved without
driving and viscosity

UL
Re = — >> 1  Eulerequation: d;u+ u-Vu = —Vp,

v V-u=0



Crash course on 3D turbulence

system scale

Kinetic

'3 "
Energy UL
Injection C) @ Re = 7 > 1
scale
. y,

DCDC

LI ITEI
Small scales (@@C)@C)CDC)@J




Crash course on 3D turbulence

system scale

Kinetic

E R
Energy UL
Injection C) @ Re =—> 1
scale 1%
~ J

l..
OO g, -
— e = T > 1
C)@CDCD@@ | Energy conserving
Small scales (@@Q@Q@C}@J interactions




Crash course on 3D turbulence

Domain scale

Kinetic

Energy s N -

et

niecton Sy @ @ Re="L 51
- v,

Flux of Energy @C) n o
l
H,’f @ @ | Reg=—>1

CH(PCH(DCH (D | Energy conserving
. interactions
Small scales (@@Q@@@@@J




Crash course on 3D turbulence

system scale

Energy injection -

_ y UL
rate = € \ @@ Re:7>>1

Flux of Energy Decreasing
HE — @@@@ Reynolds number
Ul
DEDCDCR|  ra=L
Small scales (@O@G@@Q@J

\ Relv = Ulvlv ~ 1

. : v Finite viscous dissipation
Energy dissipation |

rate = € Jiu+u-Vu = —Vp -I—’Re_lvzu,\




Crash course on 3D turbulence

system scale

Energy injection -

_ ‘ UL
rate =€ \ @@ Re:7>>1

Flux of Energy Decreasing
Hg — € @@@@ Reynolds number
DCDCDC |  Re=-"
Small scales (@@Q@@@@@J

\ Re; = Ulvlv ~ 1

“UV cutoff” / Energy dissipation v Finite viscous dissiplation

Re — oo: k,, = o0 rate = € du+u-Vu=-Vp + Re~1V2y,



Flavors of turbulence?

3D turbulence: small scales get
generated from larger scales
“mixing”

Three dimensions C)

Direct Cascadh

energy

<)




Flavors of turbulence?

3D turbulence: small scales get
generated from larger scales
“mixing”

2D turbulence: large scale flows
are generated from small scale
turbulence
“self-organization”

Three dimensions

energy

Two dimensions

Inverse cascade of
energy

Direct Cascadk C)

e




Flavors of turbulence?

3D turbulence: small scales get
generated from larger scales
“mixing”

2D turbulence: large scale flows
are generated from small scale
turbulence
“self-organization”

Z

3D

Direct cascade@@

>

energy

Thin layer ~ 2D

Thin fluid layer: |~ = -

—

—

iy |

~ [ Time evolution
: —)

(N X
1/ ! > \ g /,
\ -/
\ ¢ {\ y y

Xia et al, Nat. Phys. 2011

t=20s




Crash course on 2D turbulence

Two conserved guantities in absence of forcing and dissipation

1
Energy E = Ef (U- U) d?x = fEkdk

1
Enstrophy Z = zf (Vxu)?d?*x = [ k’E,dk

Thin layer
2D incompressible
flow
Z ' Conservation of angular momentum (per
== 0 mass) in z direction for fluid elements
= —— A




Crash course on 2D turbulence

system scale E = [ E.dk 7 = [ k2E dk system scale

Energy injection

r N 4 E s , Enstrophy
rate = € \ Forcing scale injeCtionzrate =
lr €/lf
\ 3 b ¥

E;[e’égy Flux C)@C)G @@@@ En;;lrz:)phy Flux

DCDEDE SCOCDE
Small scales (@G@@@G@@) (C)@C)@C)@C)@J




Crash course on 2D turbulence

system scale system scale

Energy injection ’ N . = . , Enstrophy
rate =€ \ Forcing scale injection rate = €
2
I /L5
\ / . J

