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A synthesized formulation of the classical, neoclassical, and anomalous transport in
toroidal confinement systems with electromagnetic fluctuations and large mean flows is pre-
sented. The positive definite entropy production rate and the conjugate flux-force pairs are
rigorously defined for each transport process. The Onsager symmetries of the classical and
neoclassical transport matrices are derived from the self-adjointness of the linearized collision
operator. The linear gyrokinetic equation with given electromagnetic fluctuations determines
the anomalous fluxes with the quasilinear anomalous transport matrix which satisfies the

Onsager symmetry.



1 Introduction

Plasma transport has been one of the most actively researched subjects in fusion science since
it is not only an important problem to be understood for achieving controlled nuclear fusion
but is also a theoretically interesting phenomenon containing rich physics. In a magnetically
confined plasma, transport of particles, momentum, and energy results from Coulomb par-
ticle collisions and turbulent fluctuations driven by various instabilities. Classical transport
occurs when particle gyromotions around the magnetic field lines are randomly disturbed
by collisions. In a hot plasma where the mean free path is comparable to or larger than the
system size, the guiding center drift motions combined with collisions cause another type of
collisional transport, which depends on the confining magnetic field geometry and is called
neoclassical transport. Theories of the classical and neoclassical transport have been sys-
tematically well established as seen in several reviews (Braginskii, 1965; Galeev & Sagdeev,
1979; Hinton & Hazeltine, 1976; Hirshman & Sigmar, 1981; Balescu, 1988). Compared to
them, anomalous transport, which is driven by plasma turbulence, is more difficult to treat
theoretically because it is essentially a nonlinear problem. Various theoretical studies of the
anomalous transport based on fluid and kinetic turbulence models have been done (Connor
& Wilson, 1994). For example, test particle models are applied to analyses of the anomalous
transport in stochastic magnetic fields (Balescu, 1995). Also, modern chaos theories help us
understand the onset of anomalous diffusion in drift waves (Horton & Ichikawa, 1996).
Attempts to uniformly describe the classical, neoclassical and anomalous transport have
been made by Shaing (1988a, 1988b), Balescu (1990, 1991), Sugama & Horton (1995, 1997a),
and Sugama et al. (1996). Along the same line as those works, this paper presents the
synthesized formulation of the classical, neoclassical and anomalous transport in toroidal
confinement systems, and elucidates entropy production and symmetry properties relevant

to each transport process. Here we consider a toroidal plasma in which electromagnetic



fluctuations and large mean toroidal flows exist. This will be helpful in treating internal
transport barriers found in large tokamaks where significant reduction of heat transport and
large sheared toroidal flows are observed (Koide, 1996).
A basic kinetic equation for a turbulent plasma is written as
la +v- V+—{(E+E) v (B+1§)} : 3] (fot f) =Calfat fa) (1)
ot My c ov
where C, = Y, Cy denotes a collision term and the distribution function for species a
(the electromagnetic fields) is divided into the ensemble average part f, (E = —V® —
¢ '9A/0t,B = V x A) and the fluctuating part f, (E = —V¢$ — ¢ 19A/0t,B = V x A).

Taking an ensemble average (-), . of (1) gives the kinetic equation for f, as

ens

;+V V+m—a(E+1va) 1fa_( wens + Da (2)

where the right-hand side consists of the collision term and the fluctuation-particle interac-

tion term D, defined by

e ~ 1 N (9fa
Da——m—a<(E+EVX B) . av >ens. (3)

The classical and neoclassical transport occur due to collisions (C,) while the anoma-
lous (or turbulent) transport results from the fluctuation-particle interactions (D,). These
transport processes produce entropy and the entropy production rates, which are kinetically
defined as functionals of the distribution functions, can be also rewritten in the thermody-
namic form as the inner products of conjugate pairs of the transport fluxes and the ther-
modynamic forces. One of main purposes of transport theories is to obtain the transport
equations which connect the transport fluxes to the thermodynamic forces by the transport
matrix. The transport matrix has symmetry properties which are deeply related to the

self-adjointness of the linearized collision operator (Rosenbluth et al., 1972):

