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Collisionless kinetic-fluid model of zonal flows in toroidal plasmas
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A novel kinetic-fluid model is presented, which describes collisionless time evolution of zonal
flows in tokamaks. In the new zonal-flow closure relations, the parallel heat fluxes are written
by the sum of short- and long-time-evolution parts. The former part is given in the dissipative
form of the parallel heat diffusion and relates to collisionless damping processes. The latter is
derived from the long-time-averaged gyrocenter distribution and plays a major role in describing
low-frequency or stationary zonal flows, for which the parallel heat fluxes are expressed in terms of
the parallel flow as well as the nonlinear-source and initial-condition terms. It is shown analytically
and numerically that, when applied to the zonal flow driven by either ion or electron temperature
gradient turbulence, the kinetic-fluid equations including the new closure relations can reproduce
the same long-time zonal-flow responses to the initial condition and to the turbulence source as
those obtained from the gyrokinetic model.

Keywords: closure model, zonal flows, geodesic acoustic modes, ion temperature gradient modes,
electron temperature gradient modes

PACS numbers: 52.65.Tt, 52.55.Fa, 52.25.Fi, 52.35.Ra

I. INTRODUCTION

for correctly predicting the turbulent transport of fusion

In recent years, favorable effects of E x B zonal flows
on plasma confinement have been well recognized from
numerous theories, simulations, and experiments on tur-
bulent transport [1, 2]. One branch of zonal flows occurs
as dynamical oscillations of the radial electric field and
is called the geodesic acoustic mode (GAM) [3]. The
GAM is caused by compressibility of the E x B drift ve-
locity in the presence of the geodesic magnetic curvature
and the GAM oscillations are experimentally observed in
many toroidal devices [2, 4, 5]. Another branch of zonal
flows appears in the low-frequency regime or as a sta-
tionary flow with oscillatory structures in the radial di-
rection, which can reduce turbulent transport driven by
microinstabilites such as ion temperature gradient (ITG)
modes [6] while the turbulence itself generates the zonal
flow.

Collisionless time evolution processes of zonal flows
in the ITG turbulence were analytically investigated by
Rosenbluth and Hinton [7] for tokamaks and by Sugama
and Watanabe [8, 9] for helical systems based on the gy-
rokinetic theory. These theoretical studies showed and
subsequent gyrokinetic simulations [10, 11] verified that
initial E x B rotation is not fully damped by collision-
less processes but it approaches the stationary zonal-flow
state with a finite amplitude of the radial electric field
after the GAM oscillation is Landau-damped. The rela-
tive magnitude of this residual zonal flow measures how
efficiently the zonal flow is produced by the turbulence
source or how effectively the turbulence is suppressed by
the zonal flow. Thus, an accurate theoretical descrip-
tion of the long-time zonal-flow evolution is a key issue

plasmas. In fact, unless the residual zonal flow is prop-
erly treated in a gyrofluid model, the gyrofluid simula-
tion cannot reproduce the same turbulent transport as
given by the gyrokinetic simulation [7, 10, 12]. Thus,
fast and satisfactory evaluations of the turbulent trans-
port coefficients based on the gyrofluid simulation greatly
depend on establishing a reliable closure model for zonal
modes or n = 0 modes where n denotes the toroidal
mode number. The importance of the zonal-flow treat-
ment is also acknowledged from gyrokinetic simulation
results showing that characteristics of the electron tem-
perature gradient (ETG) turbulence are strikingly differ-
ent from those of the ITG turbulence because of a change
in the zonal-flow mechanism [13]. When the Debye length
is neglected, the governing equations for the ITG tur-
bulence with no trapped-electron effects are symmetric
to those for the ETG turbulence except that equations
for the flux-surface-averaged electrostatic potential in the
two cases are asymmetric to each other.

In the present paper, we investigate how to correctly
express collisionless zonal-flow evolution in the tokamak
ITG and ETG turbulence by using a kinetic-fluid model.
First, the long-time responses of zonal flows to the ini-
tial perturbed distribution function and to the turbulence
source terms are comprehensively described based on the
analytic solution of the gyrokinetic equation in Sec. II.
As for the residual zonal flow in the wave number region
relevant to either ITG or ETG turbulence, we explicitly
discuss the incompressibility condition and the initial-
parallel-flow dependence, which were not fully remarked
in previous works. Also, our formula for the ETG-mode-
driven zonal flow contains a new correction term missed
in the work by Kim et al. [14]



In Sec. ITI, by making the best use of the above-
mentioned gyrokinetic-analysis results, the main purpose
of this work, derivation of the kinetic-fluid model to de-
scribe the collisionless zonal-flow evolution, is carried out.
In our previous works [15, 16], the nondissipative closure
model (NCM) was constructed and successfully applied
to the kinetic-fluid simulation of the slab ITG turbulence,
which gave about the same turbulent ion heat transport
as that obtained from the direct kinetic turbulence simu-
lation although these works were limited to the cases with
no zonal flows. In our novel zonal-flow closure model, the
parallel heat fluxes consist of the short- and long-time-
evolution parts, in which the former part is written in
the dissipative parallel-diffusion form of the Hammett-
Perkins type [17] while the latter takes the nondissipative
form determined from the analytically-derived gyrocen-
ter distribution. Compared with the zonal-flow closure
model by Beer and Hammett [12], our model is different
from theirs in that we use the parallel flow as well as the
nonlinear-source and initial-condition terms to represent
the parallel heat fluxes. Using this representation allows
us to analytically show that the same response formu-
las for the ITG- and ETG-mode-driven zonal flows as
those derived kinetically in Sec. II are obtained from the
kinetic-fluid equations as well.

In Sec. 1V, for further confirmation of the validity
of the closure model, the ITG and ETG zonal-flow re-
sponse functions are obtained from numerical solutions
of the kinetic-fluid equations and compared with gyroki-
netic simulation results. Finally, conclusions are given in
Sec. V. The successful analytical and numerical validity
checks make our model promising for future applications
to kinetic-fluid turbulence simulations for prediction of
the turbulent transport as well as to theoretical studies
of zonal-flow physics. In Appendix A, useful formulas
for the incompressible zonal flow are shown. Appen-
dices B and C present kinetic-fluid equations of ITG-
mode-driven zonal flows in large-aspect-ratio tokamaks
and those of ETG-mode-driven zonal flows, respectively.
Appendix D shows the GAM dispersion relation derived
from the kinetic-fluid model.

II. KINETIC DESCRIPTION OF ZONAL
FLOWS

In this section, gyrokinetic and Poisson’s equations to
govern the zonal-flow dynamics are shown and long-time
behaviors of ITG- and ETG-mode-driven zonal flows in
tokamaks are described in detail by using the analytic
solution of the gyrokinetic equation.

A. Basic equations

The collisionless gyrokinetic equation [18] for the
zonal-flow component with the perpendicular wave num-
ber vector k| = k,.Vr (r : the radial coordinate to label

flux surfaces) is given in terms of the perturbed gyrocen-
ter distribution function § fﬁ) by

0
(at +ob-V+ iwD) 3fE

edx

= — (U”b~v+iwD) (FOJO(kJ_p) ) + Sk, Fo,

(1)

where Fj is the local equilibrium distribution function
that takes the Maxwellian form, Jo(kyp) is the zeroth-
order Bessel function, p = v, /Q is the gyroradius,
Q = eB/(mc) is the gyrofrequency, and b = B/B is the
unit vector along the magnetic field line. Here, subscripts
to represent particle species are dropped for simplicity.
In Eq. (1), 6 fﬁ) is regarded as a function of independent

variables (6, w, p), where w = mv? and p = mv? /(2B)
represent the kinetic energy and the magnetic moment,
respectively, and the ballooning representation [19, 20] is
employed to use the poloidal angle # as a coordinate along
the field line. The drift frequency wp is defined by wp =
k| - vgq, where vy is the gyrocenter-drift velocity. The
source term Sy, Fy on the right-hand side of Eq. (1) rep-

resents the E x B nonlinearity and is written as Sk, Fo =

(¢/B) S, 11 e, [P+ (K x K)o (K p) e, 5.
The perturbed particle distribution function §fix, is
written in terms of the perturbed gyrocenter distribution

function § flggj and the electrostatic potential ¢y, as

0fk, = 5f1£gl)67"krp - G(Z)%Fo (1= Jo(kLp)e ™ +P],
(2)
where p = b x v/Q. Hereafter, the equilibrium density,
temperature, and pressure are denoted by ng, T, and
po = nol, respectively. On the right-hand side of Eq.
(2), the factor e~"%+'P in the first term results from the
difference between the particle and gyrocenter positions
while the second group of terms represent the polariza-
tion, that is the variation of the particle distribution due
to the potential perturbation.
The electrostatic potential ¢y, is determined by Pois-
son’s equation,

/dSU Jofi(li - noe(zj# [1—To(bi)]

7
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where the subscripts representing ions (i) and electrons
(e) are explicitly shown. In Eq. (3), Ap. = T./(4mnge?)
is the electron Debye length, b, = k3T,/(m.Q.), and
To(by) = Io(by)e b (a = i,e), where Iy denotes the
zeroth-order modified Bessel function.

