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Abstract

lasma turbulence driven by drift wave instabilities is a key issue for understanding

anomalous transport of particle, momentum, and heat observed in magnetically con-

fined plasmas. Ion temperature gradient (ITG) and electron temperature gradient (ETG)
driven instabilities are considered as main causes of the micro-scale turbulence with the spa-
tial scale of the ion and electron gyroradii, respectively. Various flow structures, i.e., fine-scale
turbulent vortices, axisymmetric zonal flows, and radially elongated streamers, are generated
through complicated nonlinear interactions in plasma turbulence. From the aspect of regulating
the turbulent transport in future burning plasmas, it is worthwhile to understand fundamental
physics behind the formation of vortex and zonal flow structures and their stability as well as
the related transport properties. Since the high temperature plasmas with weak collisionality in-
herently involve a lot of kinetic processes, i.e., the Landau damping, the finite gyroradius effect,
the particle drift, and the magnetic trapping, the gyrokinetic theory is a powerful method for the
precise investigation of the physical mechanisms of plasma turbulent transport.

In this dissertation, the ITG and ETG turbulence are explored based on nonlinear gyrokinetic
theory and direct numerical simulations. Then, the results concerning (i) formation of coherent
vortex streets and the resultant transport reduction, (ii) effects of parallel dynamics on the zonal
flow generation, and (iii) nonlinear entropy transfer among turbulent vortices and zonal flows,
are presented.

First, vortex structures in the slab ETG turbulence are investigated, including comparisons
with those in the slab ITG case. Depending on parameters which determine the growth rate of
linear ETG modes, two different flow structures are observed, i.e., statistically steady turbulence
with a weak zonal flow and coherent vortex streets along a strong zonal flow. The former in-
volves many isolated vortices with complicated motion and their mergers, which leads to steady
electron heat transport. When the latter is formed, the high wavenumber components of potential
and temperature fluctuations are reduced, and the electron heat transport decreases significantly.
It is found that the transport reduction is mainly associated with the phase matching between
the potential and temperature fluctuations rather than the reduction of fluctuation amplitudes. A
traveling wave solution of a Hasegawa-Mima type equation derived from the gyrokinetic equa-
tion with the electron temperature gradient agrees well with the coherent vortex streets found in
the slab ETG turbulence.

Second, effects of parallel dynamics on transition of vortex structures and zonal flows, which

are closely associated with transport reduction found in the slab ETG turbulence, are intensively



examined. Numerical results show three different types of vortex structures, i.e., coherent vortex
streets accompanied with the transport reduction, turbulent vortices with steady transport, and a
zonal-flow-dominated state, depending on the relative magnitude of the parallel compression to
the diamagnetic drift. In particular, the formation of coherent vortex streets is correlated with
strong generation of zonal flows for the cases with weak parallel compression, even though the
maximum growth rate of linear ETG modes is relatively large. A physical mechanism of the
secondary growth of zonal flows is discussed based on the modulational instability analysis with
a truncated fluid model, where the parallel dynamics with acoustic modes is incorporated. The
modulational instability for zonal flows is found to be stabilized by the effect of the finite parallel
compression. The theoretical analysis qualitatively agrees with the secondary growth of zonal
flows found in the slab ETG turbulence simulations, where the transition of vortex structures is
observed.

Finally, the investigations of vortex structures and zonal flows are extended to toroidal ITG
and ETG turbulence by means of five-dimensional nonlinear gyrokinetic simulations. In the
steady state, the formation of the strong zonal flow is observed in the toroidal ITG turbulence,
while the radially elongated streamers, which yield the significant enhancement of heat transport,
develop in the toroidal ETG case. Gyrokinetic entropy balance relations for zonal and non-zonal
modes, and the nonlinear entropy transfer function, which is regarded as a kinetic extension of the
zonal-flow energy production due to the hydrodynamic Reynolds stress, are carefully examined.
The different entropy transfer processes in saturation and steady phases are revealed for the ITG
turbulence. The entropy transfer from non-zonal to zonal modes is substantial in the saturation
phase of the instability growth, while the entropy transfer to zonal modes becomes quite weak
in the steady phase. Instead, the entropy variable of the low radial-wavenumber modes driving
the heat transport are successively transferred to the higher radial-wavenumber modes with less
contribution to turbulent heat flux via the strong interaction with zonal flows. On the other hand,
in both the saturation and steady phases of the ETG turbulence, the catalytic role of zonal flows in
the entropy transfer to the higher radial-wavenumber modes is much weaker than that in the ITG
case. Then, the entropy transfer processes among low-wavenumber non-zonal modes including
radially elongated streamers are dominant and the higher heat transport level is sustained.

The formation of vortices and zonal flows, and the related entropy transfer processes in the
ITG and ETG turbulence are comprehensively examined in this study, then the transport regula-
tion due to the nonlinear interactions with zonal flows are clarified in the framework of kinetic
theory. The results obtained by a novel method of the entropy transfer analysis provide one with
not only deeper understandings of the physics of the turbulent transport and zonal flows, but

fruitful suggestions for advanced turbulence diagnostics such as the bi-spectrum analysis.
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Chapter 1
Introduction

rift wave turbulence driven by micro-instabilities is a key issue for understanding and

predicting anomalous (or turbulent) transport of particle, momentum, and heat in the

core region of magnetically confined plasmas, where the experimentally observed trans-
port level is much higher than that predicted from both the classical and neoclassical transport
theory based on Coulomb collision processes of ions and electrons [1]. In particular, the tur-
bulent heat transport determines the energy confinement time which is directly connected to the
quality of future fusion reactors so that tremendous efforts have been devoted so far to theoretical
prediction, numerical simulations and dedicated experiments. Since the dynamics of turbulent
vortices and the related transport processes in high temperature plasmas with weak collisionality
are inherently nonlinear, and involve a lot of kinetic processes, i.e., the Landau damping, the
finite gyroradius effect, the particle drift, and the magnetic trapping, the direct numerical simula-
tions by means of an appropriate kinetic model are indispensable for understandings of physical
mechanisms of plasma turbulent transport and for quantitative estimation of the transport level.
The gyrokinetic model (for example, see Ref. 2 — 4) is a reduced kinetic equation averaged over
the fast gyromotion without losing important kinetic effects described above, and is the most
reliable and useful kinetic description of the nonlinear dynamics of low-frequency turbulence in

collisionless (or weakly collisional) magnetized plasmas.

In general, magnetically confined plasmas with high ion and electron temperature involve
various fluctuations observed in a wide range of spatial scales, and the turbulent transport is
considered to be driven by micro-instabilities originated from inhomogeneities of density, tem-
perature, and magnetic fields, where the scale lengths related to ion and electron gyroradii are
much shorter than the equilibrium scales. Drift waves are destabilized by the equilibrium den-
sity and temperature gradients above thresholds, even if the plasma equilibrium is stable to the

macroscopic instabilities such as MHD modes. Then, the turbulent vortices with various spatial
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scales develop through the complicated nonlinear interactions due to E X B convective flows.

The ion temperature gradient (ITG) driven mode, which is one of the micro-instabilities, is
considered to be a main cause of the turbulent ion heat transport in the core region of tokamak and
helical plasmas, and the ITG turbulence has been extensively investigated by means of numerical
simulations based on gyrokinetic and gyrofluid models [5—13]. The spatial scales of the ITG
turbulence perpendicular to the confinement magnetic field are of the order of ion gyroradii,
and the phase velocity is basically associated with the ion diamagnetic drift motion. One of
the remarkable results obtained by the ITG turbulence simulations is that the meso-scale zonal
flows, which are spontaneously generated through the nonlinear interactions among turbulent
fluctuations, effectively suppress the turbulent heat transport by the strong flow shear in the
radial direction. Intensive simulation studies have confirmed that the transport reduction by
zonal flows leads to the nonlinear up-shift of the critical temperature gradient which is larger
than the linear stability threshold of the ITG modes (that is, so-called Dimits shift) [14]. The
self-generated zonal flow in the plasma turbulence is now recognized as a key constituent of
a “drift-wave — zonal-flow system”. Existence of ion-scale zonal flows has been revealed by
a direct measurement of spatial structures of electrostatic potential fluctuations in laboratory

experiments [15].

Zonal flows are nonlinearly generated through the Reynolds stress in the drift-wave turbu-
lence. The detailed physical mechanisms of the zonal flow generation have discussed from the
view point of the nonlinear parametric instabilities through coupling of zonal flows and coherent
drift waves [16, 17], or the Kelvin-Helmholtz (K-H) instability of radially elongated drift-wave
vortices [18, 19]. The zonal flow generation is, thus, regarded as a “secondary” instability by
contrast with the primary drift-wave instability. For the saturation of the zonal-flow growth in
drift-wave turbulence, several mechanisms have been discussed (reviewed in Ref. 20). General-
ized K-H instability, which is regarded as a “tertiary” instability, is one of the candidates for a
saturation mechanism of zonal flows in the ITG turbulence [18,19]. Furthermore, the importance

of parallel flows and viscosity in the zonal flow dynamics has also been pointed out [21,22].

The electron temperature gradient (ETG) driven mode is the counterpart of the ITG mode,
and the ETG turbulence is considered as a possible cause of the electron heat transport. How-
ever, the gyro-Bohm scaling for the ETG turbulence with T, = T; predicts the smaller electron
heat transport by a factor of Vm,./m; than the ion heat transport driven by the ITG turbulence,
where T and mg mean the temperature and the mass of ions (s =1) and electrons (s =¢e), respec-
tively. Many experimental observations, nevertheless, commonly indicate the strong anomaly
of the electron heat transport, which is of the same order as the ion one. Even when the ion

heat transport is reduced by the internal transport barrier [23, 24], the anomalous electron heat



transport is still observed. From the view point of theoretical model, the linear ETG modes with
an adiabatic ion response are isomorphic to the linear ITG modes with an adiabatic electron re-
sponse. However, the nonlinear evolution of the ETG instability is crucially different from that of
the ITG one, because the intensity of nonlinearly generated zonal flows in the ETG turbulence is
much lower than that in the ITG turbulence. In the ITG turbulence, since the electron gyroradius
is negligibly smaller than the radial wavelengths of the zonal-flow potentials, the radial motion
of the electrons can not shield the zonal-flow potentials which are constant on a flux surface.
Thus, the ITG-driven zonal flows with high amplitude can develop. On the other hand, in the
ETG turbulence, the radial motion of ions resulted from the large gyroradius shields the zonal-
flow potentials. The different radial motion of the background species (electrons for the ITG
case, or ions for the ETG case) is, thus, responsible for the different zonal-flow generations, and
higher transport level in the gyro-Bohm unit is observed in the ETG turbulence [25]. Further-
more, the ETG turbulence involves various vortex structures, such as turbulent vortices, zonal
flows, and radially elongated streamers, of which the appearance strongly depends on geomet-
rical and plasma parameters [26]. Recently, a number of gyrokinetic simulations of the toroidal
ETG turbulence have been performed and benchmarked with various simulation codes [25-31].
Especially, the nonlinear dynamics of streamers, which may lead to substantial enhancement
of the heat transport in toroidal systems, has been actively pursued [25,29]. Nevertheless, the
saturation mechanism of the toroidal ETG instability under the strong magnetic shear and the

estimation of resultant transport level are still open problems.