Energ;l/_[FI%ux @@@G @@@@ En;;lrz:)phy Flux

DCDEDE SCOCDE
Small scales (@G@@@O@@) (C)@C)@C)@C)@J
E = [E,.dk

- UV cutoff [ 1—) 00
Z = [ k?Epd®x v \ /

Positive definite




Crash course on 2D turbulence

system scale system scale

Energy injection

’ D 5 : . , Enstrophy
rate = € \ Forcing scale injection rate = €
L /17
\ 3 L y

Energ;l/_[FI%ux @@@G @@@@ En;;lrz:)phy Flux

DS N PSS
Small scales (@G@@@O@@) E 12 (C)@C)@C)@C)@J
k Ex
E = [E,.dk
7 [ K2E.dk UV cutoff k. — oo Large k: l_[,% N kzl_[,f



Crash course on 2D turbulence

system scale system scale

Energy injection

’ N\ - K. , Enstrophy
rate = € \ Forcing scale injection rate = €
k ' /1f
\ 3 ~ o

Enstrophy Flux
7l [ COCHD COCH I
DCDCDCR VOO0
Small scales (@OQ@@O@@) (CDOC)OC)OC)@
Ex  k%Ey

b= Bedk E VA 21E
7 = [ k2E,d?x [, -0,k > o0 - Largek: [y =~ k“Il




Crash course on 2D turbulence

system scale system scale
Energy Flux I
I Hk Enstrophy
Energy injection |nJect|on rate = €
rate = € \ Forcing scale /lf
[
f

iy @@@@ @@@@ e

DEOCEOC DEOCEOE
Small scales (DCOCOCOR) (DCOCOCOR)
E = | Exdk
Z = [ k*Epd*x H]l{? - 0,k > o Enstrophy dissipation rate

e/lf



Double cascade in 2D turbulence

system scale
system scale

Energy Flux I
I Hk Enstrophy

Energy injection |nJect|on rate = €
Forcing scale /lf

rate = € \ lf
iy @@@@ @@@@ e

DD CDC OCOCOCE
Small scales (DCOCOCDR) (DCOCOCOR)
E = [ Exdk .
7 = [ K2E, d?x Inverse cascade Direct cascade Enstrophy dissipation rate

e/lf



E = [E.dk
/ = szEkdzx

Double cascade in 2D turbulence

Inverse
cascade

\ Direct

cascade

Kinetic energy or Enstrophy

L I L1
Large scales Forcing Small scales
IR cutoff scale UV cutoff



E = [ E dk
/ = szEkdzx

Slow dissipation at
large scale

Energy gets
accumulated at

k~1/L
Kraichnan 1967

Inverse
cascade

Direct
cascade

X

Thin layer

L B N &R &N N N B &N B §N §B = PN EEE .

Kinetic energy or Enstrophy

Small scales
UV cutoff

Forcing

Large scales
IR cutoff

Double cascade in 2D turbulence

Energy injection

rate
€

Small scale
dissipation rate:



E = [ E dk
/ = szEkdzx

Self-organization of 2D turbulence

Inverse
Slow dissipation at cascade
large Scale ,Q: | \ Direct
o ! cascade
2 I~
1T 9 — c !
Condensafte & ! '\5’
large amplitude 2 :
|
flow =1 B
= I
|
2 I
Thin layer 2 :
N i
L1 l;l ;1 k
Large scales Forcing Small scales
Z Nz IR cutoff scale UV cutoff




E = [ E dk

Z = [ k?E,d*x . .
Self-organization of 2D turbulence
“Condensate” = large amplitude Inverse
flow cascade
\ Direct
Inverse energy transfer: from — cascade

turbulence to condensate

Energy dissipation: via condensate
(in this talk quantified by Re)

Thin layer .

Kinetic energy or Enstrophy

L_l l;l l—l
1%

\{ias Large scales Forcing Small scales

ZI - ) IR cutoff scale UV cutoff




Self-organization of 2D turbulence

Statistical description?