When the initial gyrocenter distribution functions

) f(i)L (t = 0) and the past history of the source terms

a



Sak, (t') (a = i,e) are given, the gyrocenter distribution
functions ¢ fii) (t) at an arbitrary time ¢ > 0 are deter-

mined by solving Egs. (1) and (3) [note that the initial
potential ¢y, (t = 0) is immediately given in terms of

5f(g) (t = 0) by using Eq. (3)] Examining properties of
these equations, we find that, in the static magnetic field,
the response of 5f(g) (t) to 5]”(,1(L (t =0) and Sy, (')
(a,a’ =1i,e; 0 <t <t) should take the form,

> [Vawr®or, (0)

a’'=i,e

t
+ / dt' Uger (t — ') Far0Sac, ()] . (4)
0

5% () =

Here, it should be noted that, once the linear opera-
tors (or propagators) U, (t) (a,a’ = 1i,e), which relate
) fc(il (t) to ¢ fé%l)u(()), are known, we can immediately
obtain the kernels in the time integration representing
the response to Fy0Sqk, (') by replacing the time argu-
ment ¢ with ¢ — /. In other words, the solution of the
linear initial-value problem is equivalent to the linear re-
sponses to the source terms. Substituting Eq. (4) into
Eq. (3), we have

e¢kL (t)
T;

= X |t

a=1,e

X [{1=To(bi)} + (Ti/Te) {1 — To(be) +

where Ny (t) = [ d3v Ui (t) — [ dv Ueq(t).

B. Axisymmetric geometry

Equations (1)—(5) shown above are valid for general
magnetic configurations although we hereafter consider
only axisymmetric toroidal systems, in which the mag-
netic field is written as

B =1I1(r)V({+ V( x Vi(r) = B, + B,. (6)
Here, the toroidal coordinates (r, 0, () are used, where 6
and ( represent the poloidal and toroidal angles, respec-
tively. The toroidal and poloidal fields are represented
by B, = IV( and B, = V( x Vi, respectively, and
thus their magnitudes are given by B; = |B;| = I /R and
B, = |B,| = |V¥|/R, respectively, where R is the major
radius. The poloidal flux within the flux surface labeled
r is given by 27 (r) and the safety factor is denoted by
q(r).
For the axisymmetric case, we find [7]

iwD = ikrvd -Vr = ZUHb . VQ
= e_inHb - Ve'Q.

! ) 5kaJ_
( 5)that Eq. (10) is useful in deriving important formulas for

(kidpe)?}] ™

Here, @ = Kwv|/B measures the radial orbit width
normalized by the radial wave length, where K =
(me/e)k,I/(dp/dr) = ki1 By/Qp, Qp = eB,/(mc), and
b - VK = 0. Multiplying both sides of Egs. (1) with ‘@
and using (7) yield

9 i
<6t +”U||b V) (6 Qéfé?)

edi,

= —’U|b'v< QFoJo(klp) >+61QSkJ_F0

(8)

Integrating Eq. (8) over the velocity space and taking its
flux-surface average, we obtain

gt</dgv eiQéflgi)> = </d3v €iQSkLF0> (9)

where (-) denotes the flux-surface average. For small ra-
dial wave numbers, we use e'? = 1+ iQ — %QZ +
approximately rewrite Eq. (9) as
Py,
2m

0 /. K K\?
at <5n g +1 <B> noqui - (B)
(10)

= </d3v (1 +1iQ — ;Q2> Sleo>a

where the perturbed gyrocenter density the parallel

t
(g)L (0) + / dt' No(t —t')Fu0Sax, (t’)} flow, and the perturbed parallel pressure are defined by
0

5 (g) —

(5nl(i = [dP 0f5  up, = ngt [ dv 6f1((g)v“, and

Ik d3v 6f, (g)mv” respectively. We will see later

zonal flows in axisymmetric systems.

C. Long-time evolution of zonal flows

Considering the long-time evolution of the per-
turbed gyrocenter distribution function with character-
istic frequencies much lower than the bounce frequency
(lo/ot] < |vyb - V|), Eq. (8) is perturbatively solved to
give the lowest-order solution as [7]

3fE = —Jo(kLp) ed;‘:i Fo + he™™@, (11)
where b - VA = 0 and
at) = (e902))

+ Fole'@ {Joedn (1)/T + Rac ()}]. (12)
Here, Ry, (t) = fot dt' Sk, (') and
(6iQ5f1(<gi)) = —%Fo(eiQJWkJ +h (13)

are used. Here, the orbital average is denoted by ~ =
$(dl/vy)---/ $(dl/v)), where dl represents the line ele-
ment along the field hne and the integral goes over a



closed orbit for trapped particles but once around the

poloidal circumference for passing particles. Substitut-
ing Eq. (12) into Eq. (11), we obtain
e QTGO T
SAE) = —2F [Jodne. (1) — e U@ @Togne, (D)

+em@[eie {518 (0) + FoRu, (1) }]- (14)

Now, assuming that k;p < 1 and that ¢y, is constant
on the flux surface, i.e., ¢k, = (dk, ), Eq. (14) is written
as

5f(8:)( t)

= FoegkaL(t) [,Z

K{('UH/B) - (”H/B)}
+ {0/ B)01 B - 501/B) - 50 BT
+ 1 {002 - G} + 3500 + BB
— ik [(0)/B) {85 (0) + R, (8}

(@m0 + B 0} |

+K? {(m/B)((WB) {358 + Fokae, (1))
7%(%/3)2{ SHE© HFOM}
—~ %((”H/B)Q {5fﬁ) (0) + Fo R, (t)})} ’

(15)

where Jo(kip) = 1 — 1(kip)? < and €9 = 1+
iKv /B — 5(Kv|/B)? +--- are used. As shown in Ap-
pendix A, the perturbed gyrocenter distribution function
given by Eq. (15) indicates the incompressibility of zonal
flows in the long-time evolution, where fast compressional
waves such as GAMS are ignored.

1. Residual zonal flows in ITG turbulence

Here, we treat residual zonal flows in the ITG turbu-
lence which were originally investigated by Rosenbluth
and Hinton [7]. Let us consider the wave-number region
relevant to the ITG turbulence and take k| a; < 1 where
a; = (Ti/m;)/?/Q;. Then, in Eq. (3), we put 1—Tq(b;) =~
b = k%a?, 1 —To(be) ~ 0, ki Ape ~ 0, and neglect the
perturbed electron density dn. ~ [ d3vJyd fe(ﬁl which is
much smaller than the perturbed ion density because of
the small mass ratio m./m; as verified also from Eq. (15).
Now, Eq. (3) is approximately rewritten as

P)(edr, (t)/T:) (16)

where 5n(g) (t) = [d3vd fi(f)L (t) represents the perturbed
ion gyrocenter density. We find from Eq. (16) that, in Eq.

on'® (t) = no(ka

(A4), the density-gradient-driven drift is smaller than the
E x B drift by a factor of k% a? < 1 so that the perpen-
dicular ion flow is written as w; 1k, = ick) @i, /B ~
ick, ¢y, /B. Substituting Eq. (16) into Eq. (10), taking
its time integral, and neglecting terms of higher-order in
k1 a;, the balance equation of the flux-surface-averaged
ion toroidal angular momentum (per unit mass) is ob-
tained as

<RuitkL (t)> - <Ruitkl (0)>
= (R[Bu) (1) = Byuly (1)]/B)
= (Ruly (1)), (17)

where the toroidal flow u;sc, is defined by Eq. (A3), and

uEi)kL(t) = — d3vF0RkL(t)vH,

no
u(s) (t) _ ZCkL(ﬁl(ji(t) _ ZCkl<6n£lS()l(t)>
iy VT B " noB(k%a?)(e/T;)

iCkJJ_ 3
= FoR; 1

ot ] o 0) 09

are used. In Egs. (17)-(18), £|s\)k (1), qu}kL(t), and

“E:Eu (t) represent the sources of the parallel, perpen-

dicular, and toroidal flows associated with the turbu-
lence, respectively. Similarly, (bg (t) and (57%(-152L (t) de-
note the turbulent sources of the electrostatic potential
and the perturbed ion gyrocenter density, respectively.

The definition of uEHLH( ) in Eq. (18) is consistent with

the same notation used in Eq. (Al5) for the case, in
which the turbulence source takes the form of the shifted
Maxwellian. When there is no turbulence source, Eq.
(17) results in the toroidal angular momentum conserva-
tion, (Ruine, (£)) = (Rusp, (0).