From the aspect of the turbulence-control with regulating the turbulent heat transport in the
future fusion plasmas, it is worthwhile to understand fundamental physics behind the forma-
tion of vortex structures including zonal flows and their stability as well as the related transport
properties. One of the objectives of this study is elucidating what kind of the vortex structures
enhance or suppress the turbulent transport, and how the zonal flows play a role in the trans-
port suppression in the ITG and ETG turbulence in the framework of gyrokinetic theory. We
believe that detailed analyses of the vortex structures and the velocity-space structures of the
distribution function are necessary for better understandings of the underlying turbulent trans-
port processes in high temperature plasmas. To this end, vortex and zonal flow structures and
velocity-space structures of the distribution function in the slab/toroidal ITG/ETG turbulence are
extensively explored based on nonlinear gyrokinetic theory and the direct numerical simulations.
The five-dimensional nonlinear gyrokinetic Vlasov simulations with high phase-space resolution
enable us to examine in detail the gyrokinetic entropy balance relation and the associated entropy
transfer processes which provide ones with deeper physical insight into the nonlinear interaction

between drift-wave turbulence and zonal flows as well as the associated transport processes.
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The outline of this dissertation is given as follows. First, gyrokinetic models and the entropy
balance relation used in the present study are briefly described in Chap. 2. In Chap. 3, vortex
structures in the slab ETG turbulence are investigated, including comparisons with those in the
slab ITG case. Then, formation of the coherent vortex streets, which is closely associated with
the transport reduction, in the slab ETG turbulence is discussed in detail. In Chap. 4, effects
of parallel dynamics on the transition of vortex structures and zonal flows are intensively exam-
ined by the comprehensive parameter studies. Also, the physical mechanism of the secondary
growth of zonal flows is discussed based on the modulational instability analysis with a trun-
cated fluid model, where the parallel dynamics with acoustic modes is incorporated. In Chap.
5, the investigations of vortex structures and zonal flows are extended to toroidal ITG and ETG
turbulence by means of five-dimensional nonlinear gyrokinetic simulations. Furthermore, the
gyrokinetic entropy balance relations for zonal and non-zonal modes, and the nonlinear entropy
transfer processes are carefully examined by means of the spectral analysis of the triad entropy
transfer function, which is regarded as a kinetic extension of the zonal-flow energy production
due to the hydrodynamic Reynolds stress. Finally, the results obtained in the present study are

summarized in Chap. 6.
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Chapter 2

Gyrokinetic description for plasma

turbulence

2.1 Brief review of kinetic theory

heoretical backgrounds for kinetic simulations of turbulent transport in high tempera-
ture magnetized plasmas are briefly presented in this section. The magnetized plasmas
consist of the charged particles (ions and electrons) coupled with the electromagnetic
fields so that the fundamental description of plasma dynamics is given by Newton-Maxwell or

Klimontovich-Maxwell system [1] as follows,

DN, _ N, .
Dt - 8t +{Nsa 7{8}1_09 (21)
2
e
7~{S(q’ D> t) = 2 D — _A(q’ t) + €S¢(q, t) ) (22)
m c
and
V.E= 47TZ 09(q. 1), 2.3)
V-B=0, 2.4)
4r 10E
VxB=— (g, 1) + — 2.5
x CES]J(chat 2.5)
10B
VXE = ———, 2.6
% c Ot (2.6)

where Ni(q, p,t) =2, 6lq—q;(0)]6[p— p:(t)] and H,(q, p, t) denote the particle number density for
the species “s” (d[+] is the Dirac delta-function) and the Hamiltonian of single particle motion in
the six-dimensional phase-space represented by the canonical coordinates g and p, respectively.

(The particle mass, the electric charge, and the speed of lights are denoted by my, e, and c,

7



8 Chapter 2 Gyrokinetic description for plasma turbulence

respectively.) The Poisson bracket in the canonical coordinates z = (g, p) is represented by
{F, G}, = (0F/0q) - (0G/0p) — (OF/0p) - (0G/0q). The electric and magnetic fields, which
are, respectively, written as E = —V¢ — ¢ '10A /0t and B =V X A in terms of the electrostatic
scalar potential ¢(q, ) and the magnetic vector potential A(q,t), are determined by the Maxwell

equations (2.3) — (2.6), where the microscopic electric charge and current densities are given by

p9q.1) = e, f dpN(a.p.1) 27
Js(gq,1) = e f dpuvN(q, p,1), (2.8)

respectively, where v = [p — (es/c)A]/mj 1s the particle-velocity vector.

Although the Newton-Maxwell or Klimontovich-Maxwell system provides ones with the rig-
orous description of the whole plasma behavior, it is unrealistic to trace all of ~10?° particles in
typical fusion plasmas, even with the most powerful computers in the present-day and the fore-
seeable future. Thus, a statistical approach is introduced to describe the plasma behavior by a
particle distribution function, instead of solving all the particle motion for each species. Since,
in high temperature plasmas with ~ 10keV, the kinetic energy of particles is much larger than the
potential energy, the multiple particle correlations involving three particles or more are negligi-
ble, and two-particle correlation is reduced to the Coulomb collision operator Cy (Fs, Fy) for
an one-body distribution function F(q, p,t) = {(Ns(q, p, 1)), where (- -- ) denotes an ensemble

average. Consequently, the time evolution of F; is described by the Boltzmann equation,

oFs
ot

(T ), = ) CulFo Fo) = CF) - (2.9)

In the collisionless limit, Eq. (2.9) is referred to as the Vlasov equation. The Landau expression

is frequently used as the Coulomb collision operator for high temperature plasmas [2],

0Fs(p) 0F s (p')

)/ss’ a
— - FPp)— (2.10)
op op’

— | dp'U- [7’ )

Css’(y:s’ 7—‘5’) = 2 0p :

where U = |u|(jul*I — uu) with u =v — v’ and the unit tensor I, and y, = 4neZe? In A with the
Coulomb logarithm In A.

The Vlasov-Maxwell (or Boltzmann-Maxwell) system is a reduced kinetic description in
comparison to the Klimontovich-Maxwell system. However, it involves enormous ranges of
spatio-temporal scales so that it is still difficult to carry out the numerical simulation of low-
frequency phenomena such as drift-wave turbulence and MHD waves. Actually, the typical
frequency of the drift-wave turbulence driven by micro-instabilities is much lower than the gy-

rofrequency so that it is useful for the direct numerical simulation of plasma turbulence if the
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fast dependence on gyrophase is eliminated from the Vlasov equation. To this end, a gyrokinetic
model has been developed [3—12] by eliminating high-frequency phenomena while keeping es-
sential kinetic effects, i.e., the Landau damping, the finite gyroradius effect, the particle drifts,
and the magnetic trapping.

The gyrokinetic model was first formulated by averaging the Vlasov equation over the gy-
rophase based on the recursive method for the study of the micro-instabilities, and its application
to numerical simulations started in the early 1980s [3—6]. The modern gyrokinetic theory [7-12]
has been developed based on the Hamiltonian or Lagrangian formalism with the Lie-transform
method [13,14]. The basis of the modern formulation widely used at present was constructed by
the careful modeling of the guiding-center dynamics [15-18]. Indeed, the modern gyrokinetic
theory consists of the guiding-center transform [15-17] and the gyrocenter transform [7,9, 18].
The modern gyrokinetic theory provides ones with a rigorous treatment of collisionless turbulent
dynamics while keeping important principles such as the symmetry and conservation properties,
which are essential to describe underlying physics and are useful for nonlinear simulations. The
nonlinear gyrokinetic simulation is now considered to be an powerful tool for the study of the

turbulent transport driven by the micro-instabilities.

2.2 Gyrokinetic model

In this section, the gyrokinetic model is briefly presented. One can find easily the detailed review
including the derivations in the papers listed in the bibliography.
The drift-wave turbulence observed experimentally in core plasmas is considered to obey the

gyrokinetic orderings in €,
—~ v —~ =~ =~ 0(e), (2.11)

where w is a characteristic frequency of the turbulence, O, =e,By/m c denotes the gyrofrequency
evaluated with the representative strength of the equilibrium magnetic field By = |By|=|V X Ag|,
es0¢/Ts and 0B are the potential fluctuation normalized by the equilibrium temperature 7 and
the magnetic field perturbation, respectively. The parallel and perpendicular components of the
wavenumber vector k to the unit vector of the equilibrium magnetic field b= B,/B, are denoted
by kj; and k,, respectively. The ratio of thermal gyroradius to the equilibrium gradient scale-
length is represented by p./L, where p = v /€ with the thermal velocity vg. It should be noted
that the drift-wave turbulence in the strongly magnetized plasmas considered here is inherently
anisotropic, that is, the wavelength of fluctuations on the plane perpendicular to the magnetic

field line is comparable to the thermal gyroradius, i.e., k, pi, ~ O(1), while the fluctuations are
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elongated along the magnetic field lines, i.e., kL ~O(1). For a fusion plasma with finite but small
B (typically B8~ 1%), the perturbed field is given as 6B =V X 6A;b, and the parallel component
of 0B is often neglected compared with By, where 8 = (nyT; + noT.)/ (Bé /8m) is the ratio of the
plasma kinetic pressure to the magnetic pressure (the equilibrium density is denoted by ny).

For the purpose of gyrokinetic simulations, it is convenient to transform the canonical vari-
ables (g, p) into the non-canonical guiding-center variables Z = (X, U, u, ¢), where X = q — p;
is a guiding-center position, p; = b X v/€) is the gyroradius vector, U = vy + (es/mc)0A) is a
generalized parallel velocity, u =m?* /2By is the magnetic moment, £=tan"'(v - e;/v - €,) is the
gyrophase angle, and e, and e, are orthogonal unit vectors defined as e; X e, = b. The prelim-
inary non-canonical guiding-center transform for Hamiltonian shown in Eq. (2.2) leads to the

following perturbed Hamiltonian,

2

1 s
7'{5 = —My U - & 5A|| +,uB0 + €S¢
2 mgc
1
= 5msU2 +uBy + ¥ + O(€}) » (2.12)

where W(X, U, &,t)=¢ — USA/c is the generalized potential fluctuation. Note that the magnetic
moment u in the guiding-center coordinates is not exact, but approximate adiabatic invariant be-
cause of the existence of the microscopic electromagnetic fluctuations in plasma turbulence so
that i is no longer conserved. By applying Lie-transform technique, the guiding-center coordi-
nates Z are transformed to new coordinates Z = TgZ = (X, U, j1,€) such that the new magnetic
moment iz becomes an exact invariant even in the presence of the low-frequency perturbations
and the conjugate angle-variable £ is regarded as an ignorable coordinate. The coordinates Z and
the map T are referred to as “gyrocenter coordinates” and as “gyrocenter transform”, respec-
tively. The gyrocenter transform is a near-identity transform, i.e., Tg =idz + O(e,). It should be
noted here that one can choose the gyrocenter transform to be canonical one, by the use of the
generalized parallel velocity U =v; + (es/msc)0A as a guiding-center variable, rather than U =yy.

Hence, the specific expression of the gyrocenter transform is given as
Z=TcZ=Z+{5,Z};+0(), (2.13)

where {F, G}; is the Poisson bracket in the gyrocenter coordinates (Note that the form of the
Poisson bracket is unchanged from that in the guiding-center coordinates because 7 is a canon-

ical transform),

OF O O OE

{F, G}z = b-VFxVG. (2.14)

ok

esB)

Q OF 0G OF 0G B ' a—FVG—a—GVF _c
By msB; \oU ou
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Here, B| = b - B" is a parallel component of B*= B, + (B U/Q)V x b. The generating function
S is solved as

S(Z,1 = Q de' [¥ - (P),] . (2.15)

where (F), = 95 déF/2r represents the gyrophase-average. This gyrocenter transform is formu-
lated based on the canonical Lie-transform so that the phase-space volume is conserved up to
arbitrary order in €,. After the transform, £-dependent perturbations are absorbed in the generat-
ing function S, and hence, the Hamiltonian represented by the gyrocenter coordinates, which is

independent of &, is given as
H, = msU + By + ex(\P), . (2.16)

Several different choices of independent variables, especially in the electromagnetic case, are
possible, and we have chosen here to use the generalized parallel velocity, which is transformed
as U =U+{S, U} + O(e;) [10]. In this choice, functional forms of the Poisson bracket in
Eq. (2.14) become the same as those in the electrostatic limit, and one easily finds that the
electromagnetic gyrocenter transform is replaced by the electrostatic one.