U
n‘ Perturbative self-consistent approach

Z[ N (strong mean flow, weak fluctuations)

e

condensate “quasi-linear” treatment for steady state

Review on of such approaches: Marston, J. B., and S. M. Tobias. Ann. Rev. Fluid Mechanics (2023)
Connections with



Self-organization of 2D turbulence

Statistical description?

x Uf\‘ Perturbative self-consistent approach
fy (strong mean flow, weak fluctuations)
ZI )

= : —

“condensate”

“guasi-linear” treatment for steady state

Laurie, etal PRL2014 Can use hierarchical approach for mean flow operator:
Kolokolov, Lebedev PRE 2016 9 e . .

Woiltez, Bouchet. £pL 2017 sMall” viscosity, scale —separation, PT symmetry

AF Phys. Fluids, 2017

AF, Herbert, PRL 2018
Svirsky, Herbert, AF, PRL 2023, Svirsky, AF, PRL 2025



Rotation: self-organization of 3d flow
(deep layer)?

Rotating 3D flows: () || ZA

Energy piles up in 2D large scales

(2D = z invariant)

RESEARCH ARTICLE | AUGUST 13 2013
Experimental quantification of inverse energy cascade in
deep rotating turbulence ©

Ehud Yarom; Yuval Vardi; Eran Sharon




J. Fluid Mech. (2014), vol. 758, pp. 407-435. © Cambridge University Press 2014
doi:10.1017/jfm.2014.542 (a) 1.0

Large-scale vortices in rapidly rotating i
Rayleigh-Bénard convection y 05 R

Céline Guervilly"1, David W. Hughes' and Chris A. Jones'

Condensates in 3d rotating flow

PHYSICAL REVIEW LETTERS 125, 214501 (2020)

Anticyclone

Competition between Ekman Plumes and Vortex Condensates in Rapidly Rotating
Thermal Convection

Andrés J. Aguirre Guzmdn®," Matteo Madonia®,' Jonathan S. Cheng,"” Rodolfo Ostilla-Mdnico®,”
Herman J. H. Clercx®,' and Rudie P.J. Kunnen®'’

Q|



Inertial Waves

ieiwitﬂ'k-x
k
S yA
w; = 20)s—
f k
s =+1

What does rotation do?

Coriolis force: Waves

(a)

Gortler (1969)
Yarom & Sharon (2014)



Wave turbulence

Yet another class of turbulence....

Sergey Nazarenko

r\jg (ISQB LECTURE NOTES IN PHYSICS 825

Wave Turbulence




Wave turbulence

Yet another class of turbulence....

Sergey Nazarenko

Main idea we will need: in wave dominated regime

LECTURE NOTES IN PHYSICS 825

Interactions are restricted to resonant ones: Wave Turbulence

wr +w, +w; =0

—0>

(Oscillating factor in front of interaction averages to zero otherwise)



Rotating turbulence waves + 2d modes

3D waves cannot transfer energy to/from 2D modes

through exact resonances

2D modes k, =0 k
S Z
wy = 2(1S ;m

have zero frequency: s=x1

Greenspan 1969, Smith & Waleffe 1999
Shavit et. al 2024



Inverse cascade in Rotating turbulence

3D waves cannot transfer energy to/from 2D modes through exact
resonances

3d and 2d decouple....
Answer: inverse cascade due to energy injected into 2D o

i C;
AN N
7 1.7 \
Oscillating /[ $ -
disturbance (

Babin (1999)
Gallet (2015)

Seshasayanan & Alexakis (2018)



PHYSICS OF FLUIDS VOLUME 11, NUMBER 6 JUNE 1999

Transfer of energy to two-dimensional large scales in forced, rotating

three-dimensional turbulence
; ; endE 0
Leslie M. Smith ok Ty 20
Departments of Mathematics & Mechanical Engineering, University of Wisconsin—Madison, Madison,
Wisconsin 53706

Fabian Waleffe
Departments of Mathematics & Engineering Physics, University of Wisconsin—Madison, Madison,

Wisconsin 53706

PHYSICAL REVIEW LETTERS 132, 224001 (2024)

Direct Measurement of Energy Transfer in Strongly Driven Rotating Turbulence

Omri Shaltiel®, Alon Salhov®, Omri Gat®, and Eran Sharon

Energy injected in 3d reaches 2d!