Substituting Eq. (15) for ions into 5n(g) t) =

Jd3usfE (t) in Eq. (16) and taking its flux-surface av-
erage, we obtain
e¢“T:(t) - Dllm </d3v{1 +iK; ((UH/B) fm)}
{5 £ (0) + FoRax. (t)}>, (19)
where
Drra

no (K2 a?) + < / & FigK? {(Ul /BY - (v /3)2}>
na [(K2a) + K22 ((57%) - )
- BBY)). (20)

no <kj_alp(

Here, a;, = (T;/m;)'/?/Q;, represents the ion poloidal
gyroradius, Q;, = eB,/(m;c) is the poloidal gyrofre-



quency, and

1/Bar

= [ D
2 Jo (B/(1-AB)'/2)

where B); denotes the maximum field strength over the
flux surface. In the second line of Eq. (20), the first
term represents the shielding effect of the classical ion
polarization while the second integral terms, which are
proportional to K2 = (ki B;/p)?, correspond to the
neoclassical polarization effect due to trapped ions. In
contrast to Rosenbluth and Hinton [7], the initial distri-
bution 6-fi(1§1 (0) is explicitly shown in Eq. (19) instead of
including it into the source term FjoR, (t). When we
use Eqgs. (A14) and (A15), Eq. (19) is rewritten as

<k2 2> edi, (0 )+ <5nsz( )

Ti no

edx, (t) ng
T; Dita

+iK; <{u1|\kL +“z\|)1u()}/B>

(
,6’1<£ iie. (0 +“zn)k 0} B))]

e¢kL (

DITG
<{u1pk¢ (0) + uz(:)kL( )} /Bp>

~ By (B {uies (0) + s, (0] /B,)]
(22)

where u®) (t) is defined by u(s) () = [By ufﬁiﬂ t) +

ipk |

Btuz(.j_)kL( t)]/B and Eq. (18). In deriving Eq (22), ¢k, (0)
as well as ¢y, (t) is assumed to be constant on the flux
surface while u;|, (0) is not. Dependence of the perpen-
dicular long-time zonal-flow component u; 1y, () on the
initial condition and the turbulence source is given by
uilx, (t) = icki¢x, (t)/B with Eq. (22). Substituting
Eq. (22) into Eq. (A8) and using Egs. (A17) and (A2),
we have the ion poloidal zonal-flow component as

Uipk, (t)/Bp
1o 51 K<<k2 2> e(bkl( )+<6nsz()>>

Dira mi L "
+ <<kia$> + K?ﬂz;i<32>)
({0 + i, 0} B)

&I ({04 5 0} /5)]

Drrg
< (B {ue 0) +4i5h, (0} /8,)
_ K2

({4, 0} 8,)] @)

Also, the parallel component u;, () is immediately de-
rived from substituting Eqgs. (22) and (23) into Eq. (A7)
while the toroidal component w; , (t) is obtained by sub-
stituting Eqgs. (22) and (23) into Eq. (A2).

We see from Eq. (22) that the poloidal flow compo-
nent depends on the initial condition only through the
initial poloidal flow. This dependence is affected by the
poloidal-angle dependence of the initial poloidal flow. For
example, let us assume B?(upk, (0)/B,) to be constant
on the flux surface. As shown from Eq. (A3), this condi-
tion is satisfied when Bu;i, (0) is constant on the flux
surface, the special case of which is give by no initial
parallel flow, u;jx, (0) = 0. Then, for the case of no
turbulence source, Eq. (23) gives

Uipk, (1)/Bp B

_ no(k? af)
(uipk, (0)/Bp)  (B~2) '

24
Drra 24)

As another example, we consider the initial flow to be
incompressible. In this case, the initial poloidal flow sat-
isfies the condition w;pk, (0)/Bp = (uipk, (0)/B,) [see Eq.
(A12)] and Eq. (23) leads to

wipk, (1)/By 1o

(uipk, (0)/Bp) DITG51<kLaiB JR2)(R?) (1+2¢%),
(25)

where ¢ is defined by Eq. (A6). The ratio in Eq.
(25) gives a significantly higher value than that in Eq.
(24). This interesting result is not clearly pointed
out in the original work by Rosenbluth and Hinton al-
though it can be understood by noting that the in-
compressible flow does not contain such a GAM part
that should be Landau-damped in the long-time evolu-
tion. Especially, when there is no initial poloidal flow
Uipk, (0) = 0, which means the finite initial parallel flow
given from Eq. (A3) as u;x, (0) = —(B:/Bp)uiix, (0) =
—icky (B/Bp)dk, (0)/B, Egs. (22) and (23) show that,
for the case with no turbulence source, ¢i, (t) = ¢k, (0)
and u;pk, (t) = 0 so that the zonal flow remains in
the toroidal direction and has the same magnitude all
the time. This is a natural result in axisymmetric
systems and we can also confirm from using Eq. (16),
and |k, (t) = —ick1(B¢/Bp)¢x, (t)/B that the shifted
Maxwellian distribution function corresponding to the
toroidal rotation becomes a good approximate station-
ary solution of the linearized gyrokinetic-Poisson system
of equations for k) a; < 1.

For a large-aspect-ratio toroidal flux surface which has
a major radius Ry and a circular cross section with a
radius 7, the magnetic-field strength is written as B =
By(1 — ecosf) and we have

B = By2(1— Ce?). (26)



Here, the dimensionless coefficient C' is evaluated as

6v2 [%

o | {20 o)

Ay [ 55w )]
~ 1.6, (27)

C

where K (k) and E(k) are the complete elliptic integrals
of the first and second kinds, respectively. Then, Eq. (20)
reduces to

Dite = no <kia22> 1+ 1.6(]2/61/2), (28)
where € = r/Ry is the inverse aspect ratio, ¢ = €B;/B,
is the same factor, and K; = k.qBo/(e;) is used. We
see from Eq. (22) and (24) that, if no turbulence source

exists, the well-known Rosenbluth-Hinton formula [7] is
obtained for the case of no initial parallel flow as

Pk (t) _ Wipk, (t)/Bp _ 1

Pk(0)  (uipk, (0)/Bp) 1+ 1.6¢%/'/>’
which is often used for benchmark tests of gyrokinetic
simulation codes [10, 11]. Also, it is shown from Egs.
(24) and (25) that, when there is a finite parallel flow
initially, the ratio of the poloidal flow to its initial value
is given for the case of Bu,, (0) = (Buyx, (0)) by

wipk, (t)/Byp 1

(uipk, (0)/Bp) "1 + 1.6¢2/€l/2’ (30)

while it is written under the condition of the incompress-
ible initial flow, wipk , (0)/B, = (uipk, (0)/Bp), as

WUipk | (t)/Bp _ ) (31)
(uip, (0)/Bp) 1+ 1.6%/€'/?
We should note that the efficiency of the zonal-flow

generation by the ITG turbulence should be measured
not by Eq. (29) but, for example, by

(29)

1+ 2¢?

e, O)/T; edi, (t)/Ti
@nS) (8)/no ([ @PvFoRac, () /no
_ o - 1
 Dire  (k2a?) (1+ 1.6¢%/€'/2)’

(32)

which is obtained from Eq. (22) with neglecting the
initial-value parallel-flow terms. Equation (32) repre-
sents the ratio of the zonal-flow potential to the time-
and velocity-integrated nonlinear source term and it is
larger than the ratio to the initial potential value in Eq.
(29) by the factor of 1/(k? a?).

2. Residual zonal flows in ETG turbulence

Now, we consider the wave-number region 1/a; <
ki < 1/a. where a, = (T,/m.)"/?/|Q.| in order to inves-
tigate collisionless residual zonal flows in the ETG tur-
bulence. ETG-mode-driven zonal flows were analytically

treated by Kim et al. [14] who also studied collisional
effects on them. Here, in Eq. (3), we put T'o(b;) ~ 0,
1 —To(be) ~ be = k? a2, and neglect fd3v<]05fi(1§)L be-
cause kj a; > 1. Thus, the perturbed ion density is given
by the Boltzmann relation onix, /no = —edx, /T;. Then,
substituting Eq. (15) for electrons into Eq. (3) and taking
its flux-surface average, we obtain

B = g (oo (oum - rm)
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1
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Equation (33) and (34) contain terms up to O(k? a?)
although, if keeping only terms of the leading order in
kj a, they give dnex, (t) = dni, (t) = —noedn, (t)/T; ~
[ d { £ (0) + FeoRax (¢ )} from which Eq. (A9) is
derived by notlng ¢k, = (¢k,). Then, on the leading

order in k a., the perpendicular electron flow is written
from Eq. (A4) as ue 1k, = icki dexk, /B with

Peste, (1) = drc, (1) = (Te/e)(0nex, (1)) /o
(1+Te/Ti) e, (1) (35)

Using Eqgs. (A14), (A15), and (3) for t = 0, Eq. (33) is
rewritten up to O(k, a?) as

o) _ o (T a0
g%ﬂt<%%WWm
no

i, (<{ue”h . (0} /5)
—ﬁ1<{u e (0) + ugfy, (¢ } >ﬂ

eqbkL (O) noK,
Dire

<{u6pkL (0) + Ugh (t)} /Bp>
= 51 (B (e (O + 5, (0} /5,)]




where the modified shielding function D is given by
Dera{l+ KZ(Te/me)((B7?) - 1)}

+ (K3 (a2 + ADo))

Dyre =
T
~ Nng ?

+ K2 i (1 + E;) (B7?) - ﬁl)} (37)

e

and uisz'))k (t) is defined by uepk t) = [Bpusl)k (t) +

Btuii)_h( )]/B. Here, the source terms similar to those
in Eq. (18) are defined by

1
— d rUFeORekL( )UH,
no
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Dependence of the perpendicular long-time zonal-flow
component .k, (t) on the initial condition and the tur-
bulence source is given by ue |k, (t) = ick] dewk, (t)/B =
ick) (14+T./T;)¢x, (t)/B with Eq. (36). Substituting Eq.
(36) into Eq. (A8) and using Eq. (A10) give the electron
poloidal zonal-flow component as

Uepk | (t>/Bp
Te
_ b [—iK .

Te
e (14 7)

Me

Dire
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et Pon) <t>>}

no
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% <{ueukL(0) + U, (t)} B> K Te <1 " §>
x ({uepe 0+ 0} /B)]

noﬁl T, 2, 92 2 zTe T,
= — k A K 1+ —
GHT,;*U(%* be)) T K= 1+ 7

x (B2} (B2 {uape, (0) +ulh, (0} /By)
_xele (1 n :TF> ({oreme. ©) +u () /B,,>] .

K3

(39)

The parallel component wu, (t) is immediately derived
from substituting Eqgs. (36) and (39) into Eq. (A7) while
the toroidal component w.su, (t) is obtained by substi-
tuting Egs. (36) and (39) into Eq. (A2).