By using the gyrocenter variables, a gyrocenter distribution function is defined by FE(Z, 1=
F.(q, p,t), where the Jacobian is given by D(Z) = ZBF[(Z). The gyrokinetic equation which

describes time evolution of the gyrocenter distribution function 7. = F2(X, U, 1, &, 1) is, then,

written as
67’;@) ® 7_—(%) 7:(%)
o HPE H, = {2 M, Y
0 dX o dU 0 d,u d§ 0 @ _
(£, 2 = =0, (2.17
(6t+dt ox " dr a0 " dr (9/,1 d 5)7: .17)

where the expressions of gyrocenter equations of motion are obtained by means of the Hamilto-

nian [Eq. (2.16)] and the Poisson bracket [Eq. (2.14)] in the gyrocenter coordinates,

dX _ e B* c _

= =Ub- —(A)e— + —b x (e, V(¥), + m,U*b-Vb + aVB,) , 2.18

dt msc< e B eB; (eV ) +m K 0) (-18)

dU B

= = (e V(P), + VB, , 2.19

T (e V¢, + V) (2.19)

dji

E_o, 2.20

7 (2.20)
z 2 (Y

@ _q s X 2.21)

dt msc  Oft

As seen from Egs. (2.18) — (2.21), the gyrocenter equations of motion are independent of the

gyrophase &, and the magnetic moment j is exactly conserved. Hence, the £-dependence no
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longer appears in the gyrocenter distribution function 7.2 = . X, 0, [, 1) at any time ¢ if it is
initially independent of &, i.e., OFE) O& |,—o. As a result, the gyrokinetic equation for F2 in the

five-dimensional phase-space is rearranged as

8dX8dU8

4 . (&)
ot * dt HX dt GU)?_~ (X U Aut) = (2.22)

Since the gyrokinetic equation (2.22) is regarded as the Liouville equation in the five-dimensional
phase-space, F& is conserved along the characteristics. Also, another important property is the

conservation of the phase-space volume,

0 dZ 0 dX 0 dU
-_— —— = —-——" — - = —— = . 2.2
07 (Ddt) 0X (Ddt)+8U(Ddt) 0 (2.23)

From this property, the gyrokinetic equation (2.22) is written also in a conservative form,

9 ® 9 (g)dX @dU
=0. 2.24
ot D7 6X ( 7 dt 6U DFs dt ( )

Since the collisional dissipation violates the Hamiltonian structure of the problem, we can not
construct the Lagrangian-Hamiltonian formalisms including collisions. Thus, after applying the
guiding-center transform to the collision operator, the gyrophase independent form is obtained

by using a gyrophase-averaging procedures [19,20],

COF) = Z ok X <eikJ_'Ps C. (e—ikrps ¢$§j)> , (2.25)

g
LN

where the Fourier representation is used. Also, the contribution from the polarization term [the

second term in the right hand side of Eq. (2.26) shown below] is neglected here.

Finally, the equation system is closed by the Poisson-Ampere equations. The pull-back trans-

form from 2 to 7, is given as
Fo=FE + {5, R+ 0) = 72 + {3, Fus} + 0(&) (2.26)

where Fy; is a local Maxwellian distribution, and the second relation is obtained because 9 f; ® =

7’ — F\ 1s small compared with Fyyg, i.e., 0 fs(g) /Fyms ~ O(€,). The electric charge density p(e)
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and the parallel current density jg are, respectively, calculated as

P = e f DAZ 5 [(X + ps) - q] F(Z)

.48 o)

_ _ (8)
e, [ Dazs|cx+p) q](ﬂ @+ 5

= e, f DAZS[(X +p) ~ g1 F22) = 2 (6.1 = @X + e v=gp) » 227)

Ju = e f DAZ 5 [(X +p)) - gl 0 FA(Z)

= e, f DAZS[(X + py) - ql|UFE2Z) - & SA Fus + U%a_saFMs
msc BO (9§ c'),u
_— f DAZS[(X + p.) — q| UFE(Z) - %(MH(X +P)Ve lXmgop. - (2.28)

Here, the second term in the right hand side of Eq. (2.27) shows the polarization density due to
the finite gyroradius effect. In Eq. (2.28), a part of the magnetization current (the third term in
the second equation) is cancelled with the second term in the second equation, which appears
due to the use of the generalized parallel velocity U. By using the above equations, the Maxwell

equations yield the gyrokinetic Poisson-Ampere equations as follows,

v = e, f DAZ§[(X +p,) - q] 72

I
- 2.7 (9@0 = X+ plsla=gp) - (2.29)
5 Ds

S

C

dre,
~vion = Y, [Dazs(x +p) - gl R

CL)I)SZ
=2 (O + P g - (2.30)

where Ap, is the Debye-length, and w, is the plasma oscillation frequency. The displacement
current in Eq. (2.5) is neglected for low-frequency phenomena considered here. In deriving Egs.
(2.29) and (2.30), the nonlinear polarization and magnetization effects, which are higher order
in &, and other higher order terms are neglected. The gyrokinetic Vlasov-Maxwell system, Eqgs.
(2.22), (2.29) and (2.30), is a standard kinetic model to describe the drift-wave turbulence in the

core region of low-f plasmas.

Another important approach in modelling an open plasma system is to introduce a multi-scale

expansion with respect to a smallness parameter ¢,. In this approach, we consider a quasi-steady
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plasma in a source free region, and separate the Hamiltonian into the static and perturbed parts,

H, = Hos + 0Hs , (2.31)
Hos = m,U* + By , (2.32)
OH, = e(0¥F), , (2.33)

where 0¥ =¥ — ¥, denotes the perturbed part of the generalized potential, and the unperturbed
part Wy =¢, is not considered here. The gyrocenter distribution function ?—'S(g) is also divided into
the equilibrium part, which is assumed here to be the Maxwellian, and the perturbed part, i.e.,

FE=Fys +6 fs ®) . By substituting the above relations into the gyrokinetic equation, one obtains

asre

— + {042, Hos) + (Fus 0H} + {012, 6H,} = CE(6£2) (2.34)

where the nonlinearity resulting from E X B convection appears in the fourth term in the left hand
side of the above equation.

The nonlinear gyrokinetic simulations of the ITG and ETG turbulence presented here are
based on Eqgs. (2.34) and (2.29), where the electrostatic limit (64; — 0) is considered. Here,
the perturbed part of the gyrocenter distribution function is written as 6 fs(g)(X U =vy,u,t) =
2k, Ofy ® (X , U, 4, 1) expliSk, (X)] in terms of the eikonal representation [2,21], where the overline
for the gyrocenter variables is omitted, and the perpendicular wavenumber vector is defined by
k., =VSy, . Then, the electrostatic gyrokinetic equation for perturbed distribution function 6 £ ®

written in the k, -space is given by
0
— +ub V+i g——b VB_—|6f - b- (K, x k) 6y, 51 )
5 Y iwp 60”] T ZA: ( 1) 6, O,
e &/lh
T,

S

= Fyis (iw.rs — iwps — oyb - V) —— C(g)[éf(g)] , (2.35)

where wps=(c/esB)k, - b X (uUVB + msvzb-Vb) and w,rs = (cTs/esB){1+77s[((msv2 +2uB)/2T;) —
B/2)1}k,-bxV Inng with n,=|VInT|/|VInng|= L, /Lr,. Here, oy, are the electrostatic potential
fluctuation averaged over the gyrophase. The symbol },, appearing in the nonlinear term of Eq.
(2.1) stands for the summation over Fourier modes which satisfy the triad-interaction condition,
ie., k, = k' + k. The gyrocenter position X, the parallel velocity U = vy, and the magnetic
moment u are used as the five-dimensional phase-space coordinates, where u is defined by u =
mgv> /2B with the perpendicular velocity v, . The equilibrium part of the distribution function is
given by the local Maxwellian distribution, i.e., Fy =n,(m/27T;)*? exp[— (mg +2uB)/2T].
The potential fluctuation evaluated at the particle position, 6¢y , is related to the gyrophase-

averaged one, i.e., oy, = JosO¢x,, and is determined by the Poisson equation written in the
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wavenumber space as follows,

eody, eody,
kS Apeno T" = [ f dvJod f;f - noT" (1- rm)]

5
- [ f doJocsf2 + nOeTﬂ (1- r()e)], (2.36)

where |e¢;| = |e.| = e and n; = n. = ny are assumed. The electron Debye-length is denoted by
Ape = (T /4mnge?)'/?. The first and the second groups of terms on the right hand side of Eq. (2.36)
indicate the ion- and the electron-particle-density fluctuations represented with the gyrocenter
distribution function and the electrostatic potential, respectively. The factors Jy, and I'ys are
defined by Jy, = Jo(k v, /€Q) and T'ys = Iy(b) exp(—b) with the zeroth-order Bessel and modified-
Bessel functions, respectively, where b = kivfs / Qf. In the turbulence simulations, the closed set
of equations (2.35) and (2.36) is solved numerically by means of the Fourier spectral method and

the finite difference method.

2.3 Entropy balance relation

Since the dynamics of turbulent vortices in high temperature collisionless (or weakly collisional)
magnetized plasmas involves a lot of kinetic processes such as the Landau damping, the finite
gyroradius effect, the particle drift, the magnetic trapping, the kinetic approach is essential for
understanding physical mechanisms of turbulent transport. It also should be emphasized that the
kinetic turbulent transport processes is discussed more appropriately by the entropy balance rela-
tion [19,22-24] given below, which describes the relation between the microscopic fluctuations
of the distribution function and the turbulent heat flux, rather than the energy balance relation.
From the closed set of equations (2.35) and (2.36) described in Sec. 2.2, one can derive
a balance equation with respect to the entropy variable 05 = Sy, — €S ms)) defined as a func-
tional of the perturbed gyrocenter distribution function 6 fs(g), where (- -)) means the ensemble
average, where the macroscopic and the microscopic entropy per unit volume are defined by

SMs=— f dv FygIn Fgg and S o= — f dv FE InF®, respectively. Then, one finds

ofe” o
5S¢ = Sate — €S me) = fdv <<m>> - ;fdv Tl (2.37)

which is correct to O(6 fs(g)z). Here, we assume the perpendicular components of turbulent fluc-

tuations to be statistically homogeneous in space. Thus, the ensemble average is replaced by the

spatial average in the last equality of Eq. (2.37). The velocity space integral and the field line
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average of Eq. (2.35) multiplied by 6 f(g)* / Fys lead to

0
57 (08w + W) = Ly Que + Ta + Dt (2.38)
where
|6f(g)
0S«, = <fd °F > , (2.39)
Ms
mgv? + 2uB eoy;
Lil O«, = L; Re <lvtgfdv6f(g)[ ”2Ts ]kypts TSkL> ’ (2.40)
(2) h*
Dy, = <fde [6fg] > , (2.41)
Ms

denote the entropy variable, the entropy production due to the conjugate pair of the turbulent
heat flux and the temperature gradient (thermodynamic force), and the collisional dissipation,
respectively. Note that, in the present study, the adiabatic response of background particles is
assumed so that there is no particle flux. Also, Wy, denotes the potential energy, where the
specific form is given in Sec. 5.2 for the ITG and ETG turbulence with adiabatic background
species. The non-adiabatic part of the perturbed gyrocenter distribution function, Ay, is defined
by

