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- Helicity Change
in_Co-helicity Reconnection

* Helicity can increase or decrease, depending on the
sign of —E«B which varies from "pull" to "push”
reconnection.

(positive helicity
case)

"Pull"
Reconnection

—-EeB <0

"Push"
Reconnection

—EeB>0
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An Intuitive Picture of Helicity Change

in_Co-helicity Reconnection

* Only poloidal flux is reconnected or diffused = Bp

field lines slip over to down-stream (with ~c).
* Toroidal flux still moves with plasma (with ~V,).

 Slippage of Bp changes linkage (helicity) with toroidal

flux contained in the diffusion region.

"Pull"
- Reconnection:

Linkage
Decreases

(positive helicity case)

Push
llmll
Reconnection:

Linkage -
Increases




B Two More Examples for
Helicity Change due to Reconnection

Linkage
Decreases

Linkage
increases



Ratio of Changes in Helicity and
Energy during Reconnection
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* Helicity change: (using *%.‘?I:MRJE{[ )
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Is Helicity Conserved during
Reconnection in Solar Flares?

B=300G, n=10""/m?3, Te=100eV, L=10,000km
V,=2.1x 10'm/s

Need to estimate o:
Flaring time T ~ 1 hour = 3.6 x 10° sec.
Vo= L/ T=2.8 km/s
8= L (Va/V,)=1.3 km

Therefore

o —4
L~l.3><l()

Assuming

B
B
p

~1

W dK| .8 B _ 4
_ ‘ra*w*{ 2t§p_ 2.7 x 10

Helicity should be relatively well conserved.



Is Helicity Conserved during
Reconnection in MRX?

« Null-helicity and counter-helicity cases

Bt ~ 0 in the diffusion region

,.3.By
.—_->F E-P;—O

Helicity is relatively well conserved.

o Co-helicity cases (S<1000)

B
p
o 1 1
L 4 2
W dK| 5.8 Bl _
= lk"a— 2 0l

Helicity is only marginally conserved.



Is Helicity Conserved during Relaxation in RFP?

e Plasma Parameters:
By =2kG, n=1x10"%/m? T, = 100eV, a = 0.5m.

e Need to estimate 6:

Brec _ Broc (vdrift) -

§ = I =
Hol) Ho€NUth e \ Uthe

where B,.. is the reconnecting field, which is typically the radial
field B, in the RFP. Since

B,

~ 100 e
Bie
Ydift . 0.2-03
Uthe

we have

)
— ~ (1.5-25) x 1073
a

e Ratio of changes:

WdK| 8B
Kaw| "~ *aBL

~ 0.4 — 0.7,

consistent with the observation.



Magnetic Helicity and Magnetic Energy
during a Relaxation Event
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Phet & “Dynamo” o~ REP?
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The dynamo is the fundajymental
mechanism of sustainment of RFP

\

e “Dynamo” electric field is needed to explain the

edge poloidal current, which sustains the

toroidal flux.

e Aim of the present experiments is to identify
dynamo mechanisms by directly measuring

dynamo electric field in RFP edge.

I
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Dynamo Models

A basic assurhption: a turbulent state of plasma

e MHD dynamo models (since Gimblett & Watkins,
75)

j — Assume
E)+ <® X B>“ = njj 5= i\;»xﬂ;%gl
MHD dynam electvic Field

— Many MHD simulations which agree with observed B

spectra

- o Kinetic dynamo theory (KDT)(since Jacobson &
- Moses, '84)

— Assume
By — A Vi) = njy
currert diffusion from conter

where Ay is the current diffusivity due to stochastic

field.

— Consistent with observed fast electrons which carry

most of 7y at edge
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Identification of possible dynamo terms:
MHD dynamo and diamagnetic dynamo

¢ Generalized Ohm’s Law:

\V )
—~7ﬁmc +E+va——1—ij+ _Pc::m.
n Ot en cn

smalf |
¢ Parallel Averaged Ohm’s Law: { . oweragavy

2.1l GDMFONMT

Uiljl]o - E”O = <9xB > = < 5 x B > Jen

= < v, X B >”,
or alternatively,
— s o | [ compenest
) Mdjo = Bjo = (Er-br) +(V.E -by) [en. { 2. overnyins

— First term: the contribution from the fluctuating E, x By drift

— Sccond term: the contribution from the fluctuating electron

diamagnetic drift V,.P x By.