In the same way as shown for the ion poloidal flow
in Eq. (23), Eq. (39) shows that the electron poloidal
flow depends on the initial condition only through its
initial value and that this dependence is affected by
the poloidal-angle dependence of the initial poloidal
flow. When Bu,, (0) is constant on the flux surface,
B?(uepk, (0)/B,) is also constant on the flux surface and
Eq. (39) for the case of no turbulence source gives

Uepk, ()/Bp _
(uepk, (0)/Bp)

nof3 T, 2/ 2 2
S 7 e+ ADE)(Z%)

In another case, where the initial electron flow is incom-
pressible, we have ucpi, (0)/Bp = (uepk, (0)/B,) and Eq.
(39) yields

Uepk, (t)/Bp
(Uepk, (0)/Bp)
_ nof1(B?) |:Te(

1 (K a?) +
gzi (1 + ;F,) (1+ 2@2)] (41)

/
DETG
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We also find from Eqs. (36) and (39) that, if the initial
electron poloidal flow and the source terms both vanish,
the electrostatic potential and the zonal-flow components
in all directions remain unchanged.

For a large-aspect-ratio toroidal flux surface, we follow
the same procedure as adopted in Egs. (28)-(32) and
rewrite Eq. (37) by

Te
Dirg = 7o [T + (K1 AD.)

T q°
2 2 e
+ (k7 aZ) {1 +1.6 (1 + Tz> 61/2” )
(42)
In the case, where neither the initial parallel flow nor the

turbulence source exists, we find from Eq. (36) and (39)
that

(bkL (t) _
qbkL (0)

Uepk, (t)/Bp

(Uepk, (0)/Bp)

_ Te/Ti + (k3 (a2 + AD.))
T./)T; + (k2 a2)[1 + 1.6(1 + 1. /T;)q? /€'/?] +

(k1 ADe)
(43)

The denominator on the right-hand side of Eq. (43) con-
tains a term oc (k% a?)(T./T;)q*/€'/? that is missed by
Kim, et al. [14]. This term comes from the last group of
terms proportional to K25fl£gi) (0) in Eq. (15) which are
neglected in Ref. [14] but necessary to keep for the accu-
racy of O(k?% a?). Using Egs. (40) and (41), the ratio of



the electron poloidal flow to its initial value is written as

Uepk, ()/Bp
(tUepk, (0)/Bp)
T/Ti + (k% (a2 + A\D.))

T T T+ (B2 a2) 1+ 16(1 + T./T) ¢/ 2] + (k2 A3,)
(44)

fOI‘ BuerL (0) = <B’LLerL (0)>, and

Uepk, (t)/Bp
(tepk, (0)/Bp)
)

(Te/T)[A + 2(k7 a2)q®] + (k7 a2)(1 + 2¢°) + (k1 AD,,)

COTT+ (BRa2) 1+ 1.6(1 + T, /T;)q? /e /2] + (K3 N3,
(45)

for the case of the incompressible initial flow,
Uepk, (0)/Bp = (uepk, (0)/Bp)-

In parallel with Eq. (32), the efficiency of the zonal-flow
generation by the ETG turbulence can be characterized

by

0, (O)/Te
(0n), (1)/no
— 6¢kL (t)/Te _ n0<e*be/2>
<f d3vFyRex | (t)> /no Dfre
- [? T (R3AB) + (ka2) {(1 4 2TT>

+ (1 + ZTE) (1 + 1'652> }] - , (46)

which is obtained from Eq. (36) with neglecting the
initial-value parallel-flow terms. Comparison between
Egs. (32) and (46) shows higher zonal-flow generation by
the ITG turbulence than by the ETG turbulence because
Dite is proportional to the factor (k% a?).

III. KINETIC-FLUID MODEL OF ZONAL
FLOWS

In this section, the kinetic-fluid equations to describe
zonal flows are presented, which include novel closure re-
lations for parallel heat fluxes. It is analytically found
that the kinetic-fluid model yields the same residual
zonal-flow levels as predicted by the gyrokinetic model
for both cases of the ITG and ETG turbulence.

A. Kinetic-fluid equations

Now let us take the velocity moments of Eq. (1) to
obtain the equations which govern time evolution of the

fluid variables defined by
[5"1@ s MOU |k, 5 0P|k » 5]&@}
1
= /d?m 5f1£‘ci) [1,1},mv2|7 vai] . (47)

Consequently, we obtain the perturbed gyrocenter den-
sity equation,

on i) nou,
ot +B'V< B )

o
= _/Le@kJ_ . (b X VB) [(5}7”1“_ + (SpJ_kL
+ noegi, e % (2 — b/2)} + Mok, (48)

the parallel momentum balance equation,

Qu ik, Pk oL,
mnoat—i-B-V( 5 + 5 b-VB

.me
B Nk

eB2
noeb

—ngeb -V (Qshe—b/?) + S e /?b - VB
+N1kj_3 (49)

ki (bxVB) (g, +q1x, +4poujx, )

the perturbed parallel pressure equation,

1904}
% +B -V [(g, +3pouyk, ) /B]

2
t5 (q1x, +poujk, )b - VB

. c
—Zﬁkj_ . (b X VB) [m ((57“”7”1(L + (Srll_’J_kL)

+ pocdne, €24 = b/2)] + Nopu, (50)
and the perturbed perpendicular pressure equation,

0p 1k,

ot

1

-3 (q1x. +Pouk, ) b-VB

+B-V [(q1x, +poujx, ) /B]

. C
—ZEkL . (b X VB) [m (57‘”’1_1(L +6TL,LkL)

+ poedi, e/2(3 — 3b/2 + b2/8)} + Nati,, (51)

where Nok, , Nk, ; Najk, , and Naj i, are the nonlinear
source terms defined by

I:NOkLlekL7N2||kL)N2LkL}
1
= /d% FySk, {1, muj|, mvﬁ7 QmUi] . (52)
We also define the perturbed parallel and perpendic-

ular temperatures (5T|\k”,5TLk ) by the following rela-
tions,

(SpﬂkL Tl()(STHkL —|—T§nl((gj,
5kaJ_ = noéTLkl + T§n£gj . (53)



The right-hand sides of Egs. (49)—(51) contain the third-
order fluid variables (or parallel heat fluxes),

[quL ) quL]
— /d% 5f1(<gjv|| {(mvf — 3T) , <;mvf_ — T)} ,
(54)
and the fourth-order fluid variables,
[0 e 7 L 071 1, ]
- /d?vu 5fl(i)m {v‘ﬁ %vﬁvi, ivi] . (55)

In order to construct a closed system of kinetic-fluid
equations, we need to use Poisson’s equation, Eq. (3) as
well as devise so-called closure relations, which express
the higher-order fluid variables in Eqgs. (54) and (55) in
terms of the lower-order variables in Eq. (47).

B. Closure model

We write the parallel heat fluxes as the sum of long-
and short-time evolution parts,
() (s)
U = Dy T IYic
_ ) (s) 56
ik, = qi), T4y, - (56)
Evaluating the parallel heat fluxes by using Eq. (15),
which describes the long-time behavior of the perturbed

gyrocenter distribution function, and making use of Eqs.
(A7)—-(A10), we obtain

) ! B2
aiy, = 24}, = 2poUi. (B— 6132), (57)

where
U, = B1(B1—(B™?))
x () = (B72) (Bupe, (¢ = 0))

_ <£nz> < / v Fy Ry, <t>(”B')>> , (58)

15 [YBu AdA
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and f; is defined by Eq. (21).

In order to consider the short-time phenomena such as
the GAM oscillations, we neglect trapped-particle effects
and the perpendicular drift term in the left-hand side of
Eq. (1). Then, we find from Eq. (1) that the perturbed
gyrocenter distribution function is given in the form of

-1

2 2
Cok, V|| -+ clklv” + cox, v
w —m(v/Roq)

5fY. = Fy (60)

where the coefficients ¢;x, (j = 0,1,2) are independent
of the velocity variables and the integer m represents the
mode number in the Fourier series of arbitrary periodic
function of # as given by g(8) =", gme™™’. In deriving
Eq. (60), /0t = —iw and b-Ve™? = ime™™? /( Ryq) with
the major radius Ry are used and the nonlinear source
term is neglected compared with the time-derivative term
in Eq. (1) for the short-time evolution. In fact, for the
case of the GAM oscillations of ion zonal flows, we find
that w ~ vy /Ry > k,yv4 and that trapped ions are
nonresonant and uninfluential in the GAM dispersion re-
lation. Then, using Eq. (60) and taking the adiabatic
approximation Roqw/(mwv;) — 0 lead to the parallel heat
fluxes in the same dissipative form as in Hammett and
Perkins [17],

. 9\ 1/2
(s) -2 () iﬂ’novt(STHka

Dmie, ~ T |m|
. 2 1/2 m
Qifnki - (n> ZWHOWSTMI{M oy

where v, = (T/m)'/2. If we use the GAM frequency
as w for the ion zonal-flow case and take m = 1, we
have Roq|w|/v: > 1 so that the fluid-approximation limit
Rog|lw|/vy — +00 may seem better than the adiabatic
approximation. However, it should be noted that colli-
sionless damping of the GAM is never derived from tak-
ing the fluid-approximation limit while the adiabatic ap-
proximation gives rise to the reasonable GAM damping
rate.

