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How | feel about
turbulence



Mean—turbulence
Interaction

Mean-flow energy
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Without the mean velocity (shear), there is no production
of turbulent energy. Hence, turbulence only decays.



Enhancement of transport
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vt : eddy viscosity (turbulent viscosity)  (Boussinesg, 1877)
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* enhancing transport —
e spatial and temporal dependence —




Mean-field structures determine
the properties of turbulence
through production rates

Flow
Large-scale structure
Eddy Velocity
viscosity shear
Turbulent magnetic Electric
diffusivity current
Transport Production
coefficients rates
Intensity of turbulence:
energy
Turbulence

Turbulence properties determine
the mean-field structures
through transport coefficients



Suppression of transport

Turbulent swirling pipe flow

Large-scale structure again! <= Additional symmetry breakage

Raﬁ — <’LL;U’B> . -
— 2}(5 _ U, n oU3z Kme]:]lC_hellc;lty /
— 3 o T (9335 axa _ <u . w>
oH OH 2 Mean vorticity
Qa— Q _— — —5@ Q . H i
+77[ 8335_'_ 89, 3 5(02-V) ] O—©xU

Transport suppression due to helicity effect (Yokoi & Yoshizawa, 1993)



Flow

Large-scale structure

Transport Eddy Velocity \ (Magnetic
suppression / viscosity shear shear
Turbulent magnetic Electric -
diffusivity current Viaata

Transport Production
coefficients rates

Intensity of turbulence:
energy

Turbulence

Structure of turbulence:

helicities Mean-field structures

Suppression

Enhancement Turbulence properties



VVhat is
cross helicity?



Definition

Cross correlation between the velocity and magnetic fields

Total amount of the cross helicity /Vu - bdV

Turbulent cross helicity (density) (u'-b') =W

Mean(-field) cross helicity (density) U-B =Wy



Properties

Inviscid invariant
Geometrical interpretation
Pseudoscalar

Boundedness

® Alfven wave

Transport suppression



VVhat is
cross helicity good for!



Turbulence dynamo

ob

Induction equation 5 = Vx(uxb)+ nV-b

u=U+u, b=B+Db, -
: : : 0B 9
Mean induction equation =7 =V x(UxB)+V xEy+1V°B

turbulent electromotive force
Eyvy = (u xb') Mean vorticity

aB — BV x B +1Q Q=VxU

%—]?:Vx (UxB) =V x|[n+5)VxB]+Vx(aB+Q)
Enhanced Generation due to

resistivity pseudoscalars



Transport coefficients are determined
by the turbulence properties

turbulent magnetic diffusivity

Ey=(u' xb)=aB -V xB++9V xU

helicity effect cross-helicity effect

%—]?:VX(UXB)—VX[(n+ﬁ)V><B]+V><(gB+lﬂ)

/dk/ drG(k,x;7,7m,t) | —Hyu(k,x; 7,71, ) + Hpp(k, x; 7,71, 1)]

kinetic helicity current helicity

1 T
= g/dk/ dTlG(k',X; T, Tlat) [QUU(kaxa T, 7_17t) _I_be(k?X; T, Tl?t)]

kinetic energy magnetic energy

1 T
= §/dk/ dTlG<k',X; T, Tlvt) [QUb(kax; T, 7_17t) _I—Qbu(k?X; T, Tl7t)]

cross helicity



Cross-helicity () effect (Yoshizawa, 1990; Yoshizawa & Yokoi, 1993)

Ju = 1u x O

(Yokoi, 1999)

[ Correlation between U’ and b’

. Local angular-momentum conservation

[En], = (du’ x b') = +7, (u" - b') Q

) Turbulent electromotive force contribution
parallel to the mean vorticity



Helicity () effect
Kinetic helicity (Parker, 1955; Steenbeck, Krause & Radler, 1966)

B

o0b'=—(V-£ )B+(B-V)¢, —(£,-V)B

[EM] = (U’ x0b") = =7,k (0 - w') B
u’><8b’1
Current helicity (Pouquet, Frisch & Léorat, 1976)
B
ou =7j’ x B

En] oy = (0u’ x b)) = +70m (b"-j) B

) Turbulent electromotive force contribution
parallel and antiparallel to the mean magnetic field