PHYSICAL REVIEW LETTERS 125, 214501 (2020)

Competition between Ekman Plumes and Vortex Condensates in Rapidly Rotating
Thermal Convection

Andrés J. Aguirre Guzmdn®.' Matteo Madonia®,' Jonathan S. Cheng."” Rodolfo Ostilla-Ménico®.”
Herman J. H. Clercx®,' and Rudie P.J. Kunnen®"' 2




Puzzles:

* Why is energy transfer directionally from 3d to 2d?

* How can waves transfer energy to 2d modes?




Our focus:

Sébastien Gomé

Use 3D small-scale stochastic forcing, scale [¢
Consider steady state with condensate

Numerical simulations: _
Varying parameters:

Ly=2L,=2L, Ly/lf=10 |
s { \
b o 1 L, L, L
0 RO X —, Re ) 4 ) z ) :

Using hyper-viscosity, 256 x 512 x 256



Energyin 2d:
gy [

Increasing rotation Q7

<

— — — -9e560 —

E Tnertial waves (b)

1073 102 107

3D inertial waves 2D condensate

. (b)Ro=0.0058 (c) Ro=0.011

:..-.
T T/
. & » . ".
r‘. & % 4 !
'..-. — - .- 1
T 270
§2 Y

Ro «< —, Re

10° Ro = €'/2kY°/(2Q)

3D turbulence

(d Ro=10.5

Gome, AF arXiv:2512.05253, arXiv:2509.18323



Puzzles:

* Why is energy transfer directional from 3d to 2d?

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying

parameters?
L, =2L;=2L,
I: 1
HO‘O w; Ro x 5, Re

L, L, L,
e "l Ly




Our focus:

Use 3D small-scale stochastic forcing, scale [¢

Sébastien Gomé

Consider steady state with condensate

Analytical theory:
 Observables: condensate amplitude,
3D-2D energy transfer

Numerical simulations:

L,=2L,=2L. L,/l=10

* Quasi-linear treatment (perturbative) + scale
” separation /L «1

* Wave turbulence: restricted by resonances

Using hyper-viscosity, 256 x 512 x 256 . ,
Gome, AF arXiv:2512.05253, arXiv:2509.18323



Quantitative theory for amplitude

() —
(a) < /! —#— Re = 186 10Y .J."
i —— Re =93 i l """" .H :
—— Re = 46 .‘,‘.,! T :
10° —8— Re =23 . al
+§8 = gg 10-1 -.‘,.-“.Bo
—— fie = 0. o RO
9 | - G ; “!.'-'
U 1 O : I ?-i ~— ¢“.f:-"“
| = IS L
= = A
101 ﬁ S—" 3 10-2 - A & »
] b w
107¢ Inertial waves (b) | ¥ - ‘
10°° 102 10! 10°% Ro: 107 K — —
10 10 10

1 WwH? = J(8,U") dy/L,
Ro <« —, Re

Ro. = Ro x Rel/?



Puzzles:

* Why is energy transfer directional from 3d to 2d?

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

L, =2L, = 2L,

p 1 L, L L
HO W, RO X ) Re ) 4 ) z ) ad
H';Z () e "l Ly




Scale

Conservation laws in 3d (+ rotation )?

Injection €

(CD @\ Helicity is conserved:
- J | Fluxof Energy H = fﬁ ' (V X ﬁ)dZX

DOOC |

DCOCOC FH Bt K
(©COCOCOR) & K K
Dissipation /

Negative helicity

Positive helicity mModes

modes
Forward cascade



Helicity conservation does not generically lead to
self-organization

system scale system scale

Helicity injection

Energy injection

g E r - \ , rate
rate = € \ Forcing scale
L
\ / . J

Energ;l/_[FI%ux @@@@ @@@@ Il-_llellglicity Flux

PRI P Wl L
Small scales (@@QG@G@@) (C)@C)@C)@C)@J
E=[Ed3k = [ (EY+E)d3k .\ ~
H = [ k(E} — E7)d3k Can have: HII;I ~ k(]‘[E — HE )

Chen, Chen, and Eyink. POF (2003).