As done in deriving Eq. (60), the short-time-evolution
part of § fl(i) is evaluated by balancing linear terms in Eq.
(1) and is used to estimate the magnitudes of the fourth-
order variables (07 |k, , 07, 1k, 071, 1k, ). Then, we see
that, for Roglw|/ve > 1 and k[' > a(= /T/m/Q),
0Tk, -terms are regarded as negligible compared with
the ¢, -terms in Egs. (50) and (51). On the other
hand, for the long-time evolution, we use Eqgs. (15),
(A14), and (A15) with terms up to O(K) retained
and find that only the even parts of Egs. (Al4) and
(A15), which take the Maxwellian form, contribute to
(07| k. > 07 Lk, 0T L1k, ). Thus, we finally obtain

[6T|\HkL y 5T|\ik4 y 67’LLkJ_} vadnl(i) [3, 1, 2] (62)

Here, it should be noted that the collisionless zonal-flow
damping are modeled not by these closure relations for
the fourth-order variables but by those for the third-order
variables in Eq. (61).



C. Balance equations

A balance equation corresponding to Eq. (10) is de-
rived from Egs. (48)—(50) as

0 /s @ (K K\* 0pj,
e <(5nkgl +4 <B> noU|k, — <B> 5
i (K 1 (K\?
- <NOkL+;l<B)N1kl2m <B> NQ”kJ_>7

where small terms of O(K3) are neglected. Here, we
consider the long-time evolution of the fluid variables,

for which q\(ﬁ()y qfl)q, qgkM and 6711(L are regarded as

damped, where the notation 4 = A — (A) is defined.
Then, on the lowest-order in K, Eq. (48) reduces to the
incompressible-flow condition, which gives

Uk, . &qub*lﬂ_ _ Upky [ Upk,
5 +chp 52 = B, = B, )’ (64)

where Eqgs. (A3) and (A4) are used, and 07, and 07"y,
are neglected as higher-order terms in K. Substituting
the closure relations, Eqgs. (57) and (62), and the in-
compressibility condition, Eq. (64), into Eq. (50) on the
lowest-order in K, we obtain Uy, = (upk, /Bp) and

L — - ko
() = im0 =

+ B1 (Buy, (t =0)) -
L [eerma0(g)). ©)

which can also be derived from using Eq. (50) instead of
Eq. (51). Now, we combine Eq. (65) with Eq. (63) and
take its time integral to obtain

(o () + K2 L ((B%) — 1) mp 20
- <6nfi) (0)) +iKno <u|k§(0)> — 81 Kng

% (Bupe, (t = 0)) + < / v FoRie, (1)
x [1+¢K{(Z'J) —@}D
- </d3v{1 +iK ((U”/B) fm)}
% {618 (0)+ FoRi, (0} ) (66)

where Egs. (A14) and (A15) are used. The above balance
equation derived from the kinetic-fluid model will be used
later to describe the long-time zonal-flow evolution.

10
D. Application to ITG-mode-driven zonal flows

Let us consider the wave-number region k a; <
1 and present the kinetic-fluid equations to describe
zonal flows in the ITG turbulence. Representing the
perturbed electron density by onex, = mnoe(dx, —
(¢, ))/Te and approximating the even part of the per-

turbed ion gyrocenter distribution function ¢ fi(lfi by
SFE™ = Faolont) /no-+ 8Ty, /T:) (mav? /2T; —1/2) +

(6T 1%, /Ti)(mv? /2T; —1)] in Eq. (3), the quasineutral-
ity condition is given by

n® b, o, ep
—b;/2 ik,  Yi0Lilk, | ki _ .
: ( - N
e
= ? (¢kl - <¢kL>) . (67)

We can divide Eq. (67) into the flux-surface-average part
and the remainder part to obtain

eldr,) _ efbi/25nz('§l /1o = (bi/2)8T; 11, /T
T, Ti/Te +1—To(b;)
1—To(bs) -1
x <Ti/Te Fi- Fo(bi)> ) (68)
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T —1 sn'8
= (2 11 -Ty(b; —bi/2 [ kg
<Te * O( )) [6 ( no
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Finally, the kinetic-fluid equations for the ITG-
mode-driven zonal flow are given by combining Eq.
(67) with Eqgs. (48)—(51) for the ion fluid variables
(5nl(.lg(l,uiukﬂ6pi”kﬂc5puh), where the closure rela-
tions shown in Egs. (57), (61) and (62) are used for the
third- and fourth-order ion variables. We should note
that these equations contain nonlinearity sources as un-
known terms which result from nonlinear coupling of non-
zonal modes (i. e. modes with nonzero toroidal mode
numbers). Thus, we still need to present ion kinetic-fluid
equations for non-zonal modes in order to construct a
complete closed set of equations to self-consistently de-
termine the zonal flows and the ITG turbulence. It is
shown by using Eqs. (67) and (63) that, for k; a; < 1, the
same ion toroidal angular momentum balance as given in
Eq. (17) from the kinetic model can also be derived from
the kinetic-fluid model.

Now, in order to see how a long-time zonal-flow evo-
lution is determined by our kinetic-fluid model, we make
use of ¢k, = (¢x,) and k1a; < 1in Eq. (67) to obtain

5n§]g(l = (k2% a?)e¢x, /T; which is is substituted into Eq.



(66). Then, we obtain

o0ty + 12 2 (%) - )] OO
_ </d3v {1+iK: ((0/B) - W /B)) }
% {6118 (0) + FoRac. ()} (70)

which is the same result as derived from the gyrokinetic
model in Eq. (19). Also, combining Egs. (64) and (65)
with Eq. (70), we can immediately write the poloidal and
parallel components of the ion long-time zonal flow in
terms of the nonlinear source and initial-condition terms,
which agree with the kinetic results in Sec. II.C.1. Thus,
our kinetic-fluid model can correctly predict the long-
time response of the zonal flow to the initial perturbation
and the ITG turbulence source.

With respect to the short-time zonal-flow response, the
dispersion relation of the GAM oscillations is derived
from the kinetic-fluid equations as shown in Appendix B,
where we find that the kinetic-fluid model gives a good
approximation to the GAM frequency predicted from the
kinetic model [21-23] while the rigorous kinetic GAM
damping rate is not approximated as well because the
resonant ions’ population is not accurately taken into ac-
count by the closure relations in Eq. (61).

E. Application to ETG-mode-driven zonal flows

Here, we take the wave-number regions a; ' <
ki < a_! relevant to zonal flows in the ETG turbu-
lence. Then, we represent the perturbed ion density
by dnix, = —ngedk, /T; and the even part of the per-

turbed electron gyrocenter distribution function ¢ fe(lg(i

by 015 = Fuolon') /no + (0T.p, /T.)(mev? 2T, —

1/2) + (0Teix, /Te)(mev? /2T, — 1)] in Eq. (3) to write
Poisson’s equation as

R R R
N 2 Te

T,
+ 6?“ (Tj +1—To(be) + kiA%e> =0. (71)

In the same way as in Eq. (67), we divide Eq. (71) into
the flux-surface-average part and the remainder part to
obtain

T,/T; +1—To(be) + k2 AL,
(72)

e(dk, ) B <e_be/2 5n‘(3i)l /no — (be/2)0Te1x, /Te >
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« efbc/Q (5712%(1 . be(gTelkJ.) B 6<¢k1_>
T,

(0 2 Te

¢kL - <¢kL >)

(73)

Now, the kinetic-fluid equations for the ETG-mode-
driven zonal flow are given by combining Eq. (71)
with Eqgs. (48)—(51) for the electron fluid variables
(5712}1%()L7Ue\|kﬂ5pe|\kM5PeLkL)a where the closure rela-
tions shown in Egs. (57), (61) and (62) are used for the
third- and fourth-order electron variables. We here re-
peat that these equations contain nonlinearity sources
as unknown terms which result from nonlinear coupling
of non-zonal modes and that it is necessary to present
electron kinetic-fluid equations for non-zonal modes in
order to construct a complete closed set of equations to
self-consistently determine the zonal flows and the ETG
turbulence.

In parallel with Eq. (70), a long-time electron zonal-
flow potential in the ETG turbulence is obtained by com-
bining Eq. (66) with 6_1’6/2671‘(3%{)l = —[T./T; + k2 (a? +
)‘2De)]€¢k4 /Te as

s 2+ )

T;
Te Te — e¢kL (t)
it (1) o) = | 250
(e /260 (1))

T, L0
= (F (a4 apy) Pl

— ke (<{Ueum (0) + g, (t)} /B>
61 ({uepne. (0) + 5, ()} B)). (74)

which coincides with Eq. (36). In deriving Eq. (74), terms
up to O(k%a?) are kept and (—b./2)(0T.1x, /Te) is ne-
glected as a higher-order term in %k, a.. Also, using Egs.
(64) and (65), we can get the same expressions for all
components of the long-time electron zonal flow as those
derived from the gyrokinetic model. Thus, the present
kinetic-fluid model properly reproduces the gyrokinetic
result in Sec. II.C.2 for the long-time response of the
zonal flow to the initial perturbation and the ETG tur-
bulence source.

IV. NUMERICAL RESULTS

In order to further examine the validity of the kinetic-
fluid model of zonal flows presented in the previous sec-
tion, numerical results from our model are compared
with those from gyrokinetic simulation. We consider
large-aspect-ratio tokamaks, in which flux surfaces have



concentric circular cross sections. The magnetic-field
strength is written as B = By(l — ecosf) with ¢ =
r/Ry < 1, where Ry denotes the distance from the
toroidal major axis to the magnetic axis, r is the minor
radius, and 6 is the poloidal angle.