Relicity and
cross-helicity dynamos

helicity dynamo

/\

Evy=aB -8V xB+~7V xU

'

cross-helicity dynamo

Helicity or & dynamo Cross-helicity dynamo
J
J -
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Q (' b’y>0
o v
@ (u"O)'>>O U
(Krause & Radler, 1980) (Yoshizawa & Yokoi, 1993)
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Solar Dynamo

. . (Yoshizawa, Kato, & Yokoi, Ap] 2000)
Positive cross helicity

Y Generation of the
i By = BU toroidal field due to the P - P

cross-helicity (y) effect

Toroidal magnetic field Bo

0 QY Generation ofthe [ , f----"""-----__
i Ji1 = BBO — BEU oloidal field due to the |-

elicity () effect

Poloidal magnetic field B,

Negative cross-helicit
i Py = —aB; - gengeration due to theyinduced
poloidal magnetic field B

Negative cross helicity

\—) Periodic reversal

. Butterfly diagram is generated
- without resort to the {2 effect

with Valery Pipin (201 )



Question:
How and how much
cross helicity can exist
in turbulence!



VWWhat makes
cross helicity?



Wtot:/ ub*dV
vV

dW‘?O’G:/SKlu?—L]—?>b — (u-b,) ] -n dS p=p"

dt 2 I'—1p
/ (u-b,)u-(—n)dsS cross-helicity influx
S through the boundary
/ 1112 Ly b. -1 dS energy inhomogeneity
g \ 2 Fr—1p/) " along the magnetic field

1 I' p
b, V(u———) av
/v 2 I'—1p

If we have a sort of energy inhomogeneity along the magnetic field,
the cross helicity can be supplied to the system.

- -

Alfven wave Magnetic field threading a turbulent disk



Large-scale production mechanism
W, = (u’-b)
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Cross-helicity generation mechanism

Evolution equation of the turbulent cross helicity w = w’ - v')

DW 0
—=(=+U"- W = Py — - T
D7 (@t + V) w —cw +V W
0B*
where Py = —R® 55 Ey - Q2 production rate
x

dissipation rate

au/a ab/a
EW = (V =+ 77) orb Orb

u/2 e b/2
Ty = KB — <(u’ -b')u’ — < — p{w) b’> transport rate

2
with R = (u/*u'P — VP Reynolds stress
Ey = (u' x b') Turbulent electromotive force
* Generation due to * Generation due to inhomogeneity
vorticity along the magnetic field
“Ey - Q V- (BK) Py>0 — W>0
= —aB-Q+ 8- Q — yQ? =B (VK) o0 — W<0




Generation due to vorticity

Pyo=—-Ey-Q=—-aB-Q+3J-Q— Q7

with Q2 =V xU J=VxB

Plasma current + poloidal rotation
J- Q>0 — Pyosy>0 — W >0
J- <0 —- Pyoa<0 — W<O
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Generated cross helicity Turbulence suppression rate

against the imposed rotation against the imposed rotation

(Yokoi, 1999)
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How relevant?



DNS of Kolmogorov flow
(Yokoi & Balarac, 201 1)
e 3D (256%) periodic flow with external forcing f7(y) = fosin(2ry/L,)
* Mean shear velocity
e Constant magnetic field imposed [y (inhomogeneous) direction]

* Homogeneous in x and z directions

Yy
BY
A

>

1
—
LZ ! N

) fY(y) =fosin (2my/Ly)

—

> X

cf. Archontis flow, a generalization of the Arnold—
Beltrami—Childress flow (Sur & Brandenburg, 2009)



Turbulent electromotive force
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} Main balance

The cross-helicity effect, rather than the helicity or « effect, plays a dominant

role in balancing the turbulent magnetic diffusivity effect



Flow—turbulence
Interaction In
magnetic reconnection

Yokoi & Hoshino (201 1) Phys. Plasmas 18,111208
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astrophysical and space plasmas S >> 10°

—— Fast reconnection

Thickness of current sheet

; 5:p1"\/10m

lon Larmor radius p;

Reconnection Jet

Flare scale 10* km
r \_\Fast Shock

~: —> Localized resistivity

—> Matching of scales



Turbulent reconnection Lazarian & Vishniac (1999)

Uin
2
My, = — < M{ .
Ain

My :large-scale magnetic Mach number
b) A of turbulence

1 XL/R\,—"//’/—\'

Fractal current sheet Tajima & Shibata (1997)
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Fig. 5. Magnetic field lines (solid lines) and streamlines (dashed lines) for different classes of solution with external
magnetic Reynolds number R, = 500. The open rectangular boxes indicate the lengths of the diffusion regions: (a)
bwm —20, M, = 0043; (b) b= 0, M, = 0.091; (c) b= 03, M_=0.100; (d) b =08, M, =0.200; (¢) b= 1.0, M, = 0.100;
(f1b=20, M_=0.100. Only every third streamline in the outflow jets is shown [from Priest and Forbes, 1986).