SfE = == P + Do, (2.42)

S

The second term in the right hand side of Eq. (2.38) represents the nonlinear transfer of the

entropy variable. The definition of the entropy transfer function 7, is given by

TSkJ_ = Zzakl"'pJ_‘FqL,ojs [kLlpL’qJ_] ) (2.43)

p. q.

c
s [kﬂpm QL] = <Eb “(pLXq.1) Re [6‘/’plhsthski - 5‘/’qihsmhskl]> , (2.44)

d
2

where the notation with k', and k’/ shown in Eq. (2.35) is replaced here by —p, and —¢q,, respec-
tively, in order to represent symmetrically the triad-interaction condition for three wavenumber
vectors, i.e., k. + p,+ ¢, =0. In Eq. (2.43), Js[k.|p.,q.] is summed over p, and ¢, . For con-
venience, we call the function J[k,|p., ¢.] the “triad (entropy) transfer function”, hereafter. It

should be noted that the triad transfer function possesses the following symmetry properties,

s [kJ_lpJ_, QJ_] = Y [kJ_|qJ_9pJ_] , (2.45)
s [kJ_lpJ_an_] = j[ ki|l-p..- ] . (2.46)

Furthermore, one obtains straightforwardly the “detailed balance relation” for the triad-interactions,

Jslkilpi.qi )+ Tspilgi. kil +Tslq.lk..p.]=0. (2.47)
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Positive values of the triad transfer function J[k,|p., ¢.] mean that the entropy is transferred
from two modes with p, and ¢, toward the mode with kK, (=—p,— ¢ ) and that the possible com-
binations of the signs of (J[k.|p..q.], Tslp.lg., k.1, Tslq.lk.,p.]) satisfying the detailed
balance relation should be (+,—,-), (+,+,—) and (+, —, +). Negative values of J[k.|p.,q.]
indicate the entropy transfer in the opposite direction, then (-, +, +), (=, —, +) and (—, +, —) are
the possible combinations of the triad transfer functions.

The explicit description of the entropy balance relation for the non-zonal (k, # 0) and zonal
(ky = 0) modes is useful for the following discussions concerning the entropy transfer processes
among zonal flows and turbulence. By taking the integration of Eq. (2.38) over the non-zonal

and zonal modes, one obtains

d

yr (65 + W) = L1 0, - T + D™ (2.48)
d
r (6 + W) = 7 4+ DI (2.49)

where the superscripts “(trb)” and “(zf)” represent the turbulence (or non-zonal) and zonal-flow
components, respectively. The above entropy balance relations for non-zonal and zonal modes
have been derived and discussed in detail by Sugama et al [19]. Note here that zonal flows never
contribute to the radial heat flux Qg as seen from Eq. (2.49). The entropy transfer function
integrated over the zonal modes, T, represents the entropy transfer from turbulence to zonal
flows so that the negative sign of T appears in Eq. (2.48). As shown in Ref. 19, by using the
simplest approximation for the non-adiabatic part of the ion gyrocenter distribution function, i.e.,
hig, = noFya(1 + kipfi/ 2)ed ¢y, /T;, the entropy transfer function ‘7’1(Zf) is simplified to the energy
production term, which is described by the product of the Reynolds stress due to the non-zonal
turbulent flows and the zonal-flow shear. Thus, 7.*” is regarded as an appropriate kinetic ex-
tension of the zonal-flow energy production due to the hydrodynamic Reynolds stress. As seen
from Eq. (2.48), the turbulent heat flux L}Sl QO works as the entropy source so that the turbulence
part of the entropy variable and the potential energy (65 &) Wy s generated. At the same
time, the entropy variable is partly dissipated by collisions and is partly transferred to the zonal
flow components via the transfer term 7 When the turbulence reaches a statistically steady

. —hH =) s =Eh —(ub) .
state, the balance relations of 7 =—-D; >0and L7 O, — 7, =-D, are realized separately,

where the overline denotes the time-average in a saturated phase. The entropy balance relations
of Egs. (2.48) and (2.49) provide us with not only the physical insight into the entropy transfer
processes among zonal flows and turbulence, but also a good measure for the accuracy of turbu-

lence simulations.
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Chapter 3

Vortex structures and transport properties
in slab ITG and ETG turbulence

3.1 Introduction

urbulent transport driven by micro-instabilities such as ion temperature gradient (ITG)
modes, electron temperature gradient (ETG) modes has been extensively investigated
so far by means of numerical simulations based on gyrokinetic and gyrofluid models in
order to elucidate physical mechanisms of anomalous heat transport in the core region of mag-
netically confined plasmas [1,2]. One of the remarkable results obtained by the ITG turbulence

simulations is spontaneous generation of zonal flows which regulate the turbulent transport [3].

Many experimental observations commonly indicate the strong anomaly of the electron heat
transport, which could be of the same order as the ion one, even when the ion heat transport
is reduced by the internal transport barrier [4,5]. The ETG turbulence is considered as a pos-
sible cause of such electron hear transport. Although the linear ETG modes with an adiabatic
ion response are isomorphic to the linear ITG modes with an adiabatic electron response, the
nonlinear evolution of the ETG turbulence is quite different from that of the ITG one, because
the intensity of nonlinearly generated zonal flows in the ETG turbulence is much lower than
that in the ITG turbulence due to the different adiabatic response of the background species to
the zonal-flow potential [6,7]. Thus, ETG turbulence involves various vortex structures, e.g.,
turbulent vortices, zonal flows and radially elongated streamers, where the intensities depend
on the magnetic shear and other plasma parameters [8]. A number of gyrokinetic simulations
of the toroidal ETG turbulence have been performed and benchmarked with various simulation
codes [9-12]. Nevertheless, the saturation mechanism of the toroidal ETG instability under the

strong magnetic shear and the estimation of resultant transport level are still open problems.
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Zonal flow dynamics and the properties of large-scale coherent vortex structures in the slab
ETG turbulence have also been discussed by means of gyrokinetic and gyrofluid simulations
[13-18]. It has been pointed out that the weak magnetic shear is important for the zonal flow
generation while the positive magnetic shear leads to the streamer formation [6, 13, 14]. The
scale length of zonal flow is characterized by the Rhines scaling which is proportional to the
density gradient scale length L,, where the electron heat transport decreases with increasing of
L, [15]. The statistical analyses for the ETG turbulence dominated by zonal flows reveal the
phase matching between potential and pressure fluctuations which is related to the reduction of
the radial heat flux and the fractal dimension of the turbulent fluctuations [16, 17]. It has also
been pointed out that, in addition to the zonal flows, the dynamics of nonlinearly excited long-
wavelength modes is important for the saturation of the ETG instability and for the regulation of

the electron heat transport [18].

In the present study, by means of the gyrokinetic Vlasov simulations, we investigate vortex
structures of the slab ETG turbulence and velocity-space structures of the distribution function
in detail. The nonlinear gyrokinetic simulations with high phase-space resolution shown below
enable us to examine the entropy balance relation in the slab ETG turbulence with zonal flow
generation, while it has been investigated for the collisionless and weakly collisional slab ITG
turbulence [19-22]. Then, we discuss the role of zonal flows in the statistically steady turbulence
and the transition of vortex structure from turbulent vortices to coherent vortex streets accompa-
nied with the significant reduction of the electron heat transport. The transport reduction in the
coherent state is also studied from the viewpoint of structural change of the perturbed distribution
function in the velocity-space. In the latter part of this chapter, the coherent vortex streets found
in the nonlinear simulation is compared with a traveling wave solution of a Hasegawa-Mima type

equation.

The remainder of this chapter is organized as follows. Gyrokinetic models used in the present
study are described in Sec. 3.2. Simulation results are presented in Sec. 3.3, where the statisti-
cally steady state with weak zonal flows in the slab ETG turbulence is compared with that in the
slab ITG turbulence in Sec. 3.3.1. The spontaneous formation of the coherent vortex streets and
resultant transport reduction, which are found in parameters different from those in Sec. 3.3.1,
are discussed in Sec. 3.3.2. Derivation of a fluid model describing the coherent vortex streets and
the application to the nonlinear simulation results are given in Secs. 3.4.1 and 3.4.2, respectively.

Finally, the concluding remarks are given in Sec. 3.5.
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3.2 Simulation model for slab plasmas

Governing equations for the slab ITG and ETG turbulence simulations are presented in this
section. Here, a slab plasma system with an uniform magnetic field B = Bb is considered.
The electrostatic gyrokinetic equation describing the time evolution of the electron gyrocenter

distribution function ﬁ(g) = ﬁ(g)(X , U1, 0y, t) for the slab plasmas is written as [cf. Eq. (2.22)],

67:6(2)
ot

(8)
% =0, (3.1
al)”

b - VFE + b X V(X +p0), - VEE + b V(9(X +po)),

where X, p., ¢, e and m, are the gyrocenter position, the electron gyroradius vector, the speed of
light, the elementary charge and the electron mass, respectively. The gyro-averaged electrostatic
potential is denoted by (¢(X + p)),, where (- --), means the gyrophase average for a fixed gy-
rocenter position. The total gyrocenter distribution function ﬁ(g) is divided into equilibrium and

perturbation parts: FE=F+6 f®. We assume that the former is given by the local Maxwellian

3 2 2
me \? me(vy + v
-, 3.2
27rTe) eXp( 2T, (3-2)

distribution,

F=FuX,v.,v) = no(

where ny and 7. denote the equilibrium density and the electron temperature. The perturbed

distribution function and the potential fluctuation are written in terms of the Fourier expansions,

6f(g)(X’ Ui, 0, t) Z 6f}((g)(vl7 Uy, t)eik.X, (33)
k

BX +pet) = ) S ), (34)
k

where the equilibrium part of the potential is not considered here. In order to keep high resolution
in the real space and the v-space, we assume that v, -dependence of ¢ fk(g) is also given by the local
Maxwellian, i.e., 6fk(g)(vl, o, 1) = Fma(v)ofi(vy, t), where Fy, = (me/2nT.) exp(—mevi/ZTe).
The gradient scale lengths of the equilibrium density L, = —(dIlnny/dx)™" and the equilibrium
temperature Ly = —(dInT./dx)~', which are much longer than fluctuation wavelengths in the
direction perpendicular to the magnetic field A1=2x/|k_|, are set to be constant.