T, [ 0 Ol hon o) + T | a0l i)
a0
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=1, /d3 Llc (Ga1, g1 +Tb/d3 blOba(gblagal) (4)

a0

where the linearized collision operator CL' = 3, CL is defined by

Osz(fala fbl) - Cab(fala be) + Oab(fao, fbl)‘ (5)

Here f,0 and fy represent the Maxwellian distribution functions satistying Cyp( fao, foo) = 0
while f,1, fo1, Ga1, Gp1, ha1, and hy; are arbitrary deviations from the Maxwellian dis-
tribution. The positive definiteness of the collisional entropy production is represented
by the inequality associated with the full nonlinear collision operator —3,, [ d*v(In f,)

Cub(fa, fo) = 0, which reduces in terms of the linearized collision operator to

T [ PO g, gm) = T | P0G (g, 900) 2 0. (6)

When m,/m, < 1 or my/m, < 1, slow collisional heat exchange between particle species
a and b allows different temperatures T, # Ty, for which (4) is valid to the lowest order in
(ma/mp)Y? or (mg/my)'/2.

In order to show in detail the symmetry properties of the plasma transport processes, we
consider in this work an axisymmetric toroidal system in which large toroidal flows on the

order of the ion thermal velocity are allowed to exist. Then, the magnetic field is given by
B=I(V)V(+V({x VU (7)

where ( is the toroidal angle, W represents the poloidal flux, and I(¥) = RBr. We employ
the drift ordering parameter defined by 6 = p,/L (ps = v74/€: the thermal gyroradius, L:

the equilibrium scale length) to expand the distribution functions as

fo=foo+ fua+fot - fo=fat+ ot (8)

where the averaged part and the fluctuating part are assumed to be expanded by the same

ordering parameter §. The lowest-order flow velocity Vj is in the toroidal direction (Hinton
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& Wong, 1985) and is written as

0Py (V)
o ©)

Vo =Vi{, Vo=RVS=—Rc

where ®y(V) denotes the lowest-order electrostatic potential in . Then, it is convenient to
introduce the phase space variables (x,¢, 11, &) in which the particle position x is observed
from the laboratory frame while the particle energy e, the magnetic moment p, and the

gyrophase ¢ are defined in terms of the velocity v/ = v — V|, in the moving frame as

1 " /)2 !
€= Ema(v,)Q + Em = %7 Z_,j: =€ COS& + € Sinf (10)

where (e1,ey, b = B/B) are unit vectors which forms a right-handed orthogonal system
at each point, and v/ = v|’|b + v/, with v|’| = v’ - b. In the energy variable ¢, =, =
ea®r — %man represents the sum of the poloidal-angle-dependent part of the electrostatic
potential ®; = ®; — (®1)[= O(6)] and the potential energy due to the centrifugal force.
Here the magnetic flux surface average is denoted by (-). The particle energy ¢ and the

magnetic moment p defined by (10) are conserved along the lowest-order guiding cen-

ter orbit: (de/dt), = (dp/dt), = 0 where = = §d&/2m represents the gyrophase aver-

age. The lowest-order distribution function is given by the Maxwellian which satisfies

(dfao/dt)y = (Vo +vb) - Vfao = 0 [0fao/0t = O(8?) is neglected by the transport ordering]

and is written as

My /2 me(v')? me \3/2 5
Jao = M (27TT ) xp <_ 2(T ) ) = Ne (27TT ) P <_?> (11)

where the temperature 7, = T,(V) and N, = N,(V) are flux-surface functions although

generally the density n, depends on the poloidal angle # through =, and is given by n, =
Nyexp(—=,/T,). It is seen from (11) that, in the lowest-order, the state of the toroidally
rotating plasma is described by the three flux-surface functions N,(¥), T,(¥), and V¢().