1



-» Possible Dynamo Terms (the « cffect):

— <~;‘¢ . BQ, identified as “MHD Dynamgo” term.
—> a MHD (single fluid) effect

— <VLE : B_L> /en, identified as “diamagnetic dynamo” term: a new
dynamo effect from clectron diamagnetism.

—= an clectron fluid effect (in the two-fluid framework.)

!

o Experiments:

to identify the dynamo mechanism by measuring both

- <EL ‘ B.L> ~< Et?)i > 4 < ETB,, >

< VP, by >m< (VP > + < (Vo Po)b >

[of

in the RFP edge.



Dynamo electrlc fields are measured as correlatlons
between ]3)l A P (by triple probes) and B , (by pick
up coils).

Tungsten
"/t!ps

toroidal

Top View

R



RFP Plasma Parameters

Device MST REPUTE TPE-1RM20
Location | U of Wisconsin U of Tokyo ETL
R(m) 1.50 0.82 0.75
a(m) 0.51 0.22 0.192
I,(kA) 210 110 50
7,(10%m=?) 1.1 4.4 0.4—1.9
Moo | sn o s02 0 e
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Sawtooth crashes in MST
are discrete dynamo events

11-April-1993 Shot 19
50, 7 = I

t(ms) I

Sawtooth Crash



Measured fluctuation amplitudes,
coherence and phase difference

d=5cm (r/a=0.90)
8 I




- Discrete and continuous MHD
dynamos are observed in MST edge

20 - ‘b d=5¢mi (r/a=0.90)




Good agreement is seen between
(E, -b,)and nj-E, over a sawtooth cycle

30 ‘ | d=5cm |(r/.':1=0.900)
— T
(E-by)

4 =02 0.0 0.2 0.4 0.6



Observed MHD dynamo electric
field can account for sustainment
- of edge parallel current in MST

25— T—T—r——r—

20+ o -
between 15k 4
sawteeth R
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MHD dynamo dominates in low density
while diamagnetic dynamo dominates in
high density (TpE -1RM20)

cross-spectrum coherence

[ 11 1

1, =0.44x10'%/m’

[V/m}/[kHz]

T, =1.86x10%/m?

11 i
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Helicity Conservation During
Dynamo Action

¢ Helicity balance:

dK ,
— = g/EEdl{ — [(A x A +2¢B)dS

dissipation/change surface terms

e By using the generaﬁzed Ohm’s law

. .B _ |
EivxB_ 128 Ve o
en en
We have
dK VE.-B

E—z—Q/m BdV+2f

dV — [(A x A +2¢B)dS

. f(VPc-B/e'n,)dV is closely related to the battery effect,
which is small in hot plasmas.

VP, -B
/

T

Vn-BdV

dV:fTﬁB-dS+fTC
VT,

€

- BdV

~[ (1+Inn)B-dS — fln*n,

For a finite volume change in helicity, we need

VHPG ;é 0 and VHTL 7£ 0 and V”Te 75 0.
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_ “Electromagnetic”, “Electrostatic”,

and “Electron Diamagetic” Dynamos

¢ The mean and turbulent Ohm’s laws are

¢

emn

E+v.xB+ +&=mn

L L VP -

E4+vV,xB+v,xB+V.,xB—~&+ —— =1],
en

e The mean EMF in a turbulent plasma

£ = (¥x B) — (j x BYfemr = (¥, x B)

e The mean parallel EMF (the a-effect)

g-Ez(vexE)-ﬁi—gvexB)-ii)
- (8 B)+ T2 B)

e Electric field can be split into a curl-free “elet-

rostatic” part and a divergence-free “eletromag-
‘netic” part: E=—-V¢ — JA /Ot

e The turbulent parallel EMF then is given by

e 8-—vi-B -2 B+ VP 5.5

ES dynamo EM dynamo E diam. dynamo




- Helicity in Mean and Turbulent Fields

e The mean helicity K = f B)dV is the sum of he-

licities in mean and turbulent fields:
K=K,+K =[A -Bdv+ [(A-B)dV.