We consider a periodic two-dimensional slab configuration where the plasma is assumed
to be homogeneous in the z-direction. The magnetic field B is set in the y-z plane such that
B=B(e,cosf + e, sin )~ B(e, + 0e,) for < 1, where e,, e, and § denote the basis vectors in the
y- and z-directions and the tilt angle of the field line, respectively. Substituting Egs. (3.2) — (3.4)

into Eq. (3.1) and integrating over the v, -space, one can obtain the gyrokinetic equation for the
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perturbed distribution function ¢ fi, (v, ) written in the wavenumber space as

0 . c ’ 17
(— + lk||v||)5flu - EZ b - (k' X k) 6y, 6 fiey — Ci(S fi,)
A

ot
= - {w*e

Here, ky = k-b ~ 6k, is the parallel wavenumber (k, vanishes because of the translational sym-

2
1+, [mevn 1 kiptze)

2T, 2 2

o)
kIIUII}FMlle ;/’h . (3.5)

metry in the z-direction), k2 p, is the square of the perpendicular wavenumber normalized by the
electron thermal gyroradius py = vi/Qe, Where v, = (Te/m.)""? and Q. = eB/m.c are the elec-
tron thermal speed and the electron gyrofrequency, respectively. The symbol |, appearing in
the nonlinear term of Eq. (3.5) stands for the summation over Fourier modes which satisfy the
triad-interaction condition, i.e., k, =k’, + k’/. Inhomogeneities of ny and T in the x-direction are
taken into account through the electron drift frequency w.. = —(cT./eB)k, - b X VInn, and the
parameter 7. = L,,/Ly. The gyro-averaged potential integrated over the v, -space is denoted by
W, = 6¢r, exp(—k> pZ), where the factor exp(—k>pZ/2) reflects the finite-Larmor-radius (FLR)
effect. The Maxwellian distribution of v; is denoted by Fyy=no(m./2nT,)""? exp(—mev|| /2T.). In
the derivation of the above equation, the parallel nonlinearity (e/m)b -V (¢(X + Pe))e a5 f @/ Oy,
included in Eq. (3.1) is neglected because of the the gyrokinetic ordering k;/k, ~ p/Lr < 1.
In order to maintain this ordering, the value of the tilt angle 6 is expressed by the dimensionless
parameter @ =kyLy /kypie = OL7 [pie.

In the present model, a weak but finite collisionality effect is introduced in terms of a model

collision operator Cy(d f, ) as follows,

0 0
C”(é\fki) a (Utea + U”) 6ﬁ¢¢ N (36)

Here, v, denotes the electron collision frequency. The collision operator acting on d fi, smooths
out the fine-scale fluctuations in the y-space. Although the above collision operator does not
conserve the momentum and the energy, its influence on the main results shown below, such as
the transport level, are not crucial as long as v.Ly /v, < 1 [20].

The electrostatic potential is determined by the quasi-neutrality condition én. = on;, where
the Laplacian term V2§¢ in the Poisson equation is neglected. Since the potential should be
evaluated at the particle position, not at the gyrocenter position, the distribution function should
be transformed from the gyrocenter coordinates to the particle ones. The relation between the

particle distribution function & fk(f ) and the gyrocenter distribution function ¢ fk(f’) is given by

B -
59 = o — O 1 oh,o, f)e ™ g, (3.7)

S



3.2 Simulation model for slab plasmas 25

where the subscript “s” represents particle species [s = {i, e} for ions and electrons], so that e
has a sign of the electric charge for each species, and Jy(z) 1s the zeroth-order Bessel function.
The last group of terms on the right-hand side represents the polarization due to the potential
fluctuations. By taking the velocity-space integral of Eq. (3.7) for electrons, one can obtain the

electron density fluctuation in the particle coordinates

. O .
f dv {5 fi e 4 % [1 — Jolk, v, /Qe)e‘l"“’e] FMe}

(&

0
= eékip%&fdvll 6feki + noe fh

€

6nekL

|1 -Tok2pd)] (3.8)

where Iy is defined by ['¢(z) = Iy(z) exp(—z) with the zeroth-order modified Bessel function /y(z).

Similarly, the ion particle density fluctuation is given as

65(]5]@_ €6¢kJ_

Snyg, =e” 2Kir f dvy 6 fx, — o (kopg > 1) . (3.9)

Since the characteristic wave length in the ETG turbulence, which is comparable to the electron
gyroradius, is much shorter than the ion gyroradius, i.e., k,p; > 1, the ion response to the
potential fluctuation is reduced to the adiabatic one as shown in the last equality of Eq. (3.9).
Combining Eq. (3.8) and Eq. (3.9), the quasi-neutrality condition 6n. = dn; with the adiabatic ion

response is rewritten as

122 2 Te
f dv Sfu, = —e? e |1 + i T(k2pZ) (3.10)

i
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In ITG turbulence simulations, the electron response is often assumed to be adiabatic except for
the zonal-flow component of k; = k, = 0. The electron response in ITG turbulence is denoted
by on. =nge(d¢ — (6¢))/T. while the ion response in the ETG turbulence is given by Eq. (3.9),
where (- --) means a flux surface average. The physical pictures of the responses to the zonal-
flow potential in ITG and ETG turbulence are quite different. In the ITG turbulence, electrons
do not respond to the zonal-flow potential, i.e., 6ner,=0 = 0, because the parallel electric field E)
vanishes for the mode of k; =0. On the other hand, ions in the ETG turbulence can move in the
perpendicular direction because of the large ion gyroradius, i.e., k,pi > 1 even if £ =0. As
a result of the different responses of ions and electrons to the zonal-flow potential, the relative
intensity of the zonal flow in the ETG turbulence is lower than that in the I'TG turbulence [3].
From the closed set of equations described in Egs. (3.5) and (3.10), one can derive a balance
equation with respect to the entropy variable 65 =Sy — (S 1)), where (- - - )) means the ensemble
average [23,24]. (Remember that the macroscopic and the microscopic entropy per unit volume
are defined by Sy =- f dvFyInFyand S, =— f dv ﬁ(g) In ﬂ(g), respectively, as described in Sec.
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2.3.) Then, one finds

) N 5@\ jofi.|
58 = Sp— (Sm) = fdv« T >> = ;fdv” T 3.11)

which is correct to O(5 f©®?). Here, we assume the turbulent fluctuations to be statistically ho-

mogeneous in space. Thus, the ensemble average is replaced by the spatial average in the last
equality of Eq. (3.11). Taking the v-space integral and the summation over k, of Eq. (3.5)
multiplied by 6’ /Fw (Where the asterisk denotes the complex conjugate), one can obtain the

entropy balance equation,

d
E(55 +W)=L;'Q.+D, (3.12)

by use of Eq. (3.10). The quantities W, L;'Q. and D denote the potential energy, the entropy
production by the turbulent electron heat flux and the collisional dissipation, respectively. The

definitions are as follows:

W = ZW,Q Z (1 4 ; —Fo(kLpte)) e‘sfe"* g (3.13)
L;'0. = qT -(—Vlr:m
_ > ;dlnT Re ik 5%de||("21;2 ) ka
_ (‘ﬂnT) Z)(e’ﬂ (3.14)
D = ZRefdv”c”((SﬁQ /8 : (3.15)

where ¢, . denotes the electron perpendicular heat flux due to the ExB convection. The electron
heat transport coeflicient is defined by x. = Xx, Xek, = q.c - €x/(noTe/Lr), where e, denotes
the basis vector in the x-direction. The production, transfer and dissipation processes of &S
have been thoroughly investigated for the slab ITG turbulence [20]. The entropy variable 65
is generated by the turbulent heat transport L;'Q. in macro-velocity scale, then it cascades to
micro-velocity scale through the phase mixing process caused by the parallel advection term
ikyv o fr, in Eq. (3.5). Finally, the entropy variable is dissipated by the collision in the micro-
velocity scale. The entropy balance relation also provides us a good measure for the accuracy of
the nonlinear simulation.
In the followings, physical quantities are normalized as x =x"/pi, Y =Y'/Pre, V) = vl’l/ Vie, T

Yoe/Lr, Ve=V.Ly[Ue, Frn= Ffv[”l)te/no, Ofk, = 6fk’LLTvte/pten0 and o¢y, = edgb,’ﬂLT/Tepte, where
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the prime means a dimensional quantity. In the numerical simulations, time integrations are car-
ried out by the fourth-order Runge-Kutta-Gill method with appropriate time step. The nonlinear
advection term is calculated by means of the spectral method with 3/2-rule for the de-aliasing
in the wavenumber space. In order to keep high phase-space resolution, our code is parallelized
with respect to the yj-coordinates, and the fourth-order central finite difference methods are used
for evaluating the velocity-space derivatives in the collision operator. The nonlinear simulations
have been carried out for two cases which have different dimensionless parameters 7. and ©.

The detailed simulation conditions for each parameter are given in the Sec. 3.3.1.

3.3 Nonlinear simulations

3.3.1 Physical and numerical parameters

Physical and numerical parameters for nonlinear simulations of the slab ETG turbulence are
summarized below. We consider two sets of the physical parameters {n. =6, ® =1/6} (Case 1)
and {n. =10, ® = 1/20} (Case 2). The linear growth rate y; and real frequency w; for the two
cases are plotted for k, in Fig. 3.1. Here, we set k, =0 because the finite k, has a stabilizing effect.

It is found that Case 2 has relatively lower real frequencies, larger growth rates, and a wider range
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FIG. 3.1: Growth rates y, and real frequencies wy, of the linear ETG modes for k, =0 in Case 1
(ne=6, ®=1/6) and Case 2 (n.=10, ©@=1/20).
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TABLE 3.1: Physical parameters used for nonlinear simulations.

e ® vj-grids YLmax Ve
Case 1 6 1/6 1025 0.021 2.08x10™*
Case 2 10 1/20 2049 0.037 1.25x10™*

of the unstable modes than those in Case 1. The parameters used for nonlinear simulations are
summarized in Table 3.1. Here, sufficiently small collision frequency v., which does not affect
the linear growth rates and the real frequencies, is introduced in the both cases. Also, we set
7=T./T; = 1. The number of modes in the wavenumber space, the minimum and maximum
wavenumbers are set to be (N, Ny )=(129,257), kyin = 0.05 and kpax = 6.4, respectively. The
range of yj-coordinates is [v)| < Umax = 10. Furthermore, the simulation domain is set to be a square
with L, = L, =40np,. In the ITG turbulence, as will be discussed in Sec. 3.3.2, the parameters
are the same as those in the slab ETG turbulence of Case 1 except for the use of the ion thermal

gyroradius p,; on the normalizations.

3.3.2 Steady turbulence and zonal flows

Simulation results for Case 1 as well as the comparison between slab ETG and ITG turbulence
are shown and discussed below. Time evolution of each term in Eq. (3.12), i.e., d(6S)/dt, dW/dt,
Q. and D is plotted in Fig. 3.2. (Note that L}l Q. 1s reduced to Q. in terms of the normalization
with Ly, where the prime means the dimensional quantity.) It is confirmed that the entropy
balance relation described in Eq. (3.12) is accurately satisfied within an error less than 1% with
respect to the amplitude of the collisional dissipation. In the nonlinear phase (> 700) , one can

find a statistically steady state in the entropy balance, where the mean heat transport balances

with the mean collisional dissipation, namely, @2 —D while d(6S)/dt ~dW/dt~0 (the overline
denotes the time average for > 1000). The statistically steady state of slab ITG turbulence was
confirmed by Watanabe and Sugama [20], where the zonal flow components of the distribution
function were not included for studying the entropy balance with strong ion heat transport. The
present turbulence simulation results demonstrate that the similar steady state with finite electron
heat transport exists in the slab ETG turbulence including zonal flows self-consistently.

The time evolutions of the heat transport coeflicients y are shown in Fig. 3.3, where “s”
denotes the particle species. Here, y.n, and y. represent the results without and with the zonal

flow generation, respectively. In the former case, the zonal flow components of the perturbed
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distribution function 6 f;, 1,0 are artificially neglected. In addition, a slab ITG case with the zonal
flow generation is also plotted as y; in the figure. The saturation levels of the transport coeflicients
are Yen, = 1.34 X 107" [pLve/Lr], Xe =4.65 x 1072 [pve/Lr] and x; = 4.36 X 107 [pivs/Lr],
respectively, where the time average is taken over 6000 <7 < 8000. We find a quite small ratio
of saturation levels yi/xe = 9.38Vm;/m. x 10~* ~0.04. This is because the zonal flow driven by
the slab ITG turbulence is much stronger than that driven by the slab ETG turbulence due to the
difference of the adiabatic response to the zonal-flow potential 6¢y, x -0 as described in Sec. 3.2.
Also, in the present slab configuration with the constant magnetic field, the zonal flow damping
due to the neoclassical polarization is not included. Therefore, the strong zonal flow is driven
by the slab ITG turbulence and sustained for a long time. The time evolution of y.,, indicates
the higher level and the slow time-variation while the value of y. reaches to the steady state.
The averaged value .., is about 2.9 times larger than .. These results suggest that the weak
but finite zonal flows driven by the slab ETG turbulence play a major role in regulating the slow

time-variation and in realizing the steady transport.