Then, spatio-temporal dependences of these state variables (N,,T,,V*) are governed by



the three surface-averaged diffusion-type equations (or transport equations) which con-
tain the divergence terms of the surface-averaged radial fluxes of the particles, heat, and
toroidal momentum. These radial particle, heat, and toroidal-momentum flux are de-
fined in terms of the ensemble-averaged distribution function f, as 'y = (J d®v fov - V),
o = <f d3v f, (5 — gTa) V- V\If>, and II, = ([ d®v fymavev - V), respectively, where the
poloidal flux ¥ is used as a radial coordinate and v, = R( - v = R?V< + (I/B)v| + RC -V,
represents the covariant toroidal component of the particle velocity in the laboratory frame.
Thus, in order to obtain a closed system of equations describing the toroidally rotating
plasma, we need to derive explicit thermodynamic expressions for these radial fluxes as well
as the averaged parallel current defined by Jp = <BJ||>/<BQ)1/2 =3, ea<f d3v faUH>. It is
shown later from the thermodynamic expressions of the entropy production rates that the

thermodynamic forces conjugate to the transport fluxes 'y, q./7Ty, I1,, and Jg are given by

AN o) oo
Xal = _E a\p — €q a\p ) Xa2 = _8—\117
¢ 2 BEW
Xy = ov - 0°®q _ < l > (12)

respectively.

We find from the definitions that the radial transport fluxes require only the gyrophase-
dependent part of the distribution function fa = f, — [, while the parallel current requires
only the gyrophase-averaged part f,. Also, it is easily found that the lowest-order distri-
bution function f,o makes no contributions to these four transport fluxes. The higher-order
distribution functions f,1, fa.2, --- are obtained by recursively solving the kinetic equation
(2) which is rewritten by

0fa

Qs o€ = E(.?a + fa) - <Ca>ens — D, (13)

where the differential operator £ = 4 + Qaa% = % +v-V+ é% + ,u% + (€ + Qa)%

represents the time derivative along the particle orbit with the O(6~') contribution from the
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rapid gyromotion dropped (Hazeltine, 1973). From (13), we obtain the gyrophase-dependent

parts of the distribution function up to O(6?%) as
1 /¢ — 1 /¢ — = . = N
o | deLl.= g [ d€ (Lhat L) =Tn+ 1
A ALFN_ 1 FH . FC ., FA
q | % [Lfa —Ci(fa) = Do) = fa +[a + 12 (14)

where fN, fH fC and f2 are of O(8%). As is shown later, the O(6) gyrophase-dependent
distribution function fal gives the particle, heat and toroidal momentum flows, which are
tangential to the flux surface and do not contribute to the radial transport. Thus, the radial
transport fluxes Ty, g, and II, are of O(§?).

The classical transport fluxes are defined by the v/, -moment of fac, which is derived from
the gyrophase-integral of the the gyrophase-dependent part of the collision term CZ( fal) as
in (14). This definition seems natural because the classical transport is due to particles’ gy-
romotions (f,1) with collisions (C,). Analogously, the anomalous transport fluxes are defined
from ff, which results from the gyrophase-dependent fluctuation-particle interaction term
D,. The neoclassical transport is obtained from the v/ -moment of faN . This is physically
understandable by noticing that ﬂN is defined from Ezl and hence contains the neoclas-
sical orbital effects (£) of the non-Maxwellian guiding-centers f,;. The residual function
faH is shown to give the nondissipative transport fluxes caused by the parallel gyroviscosity
(Sugama & Horton, 1997a). More details of the present analysis may be found in Sugama
& Horton (1997a, b).

In the following sections, we find detailed expressions of the transport fluxes and the
entropy production rates, from which conjugate flux-force pairs are specified and symmetry

properties of the transport matrices are shown. The classical, neoclassical, and anomalous

transport are treated in §2-4, respectively. Summary of our results are given in §5.