A. Zonal flows in the wave number region relevant
to ITG turbulence

Here, we are concerned with zonal flows generated by
ITG turbulence and take the low radial wave numbers
kia; < 1. The linearized version of the ion gyroki-
netic equation given by Eq. (1) and the quasineutrality
condition (ki1 Ap. = 0) in Eq. (3) with the perturbed
electron density given by dnex, = noe(dx, — (b, ))/Te
are solved by the toroidal flux-tube gyrokinetic Vlasov
(GKV) code [11] to obtain the response of the zonal-
flow potential to the initial perturbation. As men-
tioned in Sec. II.A, this solution of the linear initial-
value also describes the zonal-flow response to the non-
linear source term. For comparison, we also numerically
solve the kinetic-fluid equations shown in Egs. (B11)-
(B16), where a further assumption in Eq. (B9) is made
and O(€?) terms are neglected. Results from the gy-
rokinetic simulation and the kinetic-fluid simulation for
g =15 7. = T./)T; = 1, and ¢ = 0.1 are plot-
ted by solid circular symbols and solid curves, respec-
tively, in Fig. 1, where the residual zonal-flow level pre-
dicted by Rosenbluth and Hinton [see Eq. (29)] is also
plotted by the horizontal dashed line. Here, the initial

condition is given by 6fi(]§1 (0) = (6n£il (0)/ng) Fyo with
on'®) (0)/ng = [1 — DTo(b;)]edk, (0)/T;. The normalized

ra(zili{atl wave numbers k,.a; = 0.0654, 0.131, and 0.196 are
used in Figs. 1 (a), (b), and (c), respectively. We see a
good agreement between the gyrokinetic and fluid simula-
tion results in that both of them show the convergence to
the Rosenbluth-Hinton zonal-flow level as well as nearly
the same frequency of the GAM oscillations. However,
the gyrokinetic simulation results show the GAM damp-
ing rate that depends on the radial wave number while
this dependence is not seen in the fluid simulation.

It is confirmed that the real frequency and the damp-
ing rate of the GAM oscillations shown by the fluid sim-
ulation are well predicted by the analytical expression
in Eq. (D7). This formula shows no dependence on the
radial wave number and its real part gives a good ap-
proximation to the GAM frequency obtained by the gy-
rokinetic simulation. However, its imaginary part cannot
accurately reproduce the GAM damping shown in the
gyrokinetic simulation because the present kinetic-fluid
model misses the correct resonant ion parallel velocity
[see the statements in the end of Appendix D]. The de-
pendence of the GAM damping rate on the radial wave
number can be explained as an effect of finite widths of
passing-particle orbits [9, 21].

The agreement between the gyrokinetic and fluid sim-
ulation results with respect to the GAM damping rates
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found in Fig. 1 (b) is an accidental one while we believe
that, even if such differences in the GAM damping rates
as seen in Fig. 1 (a) and (c) exist, our kinetic-fluid model
is still useful because it well reproduces the gyrokinetic
residual zonal-flow level, which is a more critical factor
to regulate the turbulent transport than the GAM oscil-
lations.

B. Zonal flows in the wave number region relevant
to ETG turbulence

Now, let us consider the case of zonal flows gen-
erated by the ETG turbulence and assume the radial
wave numbers to be in the region, a; ' < k. < a.l.
Then, the gyrokinetic Vlasov simulation is done to solve
the linearized version of the electron gyrokinetic equa-
tion given by Eq. (1) and the quasineutrality condition
obtained from Eq. (3) with the perturbed ion density
dnix, = —ngedk, /T;. The initial condition is given by
5F® (0) = (908 (0)/no)Fio with e+/26n® (0)/ng =
[T./T; + 1 — To(be)]egx, (0)/T.. Here, ¢ = 1.4, 7. =
T./)T; = 1, ¢ = 0.18, and k. Ap. = 0 are used. Also,
the kinetic-fluid model equations described in the end of
Appendix C are numerically solved for comparison. The
gyrokinetic and fluid simulation results for k.a. = 0.1715
are shown by solid circular symbols and solid curves, re-
spectively, in Fig. 2 (a), where the residual zonal-flow
level predicted by Eq. (43) is also plotted by the horizon-
tal dashed line. The residual zonal-flow level is shown
as a function of k.a. in Fig. 2 (b), where open cir-
cles, crosses, and a solid curve represent the gyrokinetic,
kinetic-fluid results, and the analytical prediction from
Eq. (43), respectively. The gyrokinetic and fluid sim-
ulation results both show a good agreement with the
predicted zonal-flow level. It is now verified that our
kinetic-fluid model can correctly reproduce the gyroki-
netic long-time zonal-flow response for the radial wave
numbers relevant to the ETG turbulence as well.

V. CONCLUSIONS

In this paper, new kinetic-fluid equations are pre-
sented, which describe collisionless zonal-flow evolution
in tokamak plasmas. Our kinetic-fluid closure model is
derived from using the analytical solution of the gyroki-
netic equation and it is applied to zonal flows generated
by ITG and ETG turbulence. It is analytically verified
that, for both radial wave-number regions relevant to the
ITG and ETG turbulence, the residual zonal-flow levels
predicted by the gyrokinetic model can be correctly re-
produced by the kinetic-fluid model as well. Also, the
kinetic-fluid equations are used to derive the dispersion
relation for the GAM oscillations of the ITG-mode-driven
zonal flows.

Furthermore, the validity of the kinetic-fluid model of
zonal flows is examined by comparing numerical solu-



(a) kra’_ =0.0654
: <¢k(t )>/<¢k(0)>

0.8 * Kinetic :
—Fluid E
0.6 O Rosenbluth-Hinton E
0.4 H - ]
0.2 . \
P A
0 11V
-0.2 { H H . .
04123
1y ¢ °
-0.6 1 ! 1 | L L L
0O 5 10 15 20 25 30 35 40

t (Ro/vt’_)

(b) kral_ =0.131

| SO(£>/<4(0)>

i + Kinetic ]
08 —Fluid ]
osltl |7 Rosenbluth-Hinton |
oall ]
0.2 § a ﬂ .
of ﬂﬁWW"‘—
-0.2 H H i
-0.4 H .
-0.6 . . . . . . .
0 5 10 15 20 25 30 35 40

t (Ro/v“_)

(c) krai =0.196
: <¢’<(It )>/<¢,(0)>

0.8 *+ Kinetic E
—Fluid
0.6 H ----- Rosenbluth-Hinton | |
0.4 || [ |
0.2 A q ? g |
ol 1§
0.2 J U |
0.4 1 |
-0.6 .

0 5 10 15 20 25 30 35 40
t (Ro/v“_)

FIG. 1: Time evolution of the zonal-flow potential for k,.a; =
0.0654 (a), 0.131 (b), and 0.196 (c). Here, ¢ = 1.5, 7 =
T./T; =1, and € = 0.1 are used. Results from the gyrokinetic
simulation and the kinetic-fluid simulation are plotted by solid
circular symbols and solid curves, respectively. The residual
zonal-flow level predicted by Rosenbluth and Hinton [see Eq.
(29)] is also plotted by the horizontal dashed line.
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FIG. 2: Time evolution of the zonal-flow potential for k,a. =
0.1715 (a) and the residual zonal-flow level as a function of
krae. Here, g =14, 7e =T./T; =1, ¢ = 0.18, and krApe =0
are used. Results from the gyrokinetic simulation and the
kinetic-fluid simulation are plotted by solid circular symbols
and a solid curve, respectively, and the residual zonal-flow
level predicted by Eq. (43) is also plotted by the horizontal
dashed line in (a). Open circles, crosses, and a solid curve
in (b) represent the gyrokinetic, kinetic-fluid results, and the
analytical prediction from Eq. (43), respectively.

tions of the kinetic-fluid equations including our closure
model with those of the gyrokinetic equations obtained
by the gyrokinetic Vlasov simulation. The response of
the zonal flow to the initial perturbation is determined
by the gyrokinetic and fluid simulations, which show the
same residual zonal-flow level as theoretically predicted



for both radial wave-number regions relevant to the ITG
and ETG turbulence. We also see that the gyrokinetic
and fluid simulations show almost the same GAM fre-
quency of the ITG-mode-driven zonal flow although our
kinetic-fluid model does not give the radial-wave-number
dependence of the GAM damping rate found by the gy-
rokinetic model because the exact parallel velocity of ions
resonating with the GAM oscillations is not included in
the present kinetic-fluid model. Even so, since it is not
the GAM but residual zonal flow that is a critical factor
to suppress the turbulence, our kinetic-fluid model is ex-
pected to be useful for calculation of the same level of tur-
bulent transport as given by the gyrokinetic simulation
with less computational costs by performing the nonlin-
ear fluid simulation based on a closed set of equations
given by combining our kinetic-fluid zonal-flow model
with kinetic-fluid equations for other non-zonal modes.
This nonlinear kinetic-fluid simulation is a crucial task
from the practical viewpoint for a quick and accurate
prediction of anomalous transport. In addition, exten-
sions of the present work to the collisional case and other
toroidal configurations such as helical systems remain as
future problems.
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APPENDIX A: INCOMPRESSIBLE ZONAL
FLOWS

The zonal flow tangential to the flux surface is gener-
ally written as
Ug, =Wk, +Upk, = Uk, b+uik,, (A1)
where uu, = up, RV( and upk, = upk, B,/B, repre-
sent the toroidal and poloidal flow components, respec-
tively, while uj, b and ujy, are the parallel and per-
pendicular flow components, respectively. The parallel
flow component u|x, = uy, - b and the perpendicular
flow component u, ., =uy, - (b x Vr)/|Vr| are written
in terms of the toroidal and poloidal flow components as