* Time evolutions of K,, and K, are given by

dK,,

— :mzj“E-“BdV—/(2¢B+Ax%—‘?) ds

gfﬁ:—zf B)dV — [(2( (Kx%)) ds.
¢ Since E+VCXE+VCf +&=m

E “B"+vcx]§+vﬂx1§%5+ifc:nj
we have

e It might be concluded that the dynamo EMF always

converts helicity from turbulence to the mean field.

[Seehafer(1996)]
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- Helicity Transport versus Helicity
Conversion

¢ Substitution of the turbulent parallel EMF,

22 gy VB om)

£-B=-(V¢-B)—

yields (after cancellation and rearragement of some

terms)
dK.. Y. v G
= ==2[(i-B+n(-B)+ (7 B))dV
e P.B G, P.B
. - [( 2¢B -2 +A><--A+2( )) - dS
. en ot en
DC injection
AC injection transport
th = IA
=2 B)dV — A —) -dS.
conversion wave helicity

¢ 'The nature of turbulence determines the impact of

dynamo on magnetic helicity.
— Electrostatic or electron diagmagnetic dynamos
transport the mean-field helicity only.

— Electromagnetic dynamo converts helicity from

turbulence to the mean field.



Direct Measurements of Dynamo EMF

and Helicity Flux in a Laboratory Plasma

Ji et al. (1994); Ji, Sarff, and Prager (1995).

d=5cm (r/a=0.90)

£ 30 @) ! | I
> 20 — Nu-E
= (Vo)
= 10| -
KT oA AR ANy A Aot
©
8 10 | | | B
04 -02 00 02 04 06
t (ms)
0.05 o) HE—— -
g 0.04 - I‘ prédiction
X 003/ h‘ — (0B) -
T 0.02} [ | .
5 0015 el N |
© DA L I il
2 lﬁ? t UJL‘““ A Ui 1”
00N B5 65 05 10 95
t (ms)

Good agreements between the measured turbulent EMF,
helicity flux and their predictions. The electrostatic nature
of turbulence leads to transport of the mean-field helicity.
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Turbulent Dynamos and Magnetic Helicity

Hantao Ji

Princeton Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543
{Received 30 April 1999)

It is shown that the turbulent-dynamo a effect converts magnetic helicity from the turbulent field to
the mean field when the turbulence is electromagnetic, while the magnetic helicity of the mean field is
transported across space when the turbulence is clectrostatic or duc to the electron diamagnetic effect.
In all cases, however, the dynamo effect strictly conserves the total helicity except for resistive effects

and a small battery effect.
are discussed.

PACS numbers: 52.30.)b, 91.25.Cw, 96.60.Hv

Magnetic fields are observed to exist not only in the
plancts and the stars [1] but essentially cverywhere in
the universe, such as the interstellar medium in galaxics
and even in clusters of galaxies [2]. The origin of these
cosmical magnctic ficlds has been cexplained mainty by
dynamo theory [3], which is ene of the most aclive
rescarch arcas across multiple subdisciplines of physics.
In particular, generation of an electromotive force (EMF)
along a mean ficld by turbulence, or the well-known a
effect [4], is an essential process in amplifying large-scale
magnetic fields [3]. Experimentally, the « effect has been
observed in toroidal laboratory plasmas [6].