2 Classical transport

The classical transport fluxes of particles, heat and toroidal momentum are derived from the

O(6%) gyrophase-dependent distribution function fC in (14) and is given by

rd = </d3v v - W> </d3v CE(fur) V- (R()>
= ([0 (o) -2 et (50

e = </d3v Formavev - w> _ —”Z;‘C</d3v CL(Fon) %@5)> (15)

where a partial integral in ¢ is taken and v/, - (R() = —B~}(v/ x b) - VU and %(Eg) =
: [vg (v )} (RQVC + —v”) v/, -(RO)+ (VLVL) (RC)(RC) are used. The O(8) gyrophase-

dependent distribution function f,; is immediately obtained from (11) and (14) as

~ ma 2 a Ea ma ,U/ 2 5
fﬂl:faﬂ? [Uia'Vﬁ_‘f‘—(qJ— __uLa>'V3_< ( ) __)

5\ pa  Ta 2T, 2

1 1\ 2
+ gﬂiyro : (V’V’ — (US) Iﬂ (16)

where the perpendicular flows and the gyroviscosity are given in terms of the thermodynamic

forces in (12) as

NeU g = /d3v falv’L _
e
Lo~ /d% fal( _

" N2
T = /d3v farmea (v’v’ — %I)

_ anV
2B,

(Xa1 4 %Xag 4 maR2v<Xv) VU x b

5CXa2
)v’L =3 0B VU x b+ Tanaum

[—(VU)(VU) + (VU X b)(VU x b) +2I{b(VV x b) + (V¥ x b)b}].



Then, the classical transport equations are obtained by substituting (16) with (17) into (15)

as
S TILN 1P X1 + (L) 12" Xo] + (L)1 * Xy

b

cl
I =

1
qul = Z[(LCI)QlabXbl + (L% 92" Xia] + (LYo Xy
a b
Z e = Z[(LCI)Vlebl + (LMo Xpo] + (L) v X (17)
b

Here the classical transport coefficients are given by

#

(Lcl>11ab (Lcl)12ab _ CQRQB% _lab lab ;_Z
(Lcl)Qlab (Lcl)22ab eaebBQ ;_Z lab _lab 01
(Lcl)(lzv (Lcl) 21 7¢ CQRZBP 10 _lab
(o] = (o] =g (23] [
¢ mampc® | R2B% ((R?B% +417) , .
(LNyy ==> " < B2P ( :BQ 192+ RY VO ) ). (18)

a,b
where the coefficients [5) and I{? are defined by

l = 6ab /d3v ’UHL( 2 )( 2)Clau [U||L ( 2) a0, foo]

a

/d3v U‘LJ /1)( ) ab[faOyUHLl(g /1 (xb)fb()]

/d3 ) fao, far 0] 1;;? /dsv (v/>2Cab[fa0; (U/)2fb0]7

—i—Tb

= myu 2/2Ta7 L((]3/2)(za) = 1’

Iy = 6a
v ”15T
respectively, where the Laguerre polynomials LB (22) [2% =
Li’/ *(22) = 2 —a2,--] are used. From the self-adjointness (4) of the linearized collision

operator with (19), we have
(19)

lab lba

l lk],
Using (18) and (19) and taking account of the coefficients’ parity with respect to V¢, we

obtain the Onsager symmetry (Onsager, 1931; de Groot & Mazur, 1962) for the classical
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transport coefficients which is written as
(LCl)mnab(VC) = (LCl)mnab(_VC> = (Ld)nmba(VC) (m,n =1,2)
(Lcl)mva(VC) — _(Lcl)mva(_vg‘) — (Lcl)Vma(Vg) (m =1, 2)

(LY (V) = (LD)vy (=V). (20)