Rotation: Waves carry sign-definite helicity

Inertial Waves

Ky

wy, = 2Qs .

s =41

Helicity plays an important role:

Buzzicotti, PRF (2018).
Clark Di Leoni. PRF (2020)

> e

(a)

iwyt+ik-x

Gortler (1969)

Yarom & Sharon (2014)

Carry sign definite
helicity

s =41




2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves:

(a) Energy fluxes

S S/
Wy —+ Wq

0.4

¢ ilnverse
02+t

3D-3D
0

2D-2D

02T3p.9p

forward =

Z

~ 0 w; = 2Q0s—

k

wr +w, +w; =0

[N\

2D: Wp = 0 3D




2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves: wg + wg‘l ~ (0

wy, =

Z

2()s —

k

1. Only same helicity waves interact!

S =S

!

s =41



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves: wy + wg = 0 w3 = ZQS% s =41
1. Only same helicity waves interact! s=s'

2. 2d Condensate is large scale ==mm) Waves helicity is (approx.)
conserved



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

ks
k

Waves: wy + wg = 0 s=4+1 |w; = 2Qs

Only same helicity e Waves helicity is (approx.)

waves interact conserved

H*, H~ of the waves
conserved separately



2d Condensate - 3d waves interactions

Only same helicity
waves interact

HY = [kEjfdk , H™ =

. g

Waves helicity is (approx.)
conserved

— [ kE dk conserved for waves

Finite amount of wave energy cannot go to very small
scales + advection: (positive but vanishing energy flux to small scales)

Transfer from 3d to 2d condensate




2d Condensate - 3d waves interactions

Only same helicity
waves interact

. g

Waves helicity is (approx.)
conserved

H; = kE;, Hi = kE; conserved for waves

Finite amount of wave energy cannot go to very

small scales + advection:

Transfer from 3d to 2d condensate

Argument for general large
scale 2D mode




Puzzles:

Emergent conservation law

* Why is energy transfer directional from 3d to 2d?

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

L, =2L, = 2L,

p 1 L, L L
HO W, RO X ) Re ) 4 ) z ) ad
H';Z () e "l Ly




Puzzles:

* Why is energy transfer directional from 3d to 2d?

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

All the energy goes to the
condensate?




Puzzles:

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

All the energy goes to the
condensate?

ocs0e

100

' Tnertial waves (h)

1072 1072 107" 10° Ro -



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves:

w,§+w3’ < U’

Ty

wy, =

Z

205 -2
>k

s =41



Puzzles:

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

2D-3D Interactions are not
exactly resonant!

1
wy twy <U' =—
TU 00 oo

' Tnertial waves (h)

1072 1072 107" 10° Ro -



Puzzles:

* How can waves transfer energy to 2d modes?

* Quantitative: how much energy is transferred to 2D with varying
parameters?

7’-U 100 e

' Tnertial waves (h)

1072 1072 107" 10° Ro -



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves: Wi+ wy <U' = Ti
U

3D-2D interactions are selected if they are
within this tolerance

103-
U2 102F

101 5

109

F Inertial waves(b)

1073

102

101



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted close to resonant:

Waves: Wi+ wy <U' = i

Ty

Energy balance for condensate:

v

vU'"? = € T3p_zp
‘

UI

<_

§)

).

e

Energy dissipation rate by

condensate

\

Energy transfer rate
from 3D to
condensate

~

s =+1 w; = 2Qs

Ky

Total energy

injection rate




Relevant observable and parameter:

()
(a) < / —— Re = 186
—— Re =93
—— Re = 46
—@—Re=9.3
|—I—Re=6.6
U? 102 -
2 )
=
10! | =
,g 9
- —— e — |
107F Inertial waves (b) , I
107 102 107 10D Ro

1
Ro < —, Re

1005....

1072

.Q ) Inspired by: Kolokolov, et. al. PRF 2020, Parfenyey, et al. POF (2021).

I# ........ Sy
5%
t._.-"'
A
..‘.OB‘
a
O“
1 1
107} 10°

Ro. = Ro x Rel/?