Recently, there has been growing awareness that a
topological constraint on the observed magnetic ficld, the
conservation of magnetic helicity, may play an important
role in solar flare evolution [7]. This {ollows the success
of Taylor in explaining the observed magnetic structures
in laboratory plasmas by conjecturing the same constraint
during relaxation [8]. Magnetic helicity, a measurc of
the “knottedness” and the “twistedness™ of magnetic fields
[9,10], is closely related to the dyramo cifect.  Indeed,
the o cffect drives parallel current which twists up the
field lines, thus increasing magnetic helicity on large
scales. As a matter of fact, almost all the observed large
scale cosmical poloidai (or meridional) magaetic ficlds,
either in their dipolar or quadrupolur forms, have linkage
with strong toroidal (or azimuthal) ficlds, leading to finitc
magnetic helicity.

One simple yet important question ariscs: how exactly
is magnetic helicity affected by the dynamo process?
Can magnetic helicity of the large-scale ficld be created
by the dynamo process or merely be transported across
space? Motivated by Taylor's conjecture, early studies
[11] showed that the @ effect only transports helicity of
the large-scale field across space without affecting the
total helicity, as supported by laboratory measurements
[12). However, a contradicting conclusion was drawn in
a recent study [13], which showed that the & effect locally
converts helicity from the turbulent ficld to the mean field,
as supported by statistical and numerical studies on inversc
helicity cascading to large scales {14,15]. Answers to
the questions raised by this contradiction are in demand

3198 0031-9007/99/83(16)/3198(4)$15.00

Implications for astrophysical situations, especially for the solar dynamo,

since they would reveal the nature of the dynamo cffects
and clarify the clfectiveness or limitations of the magnetic
helicity concept in determining the evolution of solar and
{aboratory plasmas in which the dynamo plays a role.

In this Letter, it is shown that both conclusions, 1.¢., cre-
ation or transport of the large-scale magnetic heheity by
the « effect, are valid depending on the nature of the tur-
bulence which drives the dynamo effect. When the tur-
bulence is electromagnetic, the e effect converts helicity
from the turbulent, small-scale ficld to the mean, large-
scale field. On the other hand, when the turbulence is clec-
trostatic or due to the electron diamagnetic effect, the a
effect transports the mean-ficld helicity across space with-
out dissipation. In all cases, however, the « effect strictly
conscrves the total helicity except for resistive effects and
a small battery cffect. Implications for astrophysical situ-
ations, cspecially for the solar dynamo, are discussed.

In order to include other possible dynamo cffects in
a plasma, we revisit the mean-field clectrodynamics [5]
using the generalized Ohm’s law {ignoring the clectron
incrtial term) [16]

E+vXB—jXBfen+ VP, /en=mnj, (1)

where n is the clectron density and P, the clectron pres-
cure. Every quantity x is divided into a mean part ¥ = (x),
averaged over ensembles or space, and a turbulent part X:
x = X + %. Then the mean and turbuleat versions of the
Ohm’s law hecome

E+T.,XB+VP,Jen +&=mnJ, (2)
E+ o, XB+ (@, +9,)XB—C+VP,jen =n],
(3)

where v, (v,) is the ion (electron) flow velocity and the
relations v = v; and j = en(v; — w,) have been used.
The mean EMF £ is given by

£=(0 X BY — (] X BYen = (9, X B). (4)

(Small batterylike cffects such as (RVP,)/er” are
neglected, see discussions later.) The appearance of
v, only on the right-hand side (RHS) of Eq. (4) is
consistent with Ohm’s law being a force balance on
electrons.

© 1999 The American Physical Socicty
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The parallel component of £, or the a cffect [4], along
the mean field is of interest via Eq. (3):

-~ L - B=(p,XB)-B=-{ip, XB) B
=(E - B) + (VP - B)/em — n(j - B}, (5)

where the last term diminishes in the limit of smali
resistivity [14,17] and shall be discussed later. The first
term (E - B) represents the contribution to ¥, from the
turbulent £ X B drift which is a single fluid (MHD)
effect [18], while the second term, (VP, - B)/en, is the
contribution from the turbulent electron diamagnetic drift
VP, X B which is an electron fluid effect [19].