Comparisons of the cases with and without zonal flows provide us clear understandings of
the role of the zonal flow in regulating the turbulent transport. Figures 3.4(a) — (c) show the
wavenumber spectra of the potential energy Wi, i -0, Wi.=ox, [see Eq. (3.13)] and the transport

coeflicient [ye,=04,| [see Eq. (3.14)], respectively, where the amplitudes are averaged over 3000 <
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FIG. 3.2: Time evolution of each term in Eq. (3.12), d(6S)/dt, dW/dt, Q. and D in Case 1.
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FIG. 3.3: Time evolutions of the transport coefficients y.,, (ETG without zonal flows), y. (ETG
with zonal flows) and y; (ITG with zonal flows), where the gyro-Bohm units pZv /Ly (s =€, 1)

are used.

t<5000. In Fig. 3.4(b), one can see a much larger amplitude of the (k, =0, ky = ki =0.05)-mode
compared to the other modes in the case without zonal flows, while its amplitude significantly
decreases by a factor of about 30 in the case with zonal flows. A similar reduction is also found
for |Yex, =04 =ky, | 10 Fig. 3.4(c). The correlation between W, and |y, | indicates that the high level
of Yen, With the slow time-variation shown in Fig. 3.3 is mainly caused by low-k, modes, where
the (k, =0, ky = knmin)-mode makes the largest contribution to the heat transport. The zonal flows
with finite amplitudes shown in Fig. 3.4(a) suppress the low-k, modes and reduce the transport
level. Also, the contribution of |yek, =0 ,=k,;,| tO the total y., that is 27% in the case without zonal
flows, decreases to 7% in the case with zonal flows. The reduction of the amplitudes of low-k
modes by zonal flows leads to the steady ye.

The different evolutions of turbulent transport and the role of the zonal flow discussed above
are also understood from the comparison of vortex structures. Color contours of the electrostatic
potential fluctuations on the (x,y)-plane at  =4980 are shown in Figs. 3.5(a) — (c) for the above
three cases [(a)ETG without zonal flows, (b)ETG with zonal flows, (¢c)ITG with zonal flows],
respectively. In Fig. 3.5(a), one can see formation of isolated vortices with the positive and
the negative signs of the potential values. The size and amplitude of each vortex are typically
Avortex = 8 [pre] and [0¢|yorex = 18 [peTe/Lre], respectively. In addition, the (k, = 0, &k, = kpin)-
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mode, which makes a dominant contribution to the heat transport, is clearly observed behind
the isolated vortices. The isolated vortices are also observed in Fig. 3.5(b), where the typical
size and amplitude of each vortex are slightly smaller than those found in the case without zonal
flows. However, the (k, = 0, k, = knin)-mode no longer appears in the present case because it
is suppressed by the zonal flows with finite amplitudes. Also, the isolated vortices exhibit the
complicated motion and their mergers. Mergers of like-signed vortices have also been observed
in the two-dimensional decaying plasma turbulence with Hasegawa-Mima model (see, for exam-
ple, Ref. 15 and 25). In the present case, the zeroth velocity moment of the gyrokinetic equation
used here includes the similar nonlinearity to that in the Hasegawa-Mima equation which is de-
rived from Eqgs. (3.5) and (3.10) in the limits of k; = 0 and k,p, < 1. Thus, it is considered
that the formation of the isolated vortices and their mergers found in the slab ETG turbulence
reflect the similarities between the gyrokinetic and the Hasegawa-Mima equations. In the ITG
case with the zonal flow generation [Fig. 3.5(c)], an anisotropic flow structure dominated by the
strong zonal flow (k. ~0.4, k,=0) is observed, where the amplitude of the zonal flow potential is
00| 0na1 =2 [T/ Lre]. The slab ITG driven zonal flows with the large amplitude and its strong

flow shear completely suppress the turbulent transport.

3.3.3 Formation of coherent vortex streets and transport reduction

Here, we discuss the results of the slab ETG turbulence simulation in Case 2 which is linearly
more unstable in comparison with Case 1. The entropy balance relation is also satisfied in the
present case. However, we find quite different behavior of the electron heat flux and the vortex

structures as shown below.

Figure 3.6 shows the time evolutions of electron heat transport coefficients for Case 1 and
Case 2. As the linear dispersion relation for Case 2 shows the larger growth rate and the wider
range of unstable modes than those in Case 1, one finds earlier saturation and higher transport
level at ¢+ < 3000. In Case 2, however, a transition of vortex structure, which will be shown in
Figs. 3.8, occurs from a turbulent to a coherent states accompanied with the significant reduction
of transport level at £ ~3500. In contrast, Case 1 keeps the steady transport level of y. =4.65 X
1072 [p?evte /Lz] for t > 6000. The time averaged heat transport coefficients for Case 2 in the
turbulent and coherent states are summarized in Table 3.2. Surprisingly, the transport level in
the coherent state of Case 2 is about 2.6 times less than the steady transport level in Case 1
with a relatively moderate growth rates of the linear ETG modes. The reversal of transport
level between Case 1 and Case 2 is expected from neither quasilinear theory nor mixing-length

estimates. Since zonal flows play a major role in realizing the steady y. as shown in Fig. 3.3,
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TABLE 3.2: Time averaged heat transport coeflicients in Case 2.

Xe [o2ve/Lr] averaging time
turbulent state 3.37x 107! 1000 < 7 < 3000
coherent state 1.77 x 1072 6000 <t < 8000

we consider that the onset of the transition of the transport level also depends on the zonal flow

amplitude.

Comparisons of the time evolutions of the potential energy for Case 1 and Case 2 are shown
in Figs. 3.7(a) and 3.7(b), where the total potential energy W in Eq. (3.13) is divided into
zonal flow and turbulence components defined by Wy = >3y Wy 1,—0 and Wy = 3 2 k%0 Wi, ky»
respectively. In Fig. 3.7(a), we see that the turbulence energy Wy, in the both cases gradually
increases after the initial saturation of the ETG instability, then they reach to steady states at
t > 5200. The time averaged values are Wy, = 8.99 [(0w/Lr)*(T./e)?] for Case 1 and Wy, =
12.6 [(pw/L7)*(T./e)*] for Case 2, respectively, where the time averages are taken over 5200 <

1< 8000. Evolutions of the zonal flow energy W,s are quite different between Case 1 and Case 2
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FIG. 3.6: Comparison of the time evolutions of the transport coefficients y. in Case 1 and Case

2, where the gyro-Bohm units p2 v, /Ly are used.
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FIG. 3.7: Time evolutions of (a)turbulence energy Wy and (b)zonal flow energy W,¢ in Case 1
and Case 2, where the units (o../L7)*(T./e)? are used.

as shown in Fig. 3.7(b). In Case 1, the nonlinearly generated zonal flows increase exponentially
at t < 810. After that, the zonal flow energy, however, decays quickly and keeps a steady level
of Wy = 0.428 [(pwe/L1)*(Te/€)*], where the time averages are taken over 6000 < ¢ < 8000. In
contrast to Case 1, the zonal flow energy for Case 2 continue to increase gradually until # ~2700.
Finally, it sustains about 3.2 times higher level of Wy=1.36 [(0we/L7)*(T./€)?] than that in Case
1. The higher level of the zonal flow energy found in Case 2 is associated with the stronger
linear ETG instability causing the higher level of turbulence energy that is a source of zonal
flows. Furthermore, the smaller value of the parameter ® (=k;/k,), which denotes the normalized
parallel wavenumber, may also be related to the stronger zonal-flow generation. The different
behavior of the zonal flow energy between Case 1 and Case 2 lead to the different evolutions of

Xe with the steady level or the transport reduction, as shown in Fig. 3.6.
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(d)t=7800 (coherent state) for Case 2.

Figures 3.8(a) — (d) show color contours of potential and temperature fluctuations found in
Case 2 in the turbulent state at = 2400 and the coherent state at ¢ = 7800, respectively, where
the temperature fluctuations are defined by 67, = f dv”(vﬁ— 1)6 fx,. In the turbulent state, the
spatial structures of the both fluctuations are nearly isotropic on the x-y plane [Figs. 3.8(a) and
3.8(c)]. Moreover, the temperature fluctuations contain finer spatial-scale components than those
in the potential fluctuations. The generation of the fine-scale fluctuations reflects development
of the fine-scale structures of the distribution function in the phase-space. On the other hand,
in the coherent state, vortex streets along the strong zonal flow are observed in the potential and

temperature fluctuations [Figs. 3.8(b) and 3.8(d)] which are almost in-phase. A low wavenumber
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mode with k, = 0.05 and k, = 0.15, and the zonal flow component with k, = 0.15 and k, = 0
mainly contribute to the formation of coherent vortex streets, where they have the comparable
amplitude of [6¢,=0.05x,=0.15| = 0.664 [(ore/L7)(Te/e)] and |6¢ =0.15x,=0l = 0.598 [(0we/Lr)(Te/€)].
The coherent vortex streets slowly propagate in the ion diamagnetic direction (the negative y-
direction) which is opposite to the propagation direction of the linear ETG modes. Moreover,
the fine-scale structures of temperature fluctuations disappear in the coherent state while the
amplitude are as large as that in the turbulent state.

In order to find a relation between the transition of vortex structure and transport level, the
power spectra of o¢y , 6Ty, and e, are shown in Figs. 3.9(a) — (c), respectively, where the
quantities are summed over k, components and the time averages are taken for 1000 <7 <3000
in the turbulent state and for 6000 < r < 8000 in the coherent state. The low wavenumber
components of [6¢y, | for k, <0.2 in the coherent state are slightly larger than those in the turbulent
state while the higher wavenumber components for k, > 0.25 significantly decrease by a factor
of 3-10. On the other hand, the amplitude of |67} | for all k, in the coherent state is less than
that in the turbulent state, where the reduction of high wavenumber components for k, > 1.0 is
significant. These features are consistent with the coherent structures shown in Figs. 3.8(b) and
3.8(d), where the fine-scale fluctuations of d¢ and 67 are smoothed out. It is noteworthy that the
low wavenumber components of ek, | around k, = 0.1, which make dominant contributions to
the total heat transport, decrease by a factor of 15.9 in the coherent state, while the changes in
amplitudes of low wavenumber components of |6¢; | and |67}, | are within a factor of 3. The above
results for Case 2 suggest that the transport reduction in the coherent state is mainly associated
with a decrease of phase difference between 6¢y, and 67T}, rather than the reduction of fluctuation

amplitudes. Indeed, the transport coefficient y«, can be expressed as [see Eq. (3.14)],

O f
_1z2 2 2 ky
L= —e k|ogy, |7 [dy v =1 Im[—]
Xek ook II( I ) 5k,
| oT,
= —e‘zkikyléthlzlm[ kl] , (3.16)
O,

where normalized quantities are used here. The above equation shows that the transport coef-
ficient is proportional to the squared amplitude |6¢,|*> and the imaginary part of the distribu-
tion function (or temperature fluctuation) divided by the potential fluctuation Im[6 fi, /d¢, ] (or
Im[6T, /6¢x,1). In general, the phase difference A6, between two Fourier modes X;, and Y,
is given by A6y, = sin_l(Im[YkL /X, 1). Thus, velocity moments of the quantity Im[d fi, /0¢x, ]
are related to the phase difference between potential fluctuations and other fluid variables. The
reduction of the phase difference between potential and pressure fluctuations in the coherent

vortex structures dominated by zonal flows has also been observed in gyrofluid simulations of
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FIG. 3.9: Power spectra of (a)|o¢x, |, (b)|6T%, | and (c)|ye, | in the turbulent (1000 <7< 3000) and
coherent (6000 <7< 8000) states, where the quantities are summed over k, components and taken

time averages.
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sheared-slab ETG turbulence with small magnetic shear parameter §=0.1 [16,17].