The collisional entropy production rate is kinetically defined by the quadratic form of
the O(6) distribution function associated with the linearized collision operator as o, =
— [ d3 fog' far S OL (far, fo1) for species a. The contribution of the classical transport to
the entropy production rate is defined by the quadratic form of the gyrophase-dependent
part of the distribution function and is rewritten in the surface-averaged thermodynamic

form as

fur 1.+ 1
T.(0) = —Ta< / d%%(}f( fa1)> = T Xa + ) X + Ty (21)
a0 a

where (15)—(17) are used. Thus, the classical entropy production is given by the inner
product of the conjugate pair of the classical fluxes (I'Y, ¢<!/T,, I1¢") and the thermodynamic
forces (Xa1, Xa2, Xv). The second law of thermodynamics for the classical transport process
>a Ta<agl> > 0 and accordingly the positive definiteness of the classical transport matrix

are guaranteed by (6) and (21).

3 Neoclassical transport

The neoclassical transport fluxes are included in the perpendicular-velocity moments of the
O(6%) gyrophase-dependent part fV of the distribution function in (14), which are written

as

< [y w> — Tl 4 TP

. 5
n(f e (g -3)v V) =t
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</ v fNmavev - V\I/> =1 4 119, (22)

Here the fluxes T(¥)| ¢!¥) and T1(¥) represent the parts driven by the inductive electric field
EW = —¢'9A /0t (Sugama & Horton, 1997a). The neoclassical transport fluxes T2 ¢!,

1< and the parallel current Jg are given by

1
nt=([dog W), ot = ([ dvg W)

el = < / & gaWav>, Jp = <BJ'1'/>2 = Z < / & gaWaE> (23)

where g, is defined in terms of the O(§) gyrophase-averaged distribution function f,; as
_ = €q Ldl (2) 32 (2)
ga:fal_fa()i/ E (BE” - @<BE|| > (24)

and the functions (W1, Wae, Way, W) are defined by

Mg s 1 o e 5
Wal = e Uﬁb . V (R V + Evﬁ) 3 Wa2 = Wa (i — 5)
2 2 2 "B
| ge s 1 R2B%, _ eat]
WaV = 2€a U‘,‘b -V [ma <R \%4 + E'Ulll) + 2 B s oE = <B2>1/2. (25)

In (24), ["dl denotes the integral along the magnetic field line, and E‘(f) =b.  (-VO?® —
c1OA/Ot) is the O(6?) parallel electric field.

In order to derive the neoclassical transport equations, we need to solve the linearized
drift kinetic equation for g,, which is derived from the O(8) part of (2) (Hinton & Wong,

1985; Catto et al., 1987; Sugama & Horton, 1997a) and is written as

a

1
’U‘/‘b : Vga - C'L(?]a) = Tfao (WalXal + WaaXaz2 + Wy Xy + WaEXE) : (26)

The solution of the linearized drift kinetic equation (26) is generally written in the linear

form of the thermodynamic forces as

ga = Z(Galebl -+ GabQXbQ) + GaVXV + GaEXE- (27)
b
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Here G is defined as the solution of (26) with no thermodynamic forces except for X,
given as the unity. In the similar way, Gup, Gav, and G,r are defined. Substituting (27)

into (23), we obtain the neoclassical transport equations as

o =S (L Xo1 + L5 Xp2) + Ly Xv + L Xr
b

1
0" = DL X + L3 Xi) + Loy Xy + Ly X
a b

Z chl _ Z(Ll‘j/lel + Ll"/szz) + Lyy Xy + LypXg
a b

Jg = Z(Llmem + L%y Xyo) + Lpy Xv + LppXE (28)
b

with the neoclassical transport coefficients given by
Lcrfn = </d37} WamGabn>7 L;LnM - </ d37} WamGzzM>