In general, the electric field can be split further into
a curl-free part and a divergence-free part, often called
“electrostatic” and “electromagnetic,” respectively: E =
—V¢ — dA/adt where A is the vector potential and ¢ is
the electrostatic potential. Then Eq. (5) becomes

£-B=—(Vg¢ - By —((3A/a1) - B)
+ (VP - BY/en — n(j - B),  (6)

where the first three terms correspond to effects due to
clectrostatic, electromagnetic, and clectron diamagnetic
turbulence, respectively [20]. We shall sce below that the
type of turbulence is crucial in assessing effects of dynamo
action on the magnetic helicity,
Magnetic helicity [9] in a volume V is defined [21] by
= [ A - BdV and its rate of change is given by

aK dA
" 2]5 Bdv f( $B + A a{) ds,
0

where V is cnclosed by the surface §. The intcgral
under the volume integration represents the vofume rate
of change of helicity, while the integral under the surface
integration represents flux of helicity. We note that only
the volume term can possibly create or destroy helicity,
and the surface terms merely transport helicity across space
without affecting the total helicity. The mean helicity
(K) is the sum of the helicity in the mean field, K, =
fA - Bdv, and the helicity in the turbulent ficld, K, =
f(A - BYdV. From Eq. (7), we have

ﬂ=—2fﬁ-"1§afv—f(qua"B“Jer ﬂ)-ds,
dt a1
dK,

a A
—=—2f(E Bydv — [<2¢B+A><%—t>-dS,
where substitution of E and E by Egs. (2) and (3) yields

E-B=%nj-B—C-B—-V -(P,B/en), (8

(E-By=n{j -BY+& -B ~V-((P,B)en).

It might be concluded that the dynamo effects convert
helicity from the turbulent field to the mean field since
£ - B appears on both equations but with opposite signs
[13]. However, substitution of £ - B by Eq. (6) in Egs. (8)

and (9), using f(V - BYdV = f($B) - dS, elc., yields

k'—ﬂr—"—J

- f(z'ﬁ—zﬂﬁ +A X — +2($B)
N

L
CB) . g5

g&: f(?.é.ﬁ)dv_f<Axﬂ>.ds’
dt a! at
%_4' %{_J
M & (1D

where, in Eq. (11), the turbulence-induced helicity flux,
such as{¢B), have been canceled by the corresponding
terms in (E - B). [In fact, Eq. (11) can be derived more
simply without involving & or P, terms.]

A brief discussion is useful here for cach term of these
equations. The term D is responsible for the most com-
mon source of helicity for a toroidal laboratory plasma, in
which a transformer supplics poloidal (toroidal) flux to be
linked with existing toroidal (poloidal) flux. The term B is
responsible for the technique often called “electrostatic he-
licity injection™ [22], in which a voltage is applied between
two ends of a flux tube. The same amount of helicity with
the opposite sign is also injected into the space outside the
system, which is often a vacuum region {23]. The term
C has never been used to in'ect or change the helicity in
a system. The term G represents transport of helicity in
the turbulent field by the propagation of electromagnetic
waves possessing finite helicity.  One example is circu-
larly polarized Alfvén waves in a magnetized plasma. In
the ideal MHD limit, these waves propagate with no decay
and no effects on the mean-field helicity since term A van-
ishes. Finile dissipation or wave-particle interactions can
result in a finite term A which converts helicity from the
turbulent field to the mean ficld [24] or vice versa [25].

The role of the turbulent dynamo in helicity evolution
depends critically on the nature of the turbulence. When
the turbulence is electromagnetic, i.e., ¥, is driven by an
inductive electric field, the dynamo cffect generates the
same amount of helicity in both the mean and turbulent
fields but with opposite signs, as seen from term A. When
the turbulence is eclectrostatic or electron diamagnetic,
ie., 0, is driven by an electrostatic field or an electron
pressure gradient, the dynamo action does not affect the
turbulent helicity but merely transports the mean-field
helicity across space, as seen from the terms E and
F. Note that in order for terms E and F to have a
net effect on the mean-field helicity, the electrons must
be nonadiabatical, ie., e¢ /T, # /i/n, a condition often
satisfied in the laboratory.