In the present gyrokinetic simulation study, the transition of vortex structure from a turbu-
lent to a coherent state, which is accompanied with the reduction of the phase difference be-
tween o¢ and o7, is related to velocity-space structures of the perturbed distribution function,
or, especially, to its imaginary part. Figure 3.10 shows velocity-space profiles of the quantity
—Im[éfx, /0¢x, ] in Eq. (3.16). Here, the solid and dashed lines correspond to the results in
turbulent and coherent states, respectively, where the mode giving the dominant contribution to
the heat transport (k, = 0,k, = 0.1) are plotted. The linear eigenfunction is also shown by the
dotted line in the figure, where a scale factor of 1/2 is multiplied. One can see that the profile
in turbulent state is qualitatively similar to the linear eigenfunction, which can drive large heat
transport. In contrast, the significant decrease of —Im[0d fi, /0¢, ] 1s found in the coherent state,
which is related to the transport reduction. The decrease of —Im[df, /d¢x, ] corresponds to the
phase matching of d¢ and 67, and it is consistent with the spatial structures shown in Figs. 3.8(b)
and 3.8(d). Furthermore, the smaller value of —Im[df;, /d¢%, ] in the coherent state suggests that
the reduction of phase difference to potential fluctuations d¢y, is found not only for temperature
fluctuations 67}, but also for any n-th velocity moments of the perturbed distribution function

5M,£’1) = f dv v 6 fi,. This fact is utilized for a derivation of a model equation describing the

0-8 I I I I I I I I I
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“ coherent state (t=7800 ---- .=
_t; 04 + eigenfunction (x0.5) - 7N\ .
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_0.8 | | | | | | |
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FIG. 3.10: Velocity-space profiles of the quantity —Im[d fx, /d¢x, ] for the mode giving the domi-
nant contribution to the heat transport (k, =0, k,=0.1).
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coherent vortex streets.

The results of nonlinear simulations suggest that the onset of the transition to the coherent
state and the formation of vortex streets, which is accompanied with the phase matching phenom-
ena, are closely related to the behavior of zonal flows. It depends on the parameters n. =L, /Ly
and © = kj/k,, which determine the linear ETG instability in the present model with the fixed v,
and 7 =T;/T.. In particular, the parameter ®, which is relevant to the magnitude of the parallel
compression, is considered to be influential on the growth of zonal flows through nonlinear mode
couplings with k; #0 modes. It has also been pointed out that the parallel electron flows are es-
sential to the stabilization of the Kelvin-Helmholtz modes for zonal flows [14]. A comprehensive
parameter-scan is given in the next chapter in order to clarify which parameters are crucial for the
strong zonal-flow generation and the formation of the coherent vortex structures. These analyses
are expected to contribute to finding a critical condition for the transition of vortex structures
from turbulent to coherent states with transport reduction, and may provide ones a useful insight
in relation to the chaos- or turbulence-control. In fact, by means of the Hasegawa-Wakatani
model, Klinger et al. [26] pointed out that an externally applied perturbation of the parallel flow
leads to the transition from the drift wave turbulence to a coherent state.

The simple shear-less slab configuration with constant ® used in the present study is asso-
ciated with a local model for the neighborhood of the minimum-¢ surface (¢ denotes the safety
factor), which has a weak magnetic shear § <« 1, in the toroidal system with a reversed magnetic
shear profile [4,5]. In the case with a weak magnetic shear, each position of the rational surface
becomes more distant and the toroidal-mode couplings weaken so that the slab ETG modes can
also be destabilized. Actually, the global gyrokinetic PIC simulations of the slab ETG turbulence
for the reversed magnetic shear profile have found out the strong zonal-flow generation and the
significant reduction of the electron heat transport around the minimum-¢ surface where the §

vanishes [14].

3.4 Identification of coherent vortex streets

3.4.1 Hasegawa-Mima type model for coherent vortex streets

Here, we derive a model equation by which the coherent vortex streets shown in the previous
section can be described. It can also be utilized for the detailed comparison with nonlinear
simulation results.

Main features of the coherent vortex streets with significantly low transport level found in

the previous section are summarized as follows. First, the spatial profile of 6¢ mainly consists of
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large-scale vortices and zonal flows with comparable amplitudes [see Fig. 3.8(b)]. Second, the
propagating direction of these vortices are opposite to that of the linear ETG modes. Third, the
phase matching occurs between the potential fluctuation 6¢, and the fluctuations 6M,(('j) defined
by the n-th velocity moments of the perturbed distribution function. These features allow us
to derive a fluid equation for the coherent vortex streets. By taking the v-space integral of
gyrokinetic equation in Eq. (3.5) and by use of the quasi-neutrality condition in Eq. (3.10), one

can obtain the following equation,

9 .
=N O, — ik, (1 _

ne

> ki)él[/]ﬂ - Z b- (k/ X k”) &//k’lAkI&ﬂk’l’ =0, (317)

k=K' +K']
which is formally similar to the Hasegawa-Mima equation written in the wavenumber space.
Here, the moment of parallel advection term f dvy ik fx, (= ikju), which causes the linear
ETG instability through a coupling with higher order moments, is neglected for simplicity be-
cause it is relatively smaller than the other terms in the coherent state. The validity for neglect-
ing the parallel advection term will be discussed in Sec. 3.4.2. The FLR-factor is denoted by
A, = e"i[l + 7 — [y(k*)]. Normalizations are the same as shown in Sec. 3.2 except that the
macroscopic gradient scale length is changed from L7 into L, for comparison with the original
Hasegawa-Mima equation. The original Hasegawa-Mima model (HM model) is derived from
fluid equations for cold ions (7; — 0) with the adiabatic electron response, then the model de-
scribes the density gradient driven drift waves. In contrast to the original HM model, Eq. (3.17) is
derived from the gyrokinetic equation for electrons with the adiabatic ion response and includes
the electron temperature gradient 77, described by ik, (17.k% /2)6y, , which does not appeared in
the cold-electron limit (7. — 0). Hereafter, an abbreviation for our model in Eq. (3.17) is denoted
by “HM-n. model” for convenience. Similar to the original HM model, the HM-7. model also
has no source driving linear instabilities.

Figure 3.11 shows the comparison of real frequencies for k, = O between the linear ETG
mode described by the gyrokinetic model and linear drift waves described by the HM-7. model.
The real frequency for the HM-7. model is given by

e Mk n
B y €72

=———|1- =k ) 3.18
L 1+T—r0(k3)( 2 (3.18)

We see that the real frequencies in HM-n. model have negative values for the low wavenumber
modes of k, < \/Tne ~(.447 while the ETG modes have positive real frequencies for all modes.
The negative frequency means that the direction of the mode propagation is opposite to that of
the linear ETG modes. Indeed, as described in the previous section, the coherent vortex streets

propagate in the negative y-direction.
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FIG. 3.11: Comparison of the real frequencies wy (k, =0, k) between the linear ETG modes and

HM-7. model, where wy is normalized by v /L,,.

In the long wavelength limit of k,p. < 1, Eq. (3.17) is represented in the real space as

follows:

ot
where the square brackets denote the Poisson brackets [A, B] = (0,A)(0,B) — (0,B)(0,A). An

isomorphic form to the original Hasegawa-Mima equation, which has an opposite sign of the

9 fr-(+0)V%} oy - a% (1 + %Vi)éw— 6w, (1+1)Viey|=0, (3.19)

drift frequency, is derived by taking a cold-electron limit 7. — 0 and . — 0. In analogy with the
HM model having a traveling wave solution [27], e.g., isolated dipole vortices, one can derive
a condition for the traveling wave solution of the HM-7. equation in the long wavelength limit.
Suppose the potential fluctuation of oy = dy(x,y — ut) in Eq. (3.19) with constant traveling
velocity parameter u, then the time derivative is replaced with the y-derivative, 0,04 = —ud, 0y =

[—ux, oy]. After some simple algebra, one finds the following equation,

1 A
[S1, Sa] = [Vi&//—( 117:)x, 5!//—{M— 2(1"+ T)}x] - 0. (3.20)

This condition shows that 6y is a traveling wave solution of the HM-7. equation if there is a
functional relation between S| and S, i.e., S =F(S,) with an arbitrary function F. The analysis
of the functional dependence on S| and S, is similar to that demonstrated in two-dimensional

rotating fluid turbulence by Jung and Morrison et al. [28]. They introduced a method of averaging



3.4 Identification of coherent vortex streets 43

0.6
0.5
04
0.3
0.2
0.1

0 |

0 4000 8000 12000 16000
Timet

X with parallel advection —
Xe Without parallel advection -~

FIG. 3.12: Comparison of the time evolutions of y. with and without the parallel advection term.

the stream function that allows them to find the linear functional relation between the generalized
vorticity and the stream function. In the present study, we investigate the functional relation
between S| and S, as a measure for characterizing the coherent vortex streets to be a traveling

wave solution of the HM-7, equation.

3.4.2 Comparison between HM-7. model and simulation results

In this section, the coherent vortex streets found in the gyrokinetic simulation for Case 2 is
compared with the traveling wave solution of HM-7. equation.

In order to confirm the validity for neglecting the parallel advection term in the derivation
of HM-n. model in Eq. (3.17) [or Eq. (3.19)] for the coherent vortex streets, we compare
gyrokinetic simulation results for cases with and without the parallel advection term ikvd f, .
Figure 3.12 shows the time evolution of y., where the solid line is the same as that shown in Fig.
3.6 for Case 2. The dotted line corresponds to the result where the parallel advection term is
artificially eliminated in the coherent state at = 8000 and later. Although the initial increase of
Xe arisen from the discontinuity of the parallel advection term are observed for 8000 <7< 10000,
the long-time behavior of y. for 7> 10000 shows the quite low transport level, which is the same
level as that in the coherent state at around #=8000 shown by the solid line.

Snapshots of vortex structures for the cases with and without the parallel advection term are
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compared in Figs. 3.13(a) and 3.13(b), respectively, where the gyro-averaged potentials 6y are
plotted by color contours. In Fig. 3.13(b), one finds that the vortex streets found in the coherent
state at + = 7800 [Fig. 3.13(a)] sustain its spatial structure for a long time after eliminating
the parallel advection term. Also, the vortices propagate in the negative y-direction, which is
consistent with the negative real frequency for low wavenumber modes of the HM-7. model.
These results justify the neglect of the parallel advection term in the derivation of HM-7, model
for the coherent vortex streets. In addition, the propagation of the vortices keeping the spatial
structure suggests that the coherent vortex streets are described by a traveling wave solution of
Eq. (3.19).