Forbes & Priest, 1987



Turbulence effects

Reynolds (+ turbulent Maxwell) stress
Raﬁ B <u/au/ﬁ o b/ab/ﬁ>
2
= §KR5aﬂ — VKSaﬁ + VMMQB =7 [FQQB —|—F5QQ}D

Enhancement Suppression

Turbulent electromotive force

EM — <u’ X b/>
= —0(J + aB 4+ Q2

Enhancement  Suppression

1 T
=3 /dk/ drG(k,x;7,7,t) |[—Hyy(k,x;7,71,t) + Hpp(k, x5 7,71, 1)]
1 T
6 — § /dk/ dTlG(k7X;Tv Tlat) [Quu(kaxa T, Tlat) + be(k,X;T, Tlat)] = VK
1 T
Y = § /dk dTlG(kax; T, Tlvt) [Qub(kax; T, 7-17t) + Qbu(kax; T, Tlat)] = UM



What should be solved ...

ouU
- .4+ JxB-V-R+...
= + J x V +
0B
e ...+ VXE .
5 + V X By +

RaA = (/o — oy

2
_ gKRéo‘B — kS + M + [0 + FﬁQQ]D
EM = <u’ X b/>
= —(J 4+ aB + 2

0p3 : : :
En — ... (turbulent correlation) x (mean-field inhomogeneity)
0~y . . .
5 = (turbulent correlation) x (mean-field inhomogeneity)
Ja

— = ...  (turbulent correlation) x (mean-field inhomogeneity)

ot



Mean induction equation

OB
57 Vx(UxB+Ey)+nV'B Ey = —6J + aB + 79

B=By+6B, J=Jy+6J

Reference 9By _ V
W_ X(UXBQ)—I—VX(&BQ—ﬁvx:BQ)
, 0oB
Modulation o = VXx(UxdB)—Vx(V xiB -~V x U)

W W |{u’- b))

—> B=lU=0Cw—=U =
3 Wz K (W2 + b’2)/2 =1



Mean momentum equation

1 1
8—U:UXQ—I—JXB—V-R+F—V<P+§U2+<§b/2>>

ot
J=0(E+UxB+Ey) RP = %KRéO‘ﬁ — vk S+ 1y MP
{ Ey = —8d 4+ aB 4 Q2
Mean Lorentz force JxB:l(UxB)xB+zﬂxB—la—AxB

6, B B ot

U="U,+0U, Q=0Q+Q

Reference % =V X (UO x Qo 4+ vk V2Ug + F)
002
Modulation ~ —~ =V [(5U ~ %B) X Qo + vV <5U - %B)]
W Wl b))

_Tp_ v <1
— 5U_ﬁB_CWKB 76 <u’2+b’2>/2_




Mean-field configuration and turbulence

Inflow and outflow
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Spatial distribution
of turbulent cross helicity
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6Bin = (V/ﬂ) Uin
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5Bin = (V/IB) Uin

Alfvén wave



Reconnection rate M, = —

VAin Bln
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/ d /Y 6Bin = (V/IB) Uin
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Reconnection rate
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Scaled turbulent cross helicity

algin = (V/ﬂ) Uin






Reconnection

Turbulent magnetic diffusivity enhances the reconnection rate

Turbulent cross helicity work for suppressing transport,
changing mean-field configuration

Configuration favorable for fast reconnection

Combination of the spatial distributions of turbulent magnetic
diffusivity and cross helicity

Turbulent reconnection is confined to a very narrow region
where only the turbulent magnetic diffusivity is dominant



Reconnection
in solar flare and geomagnetic substorm

(SOHO animation)



magnetopause




Summary



Large-scale inhomogeneity
Breakage of symmetry in turbulence

Dynamo:
Large-scale vorticity + turbulent cross helicity

Momentum transport suppression:
Large-scale magnetic shear + turbulent cross helicity

Cross-helicity generation mechanisms
DNS of Kolmogorov flow

Numerical simulations and observations in progress