Despite the long history of the dynamo problem, there
arc no generally accepied thecries on the nature of the

3199
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turbulence. It also has not been investigated numerically.
Experimentally, however, it has been mecasured that the
turbulence responsible for the observed « effect in labora-
tory reversed-field pinch (RFP) plasmas is predominantly
electrostatic [18] or electron diamagnetic [19]. In either
case, the dynamo effect causes helicity transport in the
mean field without effects on the turbulent field, consistent
with theories [11] and experiments {12]. Figure | shows
an example of measured helicity flux induced by the
clectrostatic turbulence together with the measured o
cffect in an RFP plasma. Both mcasurements (thin lines)
agree well with the predictions (thick lines) from the
Ohm’s law and the helicity balance equation, indicating
that the electrostatic turbulence alone is responsible for
both dynamo action and helicity transport.

In the case of astrophysical dynamos, however, there
is no observational cvidence on the nature of the re-
sponsible turbulence. Such knowledge would have great
implications on the role of dynamo action in helicity
evolution. A good cxample under debate is the solar
dynamo problem and its relationship with the observed
twisted field lines (hence the helicity) on the solar surface

d=5¢m (r/a=090)

l {
1 — M- E J

()

N W
[= =)
T

]
<

Parallel EMF (V/m)
o

-1 f | |

Helicity Flux{VT)

FIG. 1. Measured (a) parallel EMF (a effect) due to electro-
static turbulence, (E| - b,) (thin line) where E;, = ~V, ¢
and b = B/B, and (b) helicity flux (thin line} {¢B) in a
s laboratory plasma (Ref. [6]). The thick lines in both (a} and
(b) are the predictions from the rest of the terms in Ohm’s
law and the helicity balance cquation. The good agreements
indicale that the electrostatic turbulence alone is responsible for
both dynamo action and helieity transport. (The ¢ = 0 refers to
the timing of magnetic relaxation events, during which both the
« effect and helicity transport are cnhanced over a constantly
working turbulent dynamo cffect.)
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[26,27] and even in the solar wind [7]. It has been found
that there is a preference in the sign of the observed
helicity in each hemisphere. A gencrally accepted argu-
ment is that this helicity preference originates from the
convection zone or ¢ven a thin layer at the bottom of
the convection zone where the solar dynamo is believed
1o be operational [28]. If the turbulence is electromag-
netic, magnetic helicity in the large-scale ficld will be
generated while leaving the same amount of helicity with
the opposite sign in the small-scale turbulence. On the
other hand, if the turbulence is electrostatic or electron
diamagnetic, the dynamo action will not affect helicity
in the small-scale ficld but will transport or separatc the
large-scale helicity of one sign to one hemisphere while
leaving the opposite helicity in the other hemisphere,
After rising to the solar surface via buoyancy, these
large-scale structures and its associated helicity are
constantly removed from the sun by flaring. Both mecha-
nisms can rcplace the lost helicity contineously. How-
cver, the former mechanism conserves magnetic helicity
locally in each hemisphere while both hemispheres need Lo
be included for the latter mechanism to conserve helicity.

Despite the lack of theoretical insight, we point out
a general tendency in which the ratio of kinctic cnergy
to magnetic cnergy, or the plasma beta 8 1n a genaral
scnse, may play an important role in determining the
nature of the turbulence. When 8 = 1, the wrbulence is
prone to be clectrostatic or electron diamagnetic, consistent
with laboratory measurements. Each field line can have
a different clectrostatic potential ¢ or clectron pressure
P, insufated by the strong magnetic ficld, leading to
notable gradients in the perpendicular direction. On the
other hand, when 8 = 1, the turbulence becomes less
clectrostatic or electron diamagnetic due 1o diminishing
magnetic insulation in the perpendicular direction and
becomes more electromagnetic since the field lines tend to
be pushed around by a much larger plasma pressure, This
conjecture is supported by a general tendency of “reduction
of dimensicnality” [29], in which i1sotropic 317 turbulence
reduces Lo anisotropic, 2D turbulence when a strong large-
scale magnetic licld is introduced.