Llijm = Z </d31) WaMGabm>a LMN = Z </d3U WaMGaN> (29)

where m,n = 1,2 and M, N = V, E. Here the transport coefficients are dependent on the
the toroidal angular velocity V¢ = —cd®,/0V. By using the self-adjointness of the linearized
collision operator (4) and taking account of the symmetry properties of the functions W,
Wants Gapm, and Gy (m = 1,2; M = V, E) with respect to the variable transformations
v|’| — —U|’| and V¢ — —V¢, we can prove that the neoclassical transport coefficients satisfy

the Onsager symmetry (Sugama & Horton, 1997b) which is given by
Lipn (V) = Ly, (=V)  (m,n=1,2)
Lun(V®) = Lyu(=V¢)  (M,N =V,E)
Ly (V) = =Lip(=VE)  (m=1,2;M =V, E). (30)

If the system has up-down symmetry B(f) = B(—60) (0: a poloidal angle defined such

that & = 0 on the plane of reflection symmetry), we find that W, and G,y are symmetric
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while W (m = 1,2), Wog, Gapm (m = 1,2) and G,p are antisymmetric with respect to the
transformation (v(, 6, V<) — (=v{, =0, =V¢). Then, we see from (29) that L&  L¢ p, Lyv,
and Lpg are even while L%, and Lyg are odd in V. Thus, the restricted forms of the

Onsager relations for the system with up-down symmetry are written as
L (VE) = L (~V€) = L (V) (myn =1,2)
Loy (V) = =Ly (=V¢) = LY, (V) (m=1,2)

Lyp(Ve) = Ly p(=V¢) = =L, (V*)  (m=1,2)

Lyp(V®) = —Lyg(=V®) = —=Lgy(V°)
Lyy (V) = Lyy(=V°), Lpp(VS) = Lgp(=V°). (31)

Detailed expressions of the neoclassical transport coefficients for the toroidally rotating
plasma are given by Hinton & Wong (1985), Catto et al. (1987), and Sugama & Horton
(19970).

In the same way as in (21), the neoclassical entropy production rate is kinetically defined
by the quadratic form of the gyrophase-averaged distribution function and is rewritten in

the surface-averaged thermodynamic form as

PNACAIEEDD Ta< / d3v%0£<fa1>> =5 (e + AL LX) + o X

a a a a a -
where (23), (24), and (26) are used. In (32), the product of the parallel current Jg and
the conjugate force Xg is included as a part of the neoclassical entropy production since we
here regard the transport due to guiding center motion described by f,; as the neoclassical

transport. We also obtain >, Ta<03d> > 0 and the positive definiteness of the neoclassical

transport matrix from (6), (28), and (32).
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4 Anomalous transport

The anomalous transport fluxes of particles, heat and toroidal momentum are derived from
the O(6?) gyrophase-dependent distribution function faA in (14) and is written in the anal-

ogous way to the classical fluxes in (15) as

(o fiv-vu)= =" [ #0 Do, - (RO)
(oot (53w w8} ({5 v R ov)
=T By (2= 2) v (0 + §§I<</d%ﬁ(<$—%vo$)v-v‘lf>>
12 = ([ o Py 99) + ({0 F& - (R -9))
=" [ 00 Dy L)+ ([ 0 B (R v (33)

It should be noted that the anomalous heat flux ¢! and the anomalous toroidal momentum

FA

flux I12 contain the fluctuating potential energy transport ea<<f d3v fa@ —c V- K)V . V\Il>>
and the toroidal momentum transport due to the fluctuating vector potential (e,/c) << [d3 f,A - (RC)v - W
respectively. Here () denotes a double average over the magnetic surface and the ensemble.