Ro « —, Re

Most energy reaches condensate: Q

[ 8l €
~ <Ro, <L pyr~ |2
2L, L, y
Hehmty conser ved —gp T (a) 100 .
(a)lo by %gn -/,. e | & =i : Prugrea?lve
i m Re=93 ; decoupling
' - ® Re=186
0107} ol Re = 464
: / q" Y
“ Vg
o = ’ - S e
& 10 /. .
; II ]
) :' shortage
10-3 ,' } k'Q — kf w
Decoupling 107

o . .
2D 10'2 10'1 lﬂﬂ

_ 1/2 _
ROE —_ RO X Re remainder ROE — RO x Rel/z



2d Condensate - 3d waves interactions

Fast rotation, interactions restricted to same helicity:

wf + wf < U’ s=11 | w3as

Waves:

/

. U
Becomes too restrictive as O decreases

(finite detuning, if the condensate time scale is slow, interaction
averages out to zero)

U’
1 ~ I ~ |& n S 12 __ .




Gradual 3D-2D decoupling for high rotation:

° 1 lf
For more and more modes: __ _ jjr « WS+ S,  Rog <
Ty ZLy
Helicity conserved —gg T (a) 100 )
(a)10° F by SigN " = mmee = | ® Re=46 Progressive
¥ ® Re=093 ; decoupling
| ® Re=186
= | - L i A
Q10 " - R(,. 164
Ql : ’/ \ \(%\
'102F e
E Wave S
) :' shortage
kot e > S 107 107
o . .
oD 107 10 10°
R 0 — RO X R e 1/2 remainder
1 € Ro. = Ro x Rel/?

Ro <x—, R
0 Qe



2d Condensate - 3d waves interactions

Interactions restricted close to resonant:

Waves: w; + wCSI' < U = i wy, = 2Q0s —
Ty k

s =441

If the frequencies are sufficiently small this condition is not
restrictive even for s # s...

—S /
wy + w;® = 2w, K 1/U



2d Condensate - 3d waves interactions

Interactions restricted close to “resonant”:

Waves: k
wy +twg <U' =— w3 = 20s—
Ty k

s =441

Wave energy is transferred to smaller scales, frequencies decrease, this
condition becomes less restrictive...

A sector of waves with interactions mixing positive and negative
helicity waves appears, which extracts energy from the condensate.

—S /
wy + w;® = 2w, K 1/U



Inverse and direct transfers co-exist

Wave-helicity mixing
interactions are present

A
Helicity conserved { \-. Re — 93
()10 F by Sign 7 == | & B
2 ® Re=93
a ® Re=186
010 1 .,ﬁ Re = 464
] / o% ;
7 \ -
o ) % \(%@\e'
102w > 1
! w \ i
. o
s shortage
103 N __J ko = kp *®
Decoupling
1072 107! 1o° 10"

Ro. = Ro x Rez=

3] Wave-helicity mixing
Ro, >~ L. interactions are present
" ——
(b)lz ) I' = "' "] - o ) '— ‘:
— .m&f
Ll *i Flux-loop- Ly
C} 0.5 —— {0 = 0.12 H .\.
- e —e— Ro=0.23 Y
= 06F 6 ! Ro=0.33 3
. : : &
0.4}
0.2
107 107 10° 10!
Ro. = Ro x Re>=

The condensate shear rate tunes the size of the conserving/non
conserving sectors, such that energy balance is satisfied.



Increasing Reynolds number? Flux loop

—2
T3p—2p ~ Rog

!/
12 _ u
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Decreasing rotation: lose the helicity
conserving sector

Helicity conserved
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The scaling with Ro, is eventually lost, as modes become unrestricted by rotation
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Summary

* 2d large scale flow gets energy from 3d waves due to
(approximate) separate conservation of each sign of the helicity
for the waves

* For fast enough rotation the condensate decorrelates from the
waves (gradually)

* For slow enough rotation, mixed helicity sign interactions are
allowed for some waves, and those extract energy from the
condensate

Thank you!



Take home messages

e Role of conservation laws...

* Waves alter interactions — can generate new conservation
laws

* Finite time-scale separation gives rise to a rich transitional
region
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