In contrast to the low-beta plasmas in the laboratory, as-
trophysical plasmas with an active dynamo usually have
a beta much larger than unity. In addition to the solar
dynamo, similar situations cxist for cases of the geody-
namo [30] and the galactic dynamo [2,31]. The aforemen-
tioned conjecture would predict a local conversion process
of magnetic helicity by dynamo action from the turbulent
{icld to the mean field.

Regardless of the nature of the turbulence, the total
helicity is always conserved besides the resistive effects as
per Egs. (10yand (11). This can be shown more rigorously
by substituting the generalized Ohm’s law Eqg. (1) into the
first term on the RHS of Eq. (7) 1o yield

VP, - B
fE-de=fnj-de+ /’—en av .
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The first term on the RHS is a resistive effect, which
vanishes with zero resistivity, The second term can
be rewritten as f(VP. - B/en)dV = [(T./e)B -
dS+ f(T,Vn - Bfen)dV = [(T./e)(1 +Inn)B - dS —
J(nnVT, - B/e)dV for which both finite gradients in
density and electron temperature (of course, also in clec-
tron pressure) along the field line are necessary conditions
to change the total helicity. However, we note that such
paraltel gradicnts, especially VT,, are very smal] owing
to fast electron flow along the field lines (with a few
exceptions such as in laser-produced plasmas {32]). Such
effects, often called the battery effect [1], provide only
a seed for magnetic field to grow in a dynamo process
and, of course, it can be accompanied by small but finite
magnetic helicity. The approximate conservation of the
total helicity during dynamo action is consistent with
laboratory observation [12].

Finally, it is worth commenting on a classical case of
statistically stationary and homogencous turbulence [5]. In
this special case, by definition, all statistical quantitics of
the turbulence do not vary in time and space, leading to
vanishing dK, /dt and all turbulence-induced helicity flux:
terms £, F, and G in Egs. (10) and (11). It follows that
from Eq. (11), term A vanishes and thus only the last term
in Eq. (6) survives [33]:£ - B = —n{(j - B). Asarcsull,
the « cffect, appearing as a resistive term, generates the
same amount of helicity but with opposite signs in K.,
and K, [13], but the helicity gencration in X, is canceled
out exactly by the resistive decay due to the turbulence,
assuring dK,/dt = Q.

In summary, it has been shown that the effect of tur-
bulent dynamos on magnetic helicity depends critically on
the nature of the turbulence. When the turbulence is elec-
tromagnetic, the ar effect converts helicity from the turbu-
lent, small-scale field to the mean, large-scale ficld. On the
other hand, when the turbulence is clectrostatic or due to
the clectron diamagnetic effect, the & effect transports the
mean-field helicity across space without dissipation. Both
mechanisms can explain the observed helicity preference
of large-scale magnetic structures on the solar surface, but
they conserve helicity in different ways. Based on labo-
ratory observations of turbulent dynamos, it is conjectured
heuristically that plasma beta plays an important role in de-
termining the nature of the turbulence; i.c., turbulent flow is
driven by (curl-free) electrostatic electric fields or electron
pressure gradient when 8 = | and by (divergence-free)
electromagnetic electric fields when 8 > 1. In all cases,
however, dynamo processes conserve total helicity ex-
cept for resistive effects and a small battery effect consis-
tent with laboratory observations. Detailed understanding
of dynamo turbulence and its effects on magnetic helicity
await further investigations not only by theories and nu-
merical simulations but also by observations in space and
well-controlled laboratory experiments.

The  author is grateful 0 Dr. R. Kulsrud,
Dr. P. Diamond, and Dr. M. Yamada for their comments,
and to Dr. S. Prager and his group for RFP data.

[1] E.N. Parker, in Cosmical Magnetic Fields (Clarendon
Press, Oxford, 1979).