We also define the anomalous heat transfer rate Q4 by

szea</d3vﬁ<%+vo-v> (&—%VK)> (34)

In order to evaluate these anomalous fluxes ('}, ¢2'/T,, TI4, Q4), we need to solve the non-
linear gyrokinetic equation (Sugama & Horton, 1997a) for fa with the Maxwell equations
for gg although they are too complex to obtain the analytical solution. However, without
finding the solution, we can derive from the gyrokinetic equation the following relation for

the anomalous entropy production rate:
1
(o) = T2X4 + XA+ X + @ = —( [ @oLRCHR))) 9

14



where X4 = X, /T,, X3 = X/T,, X4 = Xy/T,, and X = 1/T,. In contrast to
the classical and neoclassical entropy production rates given by (21) and (32), the anoma-
lous entropy production rate contains the product of the anomalous heat transfer rate Q4
and the inverse temperature X2 = 1/T, as the conjugate force. In the same way as
>a Ta<agl> > 0 and >, Ta<aflml> > 0, the positive definiteness of the anomalous entropy
production >, T, (c%) > 0 is derived from (6) and (35).

Since the distribution function fa and the electromagnetic fields (5, K) obtained by solv-
ing the nonlinear gyrokinetic equation with the Maxwell equations are generally nonlinear
functions of the thermodynamic forces, the anomalous transport fluxes determined from the
correlations between fa and (QAS, K) are considered to be highly nonlinear functions of the
forces (Balescu, 1992), which is a contrast to the linear thermodynamic forms of the classical
and neoclassical transport fluxes. However, the symmetry property is shown for the quasi-
linear anomalous transport matrix which is obtained by the linear gyrokinetic equation with
the fluctuating electromagnetic fields regarded as given a priori. In this case, the quasilin-
ear anomalous transport matrix is considered to be a functional of the fluctuation spectrum
{$, A} and linearly connect the anomalous fluxes (I'2, ¢ /T, 1T, Q%) to the conjugate forces

a

(X4, X4, XA, X2 although the self-consistent dependences of the electromagnetic fields
on the forces due to the Maxwell equations remain to be solved. Under these restrictions,
we can derive the Onsager symmetry of the quasilinear anomalous transport matrix from
the linear gyrokinetic equation with the self-adjointness of the collision operator (4) in the
same manner as in Sugama & Horton (1997a).

Thus while the transport matrix relating the anomalous fluxes to the forces has a sym-
metric structure insuring that o2 > 0, the fluctuation spectrum itself evolves through the
mode coupling equations. In the renormalized weak turbulence theory limit where the wave

kinetic equation applies, there is a positive definite entropy production functional (Horton,

1986) associated with the fluctuation dynamics. The existence of these entropy production
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functionals is related to the thermodynamic stability of the systems (Nicolis & Prigogine,

1977; Horton, 1980).
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5 Summary

In this work, starting from the Boltzmann-type kinetic equation and utilizing the perturba-
tive expansion in the small gyroradius parameter, we have investigated transport processes
in toroidal confinement systems with electromagnetic fluctuations and large mean flows. For
each of the classical, neoclassical and anomalous transport processes, the positive definite
entropy production rate is separately given in the kinetic and thermodynamic forms, from
which the conjugate flux-force pairs are clearly defined. For the classical and neoclassical
transport matrices, which linearly relate the transport fluxes to the conjugate thermody-
namic forces, the Onsager symmetries are derived from the self-adjointness of the linear
collision operator. Under given electromagnetic fluctuations, the Onsager symmetry is also
satisfied by the quasilinear anomalous transport matrix obtained from the linear gyrokinetic
equation.

Work towards establishing a complete description of the self-consistent fluctuation dy-
namics and particle transport has been an underlying theme of the plasma research of Balescu
and his group for many years. His elegant works have made significant contributions to de-
velopment of statistical plasma physics and deepened our understanding of plasma transport
processes. Transport theories for turbulent plasmas are still developing and promise to re-

main an open, but exciting, frontier far into the future.

The authors recall with pleasure the valuable conversations and correspondence with
Prof. Radu Balescu that increased their understanding of transport in plasmas. The author
(HS) thanks Prof. Masao Okamoto for his encouragement of this work. This work is sup-
ported in part by the Grant-in-Aid from the Japanese Ministry of Education, Science and
Culture, and in part by the U.S. Department of Energy Grant DE-FG03-96ER-54346.
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