Uk, = (BtutkL_FBpquL)/Ba

Ulk, = <_BputkL + BtupkL)/B' (A2)

Inversely, the toroidal and poloidal flow components are

given by

u, = (Buujk, — Bpuix,)/B,

Upk, = (BPquL —+ BtuJ-kL)/B' (AS)
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Here, we represent the parallel flow by wujp, =

nglfd%éfl(i)vu while we take account of the E x
B drift velocity ugk, = ick,¢x, b x Vr/B and the
perturbed-density-gradient-driven drift velocity u.x, =
ik, T(0nx )b x Vr/(ngm) to express the perpendicular
flow by

Uik, = (upk, + Wk, ) (b x Vr)/|Vr|

o ,kLT 6¢kl <5’I7,kL>
?) < T " ng
= icklgf)*kL /B, (A4)

where egu, /T = edy, /T + (dnk, )/ng is defined. Equa-
tion (A4) is consistent with the perpendicular flow de-
rived from taking the perpendicular velocity moment of
the perturbed particle distribution function §fx, in Eq.
(2) up to the leading order in k,p. Here, we should
note that subscripts to represent particle species are
omitted although ¢.x, has species-dependence such that
d)i*kL = ¢kL + (Tl/e)<6nlkl>/n0 and d)E*kL = ¢ki -
(T./e){dnek, )/no. As shown in Secs. I1.C.1 and I1.C.2,
contribution of the perturbed-density-gradient-driven ve-
locity to the perpendicular velocity can be neglected for
the wave number region kya; < 1 [a; = (T;/m;)"/? /%]
relevant to the ITG turbulence although it can’t for
1/a; < ki < 1/ac [ac = (To/me)Y?/|Qe|] relevant to the
ETG turbulence. Thus, we redefine ¢.x, by ¢ix, = ¢k,
for kya; < 1 and Gesk, = dk, — (Te/e){0nex, )/no for
1/@1‘ <k < 1/0,6.

We should recall that ¢, = (¢x,), RB: = I, and
(Bi/Bp)Buix, =ick,I¢p.x, /(d/dr) are all constant on
the flux surface. Then, Eqs. (A2) and (A3) yield

(R*)((B:/By)Buix,) = —(RBy){Ru, )
+ <RBt>2<upkL /Bp),

(B*(upie, /Bp)) = (Bujc, ) + ((Bi/Bp)Buiix., ),
which are used to derive
Bupe.) = o) + (1+2) (B2 e, /)
+ (B*(upk, /By)) — (B*)(upk, /By). (A5)
Here, ¢ is defined by [24]

o 1 2, (RBy)*
T =5 {<Bt> ) ]

(A6)

which reduces to the square of the safety factor ¢ in the
large-aspect-ratio limit.

Using Eq. (15), we find that the lowest-order parallel
flow e, (t) = ngt [ d3v(5f1(i) (t)vy in k1 p is expressed in
the form, which is consistent with Eq. (A3), as

Uk, (t) = [7Btulk1_ (t) + Bupkj_ (t)]/BP

= [=ic(By/B)kL¢uxc, (1) + Bupk, (1)]/ By,
(A7)



where u,k, (t) is given by

Upk | (t)/BP = iﬁlc(Bt/BP)kJ—d)*kL (t) + ok,
= ifrclkrdux, (t)/(d/dr) + ax, (A8)

and (dnk, ), which is necessary to define ¢, for elec-
trons in the case of the ETG turbulence, is represented
by

(Brne, ) = / Po {5700 + RRC® ). (A9)

The validity of Eq. (A9) for electrons is verified in Sec.
I1.C.3. Here, oy, and (3 are defined by

o, = / o {572(0) + FoR (0} vy, (A10)

and

3 [/ Bu A
wes m om0
respectively, where Bj); denotes the maximum field
strength over the flux surface. It is found from Eqgs. (A8)-
(A11) that (upk, /Bp), ok, , and (B are all constant on
the flux surface. Thus, as seen in the standard neoclas-
sical theory [24], the lowest-order flow uy, satisfies the
incompressibility condition,

V-ux, =B, V(upk, /B,) =0 (A12)

This seems a natural result because here we consider
only the slow time evolution, in which fast compressional
waves such as GAMs are excluded. Also, for the incom-
pressible flow, the last two terms in Eq. (A5) cancel with
each other and we have

(RB)

<BquL> = Wu%utkL) + (1 + 2d2) <B§><upkL/Bp>'

(A13)

For ki p < 1, we assume that 4, g)( 0) and FyRy, (t)
are both given in the form of the shifted Maxwellian by
& [0 0)

no

§f(g)( 0) =

+ %“HM (0)v|1 . (Al4)

and

5”52 (t) m (s
o T Yl

FoRx | (t) = Fj [ (t)v||‘| , (A15)

respectively. Then, Eqs. (A9) and Eq. (A10) are rewrit-
ten as

(e, ) = on® (0) + on) (¢) (A16)
and
= BB {up, O +uf), 0}, (A17)
respectively.
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APPENDIX B: KINETIC-FLUID EQUATIONS OF
ITG-MODE-DRIVEN ZONAL FLOWS IN
LARGE-ASPECT-RATIO TOKAMAKS

This Appendix presents the kinetic-fluid equations of
ITG-mode-driven zonal flows for large-aspect-ratio toka-
maks, in which flux surfaces have concentric circular
cross sections and the magnetic-field strength is writ-
ten as B = By(l — ecosf) with ¢ = r/Ry < 1. As
usual, Ry denotes the distance from the toroidal major
axis to the magnetic axis, r is the minor radius, and
0 is the poloidal angle. Then, Eqgs. (21) and (59) can
be approximately written as 1 = Bgz(l — Ce%/?) and
By = By*(1— 3063/2), respectively, where C' ~ 1.6 [see
Eq. (27)]. Here, we assume the long radial wave length
kia; < 1, and for simplicity, we use the following nor-
malization,

i (g)
vyt edr 5”1‘1& Uik, 5Pi\|1u Opilk,
Rog” T; 7 no " vy ' Do Do

- |:t7¢a 6n§g)7uz||a6pz|\a6pll:| )

[Gij. giix, Ok, OTi| Lk, 5Tillkl}
_piOUti7piOUti7 piO'UtQi ’ Piovtzi ' piovi

— [qiyps @ity Oy, O7qgy L, 6711 ]

[RogNiok, RogNiik, RoaNigjx. RoqNizix, ]

)
NoUt; Pio PioVti PioVti

- [M07M17M2\|7M2L] (Bl)

where ¢ is the safety factor and vy; = (Tj/m;)'/2. Then,
from Eqs. (48)—(51) and (67), we obtain the perturbed
ion gyrocenter density equation,

a6n®  duy

5t 50 €| sin 6
= i(kraiq) sin 0[0py) + 0pi1 + de ™"/ (2 — b;/2)]
+ MO? (BQ)

the parallel ion momentum balance equation,

aui” aépi” .
ot T o T esmOpiL — i)
. . 8 e_bi/Zd)
= i(kra;q)sin (g + qir + du;)) — %
+ %e‘b"/ge(b sin@ + N1, (B3)

the perturbed parallel ion pressure equation,

D0p; N O(qi + 3uy))
ot 00
= i(k,.aiq) sin0[5ri‘|“ + 57“1-HJ_ + ¢6ibi/2(4 — bi/2)]
+ Nia|s (B4)

+ esin(2q;1 — g — uq))



the perturbed perpendicular ion pressure equation,

Api1 O(qiL +uy)) .
5 50 —2esin (gL + uy))
= i(kyra;q)sin O[6r; L + dri1 1
+ ¢e™"/2(3 = 3b; /2 + b2/8)] + Nias (B5)
and the quasineutrality condition,
—b;/2 ) _ bi
e 5”1 — féTu — ¢ []. — Fo(bz)}
1
= (6 (o), (56)

where 7. = T./T;, b; = k2a?, a; = vy /o, and Q0 =
eBy/(m;c). The closure relations for the parallel ion heat

O ql(i) @ (s)

fluxes ¢; = a4 and ¢;1 =g, +q;| are given by

i) = -~ (5= 25),
U, = Bl (Bl — 1>_1 <<uB;|>
— <B [ui” (t=0) +/ dt’Ml(t’)] >> ,

0

. 9 1/2 m
qz(Hzn = =2 () Zid]ﬂiﬂmv

™ Im|
1/2
o _ _(2\ ;M
91m = (ﬂ') Z|m|5T2J_m7 (B?)

where 0Ty = 0p; — on'® 6T, = OpiL — 5n§ﬁ;), B =

il
B/By =1—¢€cosh, ) =1—-Ce/?, gy =1— 2063/2,
and the integer m represents the mode number in the
Fourier series of arbitrary periodic function of 6 as given
by g(0) = >, gme™™?. The fourth-order ion fluid vari-
ables are given by
[57’i‘|‘|7(5n‘u7 (STiJ_J_] = §n§g) [37 1, 2]. (BS)
Now, further simplifications are done by neglecting
O(e?) terms and representing the poloidal-angle depen-
dence of an arbitrary fluid variable Q(r, ) appearing in
Egs. (B2)—(B8) as
Q(r,0) = Qo(r) + Qc(r) cos§ + Qs(r) sin b. (B9)
Hereafter, the subscripts 0, ¢, and s are used to represent
constant, cosine, and sine parts, respectively. Then, the
flux-surface average of @ is written as