[2] E.G. Zweibel and C. Heiles, Nature (London} 385, 131
(1997).

{3] H.K. Moffatt, Magnetic Field Generation in Electrically
Conducting Fluids (Cambridge University Press, Cam-
bridge, 1978).

f4] E.N. Parker, Astrophys. J. 121, 293 (1955).

[5] F. Krause and K.-H. Ridler, in Mean-Ficld Magneto-
hydrodynamics and Dynamo Theory (Akademie-Verlag,
Berlin, 1980).

[6]- H. Ji et al, Phys. Plasmas 3, 1935 (1996).

. {71 D. M. Rust, Geophys. Res. Lett. 21, 241 (1994).

[8] J.B. Taylor, Rev. Mod. Pays. 58, 741 (1986).
(91 L. Woltjer, Proc. Natl. Acad. Sci. U.S.A. 44, 489 (1958).

[10] M. A. Berger and G.E. Field, }. Fluid Mech. 147, 133
(1984).

[11T A.H. Boozer, J. Plasma Phys, 35, 133 (1986); E. Hameiri
and A. Bhattachacjee, Fhys. Fluids 30, 1743 (1987,

(12] H. Ji, S.C. Prager, and J.S. Sarff, Phys. Rev. Lett. 74,
2945 (1995).

[13] N. Scchafer, Phys. Rev. E 53, 1283 (1996).

[14] A. Pouquet, U. Frish, and J. Leorat, J. Fluid Mech. 77,
321 (1976).

[15] T. Stribling and W. H. Matthacus, Phys. Fluids B 2, 1979
(1990).

[16] L. Spitzer, Ir., in Physics of Fully lonized Gases (Inter-
science Publishers, New York, 1962), 2nd revised ed.

[17] A.V. Gruzinov and P.H. Diamond, Phys. Rev. Lett, 72,
1651 (1994); A. Bhattacharjee and Y. Yuan, Astrophys. J.
449, 739 (19935).

[18] H. Ji et al., Phys. Rev. Lew. 73, 668 (1994),

{19] H. Ji et @l Phys, Rev. Lett. 75, 1085 (1995).

[20] Obviocusly, “pure clectrostatic™ turbulence where B = 0
does not have dynamo effcats. “Electrostatic™ is used here
to refer to the situation in which —(V¢ - B) dominates
over all other terms in Eq. (6).

[21] When V is not singly connected or the magnetic field
is not tangent to its surfrce, the definition of magnetic
helicity needs to be mod:fied (such as the introduction
of relative helicity in Ref. [10]) for gauge invariance.
However, since the main conclusions do not depend on
these variations, the simplest definition is used here.

(22] J.B. Taylor and M. F. Turner, Nucl. Fusion 29, 219 (1989).

[23] A.H. Boozer, Phys. Fluids B §, 2271 (1993).

[24] R.R. Mett and J. A. Tataronis, Phys. Rev. Lett. 63, 1380
(1989); ). B. Taylor, Phys. Rev. Lett. 63, 1384 (1989).

[25] Z. Yoshida and S. M. Mahsjan, Phys. Rev. Lett. 72, 3989
(1994),

[26] D. M. Rust and A. Kumar, Sol. Phys, 155, 69 (1994),

[27] A.A. Pevtsov, R.C. Canfield, and T.R. Metcalf, Astro-
phys. 1. 440, L109 (1995).

[28] See, e.g., P.A. Gilman, C. A. Morrow, and E.E. DeLuca,
Astrophys. J. 338, 528 (1989).

[29] G.P. Zank and W.H. Matthaeus, Phys. Fluids A 5, 257
(1993),

(30] See, eg., G. A. Glatzmaizr and P. H. Roberts, Science 274,
1887 (1996).

[31) R-M. Kulsrud, Annu. Rev. Astron. Astrophys. (to be
published).

[32] J. Stamper, Science 281, 1469 (1998).

{33] N. Sechafer, Europhys. Leti. 27, 353 (1994}

3201