_ $Qdi/B [ df
(@) = W—%Qﬂ_(l-f—GCOS@)Q

Qo + ch- (B10)
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From Egs. (B2)—(B6), we obtain the perturbed ion gyro-
center density equations,

aony e
ot g ills
7 )
= §(kraiQ)[5pi|\s +0piLs + dse P2 (2 = bi/2)] + (Nio)o,
aon'®
ot Uil
- (MO)Cv
oon'®
e Yille = €illo
= i(kra;q)[0pijo + OpiLo + doe™/2(2 = b;/2)] + (Nio)s,
(B11)

the parallel ion momentum balance equations,

87.%'”0
ot

1 € _p.
= §(kraiQ)(qi\|s + qins + 4uy)s) + Zfbsbie bi/2 4 (Ni1)o,

€
+ 5(52%1_5 —0pi||s)

8ui”c

ot
= _¢seibi/2 + (Ml)ca
3ui|‘s

ot

. 1. €
= i(kraiq)(qijo + giLo + 4uy0) +e bi/2 (¢>c + 5(1)051')

+ 0pi|s

— 0pijle + €(6piro — Opij0)

+ (Ni1)s (B12)
the perturbed parallel ion pressure equations,
851)2'”0 €
5 5(2qz¢s — Qi|ls — Ui|s)
i b,
= i(kraiq)[driws + 6Ti|\ls + ¢se b"/2(4 — bi/2)] + (-/\/;;QH)O,
0op;
th”c + qi|s + 3uy) s
= (MQH)C?
85]72 s
8tH = Qif|e — 3uij|c + €(2¢iL0 — Gijjo — Uijo)

= i(kra;q)[6ryj0 + 07y Lo + doe /2 (4 — b;/2)] + (Nizg|)s

(B13)



the perturbed perpendicular ion pressure equations,

dépi Lo

o €(qiLs + uq|s)

= %(/frai(J)[(sﬁan + 071 s + dse P2 (3 — 3bi/2 + b7 /8)]

+ (Ni21)os
0ép; 1
6; = + qils + Ui”s
= (MQL)(M
0dp; 1
# = ile — Uije — 2€(qiLo + uijo)

= i(kraiq)[6ri Lo +6riLio + doe /(3 — 3b; /2 + b2/8)]
+ (MZL)S?

(B14)

and the quasineutrality conditions,

=bi/2 [ 5p(8) _ E(;T, bl =Ta(b)] = ——
e ( o — 5 9TiLo do | 0(bi)] 57 Pe,

—b/2 & bi 1
e 577’1‘0 - Eéﬂlc - ¢c [1 - FO(bz)] = ?¢07

—b;/2 (&) _ bi 1
e " ong — §6TiJ_s —¢s[1=To(bi)] = —9¢s,

(B15)

where the closure relations for the parallel ion heat fluxes

l s l s
Gl = q§”) + qﬁ‘ Vand gip = ¢} +q7)

B
i = -2ty (1- 2],
b1

are given by

qg\ll)c = —2q\), = 2¢U; (—1 + 2@2> ,
1
N ~ —1
Ui = B (51 - 1)
t
x (“ilo + €uijje — uijo(t = 0) —/ dt’/\/uo(t')) :
0
qgii = —2/2/m0Ty,,
qz(ﬁi = 24/2/m0Ty.,
qz(j_)c = _Mdﬂst
ql(i)s = \/2/75TU_07
y ! s (s)
q§\|)3 = ql(ﬁs = qEH()) =4q;0=0 (B16)

and the (0, ¢, s) components of the fourth-order ion fluid
variables (67,071, 07;11 ) are immediately written in

©) 508 5n(8)) by using Eq. (BS).

terms of (5”4\07 e O
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APPENDIX C: KINETIC-FLUID EQUATIONS OF
ETG-MODE-DRIVEN ZONAL FLOWS IN
LARGE-ASPECT-RATIO TOKAMAKS

In the same manner as in Appendix B, the kinetic-
fluid equations of ETG-mode-driven zonal flows for large-
aspect-ratio tokamaks are considered here. In this ap-
pendix, we assume the long radial wave length a; P«
ki < a;' and use the following normalization,

i (8)

Vgl e(yka_ 5nekL Ue| k. 5pe\|k¢ 5peLkJ_
Rog” T. " no ~ Ve ' Peo  Peo
- [Lﬂ(ﬁ, 5n£g)7ue||75pe|\a6pel} ;

[ Qe Geix, OTe|k. OTe||Lk. 57’ellkl}
_peO’Ute7peO'Ute7 Peovge ’ peO’U?e ’ peO'Uth

= [qe) der, 67| OTe 1, 0Ter 1],

[RogNeok, RogNeix, RogNegj, RogNeoix, ]
novee | Pe0 | PedVte Pe0Vte

- [N€07N€17Ne2\|7Ne2L]

(C1)

where vy, = (T, /m.)'/?. Then, replacing the subscript i
and the thermal gyroradius a; for ions with e and (—a.),
respectively, everywhere in Egs. (B2)-(B5), (B7), and
(B8), we immediately obtain corresponding electron fluid
equations of the perturbed gyrocenter density, the paral-
lel momentum balance, the perturbed parallel pressure,
the perturbed perpendicular pressure, the parallel heat
fluxes, and the fourth-order variables. Poisson’s equation
relevant to the case of ETG turbulence is written as

e~be/2 (5n§g) - eréTel)

—¢ [re +1—=To(be) + k2], ] =0,  (C2)
where 7, = T, /T;, b, = k2a?,
—eBy/(mec).

Further simplifications are done by neglecting O(€?)
terms and assuming in the same way as in Eq. (B9) that
the poloidal-angle dependence of an arbitrary fluid vari-
able consists of constant, cosine, and sine parts, which are
denoted by the subscripts 0, ¢, and s, respectively. Then,
the electron version of Egs. (B11)—-(B14) and (B16) are
easily obtained by replacing again the subscript ¢ and
the gyroradius a; with e and (—a.), respectively, there.
Also, derivation of the (0,¢,s) components of Poisson’s
equation, Eq. (C2), is trivial.

ae = Vie/|Qeo|, and Qo =

APPENDIX D: DERIVATION OF THE GAM
DISPERSION RELATION FROM
KINETIC-FLUID EQUATIONS

In this Appendix, the GAM dispersion relation is de-
rived from the kinetic-fluid equations in Appendix B.
Here, in order to obtain the frequency and the damping



rate for a short-time GAM oscillation-damping process
through which an initial zonal-flow perturbation evolves
into the steady solution (or the residual zonal flow), we
use Eqgs. (B11)—(B16) with both the long-time (or steady)
solution part and the nonlinear terms neglected. We also
put
Nic ¢C Ui|lo Ui||s
= 0pjjjo = OPi|jc = Opito = OpiLc =0  (DI1)

for the GAM oscillations and replace 9/9t with —iw in
Egs. (B11)—(B14) to obtain linear equations written as

w %q2 %qz 0 7.¢° ®o

4 (w+ix1) 0 3 —ix1 Opi|s/ (kraiq)

3 0 (wHix2) 1 —ixe opi1s/(kraiq)

0 1 0 W Te —iuiuc/(kraiCI)

2 0 0 1 w (5n£§) (kraiQ)
=0, (D2)

where x; = 24/2/7 and x2 = \/2/7. Representing the
5 x 5 matrix in Eq. (D2) by M, the GAM dispersion
relation is given by

detM = w® 4 crw* + caw® + c3w? + cyw + ¢5
= 0. (D3)

where

c1 = i(x1+x2),
_ 2
c2 = —[q°(7/2427) + 34+ 7. + x1X2),
c3 = —i[q2{X1(5/2+27'5)—|—x2(3+276)}
+X1(1+Te)+x2(3+7-e)]7
ey = ¢*{5/2+37./2+ 2x1x2(1 + )}
+X1X2(]—+Te)]a

cs = iq°(x1/2+ x2) (1 + 7). (D4)

Now, in order to analytically solve Eq. (D3), we assume
the GAM phase velocity to be larger than the ion thermal
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velocity so that, in our dimensionless representation, w ~
q > 1 which is examined later from the final result. Then,
Eq. (D3) is rewritten as

g SdetM

(2) - (Gren) () 5 oo ()
- {)m (; +276> +X2(3+2r€)} (2’)2}

= 0,

(D5)

where small terms of O(q~2) are neglected. Solving Eq.
(D5) for w/q up to O(g~1), we finally obtain the approx-
imate expression of the GAM dispersion relation as

4 ; 2
W ooy T (atxe/2) g
q 2 q 7441,

which is represented in the physical dimensional from by

j: 7+47-e_£ X1+X2/2
V 2 q 7+ 41,

We now confirm the aforementioned assumption that the
ratio of the GAM phase velocity to the ion thermal ve-
locity is scaled with ¢ such that Roqw/vy; ~ q. The real
frequency in Eq. (D7), which contains a different numeri-
cal factor from the one derived from the MHD model [3],
is the same as that derived from the kinetic model [9, 21—
23] up to O(q~1). However, the damping rate in Eq. (D7)
is not the same as the kinetic result because, in deriving
the dissipative part of the parallel heat fluxes given by
Eq. (61), the resonant ions’ population is evaluated not
by using the correct phase velocity but by taking the adi-
abatic limit in which the parallel velocity of the resonant
ions is regarded as negligibly small compared with the
ion thermal velocity.

(%7

" (O7)

w =
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