Direct evaluations of the functional relation of S| and S, in Eq. (3.20) are shown in Figs.
3.14(a) and 3.14(b) for the nonlinear simulation results in Case 2, where the traveling velocity
parameter u ~ —n/4 is estimated from the simulation results. Here, we used simulation data
taken from +37 < x < +157 [see Fig. 3.13(a)] for the single vortex street on the right side of
simulation domain, because the vortices on the left side propagate with slightly different speed.
The puncture plots of S versus S, in the turbulent ( =2400) and coherent (# = 7800) states are
shown in Fig. 3.14(a). A nonlinear functional relation between S and §, are clearly found in
the coherent state while the dot pattern broadens and looks disturbed in the turbulent state. The
same plots are made for the simulation without the parallel advection term, which corresponds to
a simulation of HM-7, model [Fig. 3.14(b)]. One can see that the nonlinear functional relation,
which is similar to that in the coherent state shown in Fig. 3.14(a), is apparently sustained for a
long time. The puncture plot for the coherent state in Fig. 3.14(a) clearly shows the qualitative
agreement with that in Fig. 3.14(b) even with a stronger curvature in the functional relation
between S and S,. Therefore, it is concluded that the coherent vortex streets found in the slab
ETG turbulence for Case 2, which leads to the transport reduction, is described by a traveling

wave solution of the HM-7, equation.

3.5 Concluding remarks

We have investigated the vortex structure and related transport reduction in the slab ETG tur-
bulence by means of the gyrokinetic Vlasov simulation. The nonlinear simulations with high
phase-space resolution enable us to examine the entropy balance relation, detailed structures of
distribution function in the velocity-space and coherent vortex structures of fluid variables, e.g.,
potential and temperature fluctuations, which have rarely been discussed in earlier studies on

ETG turbulence.

The evaluation of entropy balance relation in the slab ETG turbulence with a moderate linear
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FIG. 3.13: Contours of the gyro-averaged potential with the parallel advection term at (a)r=7800
and without one at (c)¢t=16000.

growth rate (Case 1) shows that the turbulence reaches to the statistically steady state accom-
panied with weak zonal flow generations. Through the comparison of the slab ETG (with and
without zonal flows) and the slab ITG turbulence simulations, it is found that the zonal flows
driven by the slab ETG turbulence play a crucial role in suppressing the (k, = 0, ky, = kyin)-
mode and in realizing the steady transport. Formation of isolated vortices and their mergers with
complicated motion are observed in the slab ETG turbulence while the slab ITG turbulence is

dominated by strong zonal flows which completely suppress the turbulent transport.
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In the slab ETG turbulence with larger growth rates (Case 2), we observed a transition of the
vortex structure from a turbulent state with finer-scale fluctuations to a coherent state dominated
by coherent vortex streets, which are composed of large-scale vortices and strong zonal flows.
At the same time, the turbulent transport reduces to a quite low level which is less than the time-
averaged y. in Case 1. The spectral analysis of |[0¢ |, |07k, | and |y, | in the wavenumber space
shows that the transport reduction in the coherent state is mainly associated with a decrease of
phase difference between d¢y, and 67% , not with the reduction of the amplitudes. The transport
reduction through the phase matching is confirmed more clearly by the velocity-space plots of
—Im[d fi, /0¢k, 1. The amplitude of —Im[6 fi, /O¢x, ] is quite small in the coherent state while its
profile in the turbulent state is qualitatively similar to the linear eigenfunction which drives large
heat transport. Furthermore, the smallness of —Im[d fx, /d¢x, ] in the coherent state shows that the
phase matching with d¢, occurs not only for 67%, , but also for any n-th velocity moments of the
perturbed distribution function, i.e., 6M,(€'i) = f duy v 6 fi -

In order to describe the coherent vortex streets, we have derived a fluid model from the
gyrokinetic equation, where the velocity moment of the parallel advection term f dvy ikyvyo fi,
is ignored. The validity of neglecting the parallel advection term in the derivation has been
confirmed by comparisons of the nonlinear simulations. In addition to a formal similarity to the
original Hasegawa-Mima equation, the HM-7, model derived in Eq. (3.19) involves the electron
temperature gradient term. By evaluating the functional relation of S| and S, [see Eq. (3.20)]
from the nonlinear simulation results, it is concluded that the coherent vortex streets found in the
slab ETG turbulence, which are related to the transport reduction, are explained by a traveling

wave solution of HM-7, equation.
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Chapter 4

Effects of parallel dynamics on transition

of vortex structures

4.1 Introduction

lectron temperature gradient (ETG) modes are more recently investigated theoretically

and numerically as a main cause of the anomalous electron heat transport [1-9]. The

ETG turbulence inherently involves various vortex structures, such as turbulent vortices,
zonal flows, and radially elongated streamers, which strongly depend on geometrical and plasma
parameters, due to the weakness of the zonal flow generation. Especially, the nonlinear dynamics
of streamers, which may lead to substantial enhancement of the heat transport in toroidal systems,
has been actively pursued [1, 3, 6,9]. Nevertheless, the detailed physical mechanism of the
saturation of the toroidal ETG instability growth and the dependence on the magnetic shear
are still open problem, as well as the precise estimation of resultant transport level. From the
aspect of the turbulence-control with regulating the electron heat transport in the future burning
plasmas, of which the electrons are preferentially heated by the collision with high-energy a-
particles, it is worthwhile to understand fundamental physics behind the formation of vortex

structures including zonal flows and its stability as well as the related transport properties.

In Chap. 2, we have investigated vortex structures in the slab ETG turbulence as well as
velocity-space structures of the distribution function by means of the gyrokinetic Vlasov simula-
tions with high phase-space resolution, and have found the formation of coherent vortex streets
accompanied with the significant transport reduction in the nonlinear phase. Detailed analysis of
the distribution function clarified that the transport reduction is associated with the phase match-
ing between the potential and temperature fluctuations rather than the reduction of the fluctuation

amplitude. Furthermore, we have revealed that a traveling wave solution of a Hasegawa-Mima
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type equation derived from the gyrokinetic equation for electrons describes well the coherent
vortex streets found in the turbulence simulation.

In this chapter, a comprehensive parameter study of the slab ETG turbulence is carried out
by means of the nonlinear gyrokinetic Vlasov simulations, with the aim of elucidating underly-
ing physical mechanisms of the transition of vortex structures from turbulent to coherent ones,
which is closely associated with the zonal-flow generation, and the related transport reduction.
Especially, the dependence on the magnitude of the parallel compression, which causes cou-
plings with the higher-order fluid moments, and the electron temperature gradient is intensively
examined. The detailed analyses reveal a critical condition of the transition of vortex struc-
tures associated with the parallel dynamics, and may provide ones an useful insight into the
turbulence-control. Although the present study is limited to the two-dimensional slab system, it
also contributes to deeper understanding of the toroidal ETG turbulence. Actually, in the neigh-
borhood of the minimum-¢ surface (g denotes the safety factor) of the toroidal system with a
reversed magnetic shear profile, the effect of the parallel compression becomes more important
in a weak magnetic shear region where the magnetic drift frequency decreases. and then the slab
ETG modes may be destabilised as well as the toroidal ones [5-8].

In the latter part of this chapter, we discuss the dependence of zonal flow generation on
the magnitude of the parallel compression based on the modulational instability analysis with
a truncated fluid model, where the parallel dynamics such as acoustic modes is taken into ac-
count. This is an extension of the conventional modulational instability analysis by means of the
Hasegawa-Mima type model [9-13].

The remainder of this chapter is organized as follows. A physical parameters and linear prop-
erties of the present ETG turbulence simulations are described in Sec. 4.2. Nonlinear simulation
results of the slab ETG turbulence are presented in Sec. 4.3. Then, we discuss in detail the tran-
sition of vortex structures, which is closely associated with the zonal flow generation, as well
as the related transport properties. In order to find qualitative understanding of the transition of
vortex structures, the modulational instability analysis is carried out in Sec. 4.4, where the de-
pendence of the zonal flow growth rate on the magnitude of the parallel compression is compared

with the turbulence simulation results. Finally, concluding remarks are given in Sec. 4.5.

4.2 Physical parameters and linear properties

Gyrokinetic model considered here is the same as that used in the previous section. For conve-
nience, governing equations for the slab ETG turbulence simulations are again given here [cf.

Sec. 3.2]. The electrostatic gyrokinetic equation for the perturbed distribution function ¢ fi, (v, 1)
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written in the wavenumber space is given as
O tikw)oh - < > b (K, X k) 6w, Sfer — Ci(Sfi)
J— LK)V, _ — . ’ y —
ot 11 ko B 8 1 1 K, CJkY INCJk .
mv; 1 k2 p?
= —i{w*e 1+ [—” - == lpte)

2T, 2 2
We introduce a dimensionless parameter ® associated with the tilt angle of magnetic field lines,

o)
kIIUII}FMlle ;ﬁh NNV

® = kjLr/kypi = OLr/pe. The tilt angle parameter © reflects the magnitude of the parallel
advection (or the parallel compression) term in proportion to kj, and turns out to be an important
parameter for the transition of the vortex structures in the slab ETG turbulence as discussed in
Sec. 4.3.

The electrostatic potential fluctuation is determined by the quasineutrality condition with the
adiabatic ion response given as follows,

€5lﬁkj_
T b

de” 5fekJ_ I’l()[\kl (42)

where Ay, =exp(k p2)[1 + 7 — To(k* p2)] with =T, /T:.
Using the closed set of equations described above, the entropy balance equation is derived as

follows, p
— (6S +W)=L;'Q.+D, (4.3)

where 68 = 3y [dvyl6 e, P/2F vy, W= g, (no/ D11 +7-Tlledn, | Tel* = Sk, (n0/2)Aw leSn, / Tel,
L;' Qe =L;' Sy, (¢/B) Relik,6n, [duy(me? /T~ D)5f; /2], and D= 5, Re [doCy(6fi )51/ Fa
denote the entropy variable, the potential energy, the entropy production due to the turbulent
heat flux driven by the electron temperature gradient (thermodynamic force), and the collisional
dissipation, respectively. It is confirmed that, for all the turbulence simulation results discussed
below, the entropy balance relation is accurately satisfied within an error less than 0.5% of the
mean collisional dissipation level.

The linear growth rate and the real frequency of the ETG modes depends on the collision
frequency v., the temperature ratio 7, the electron temperature gradient parameter 7., and the tilt
angle parameter ®. Using Egs. (4.1) and (4.2), the dispersion relation of the linear ETG mode is
given by
Ne

\r® V20 \;@ {1 ) (1+klpte)}]Z(§) =0, (4.4)

where { 1s defined as { =w/ \/Qk”vte with a complex frequency w. The plasma dispersion function
is denoted by Z(¢) = inwexp(=¢?)(1 + Erf(i¢)) in terms of the error function Erf(z). Since the

collision frequency is set to be sufficiently small here (v.Ly /v, = 2.0x 107%), the effect of the
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collisionality is neglected in the above dispersion relation. Also, the temperature ratio 7 is fixed
to unity so that the independent physical parameters are 7. and © in the present study discussed

in detail below.

Figure 4.1 shows the contour of the maximum growth rate of the linear ETG modes 1 (max) On
the two-dimensional (7., ®)-space. Here, the parameter sets used in the turbulence simulations
are also plotted with solid circular symbols. One finds that, in the normalization with Ly, the
maximum growth rate y; max) has weak dependence on 7., whereas it has stronger dependence
on O. From this point of view, we have carried out the parameter scan of the ETG turbulence
for ne > 6 with focusing on the dependence on ®. In the present parameter study, 45 nonlinear
gyrokinetic simulations have been carried out in total [12 runs for . = 6 and 11 runs for 7. =
{7,8,9}].

The ky-spectra of the linear growth rate ;. for 7. =6 are shown in Fig. 4.2, where ©®={0.033,
0.050, 0.133, 0.150, 0.200} are chosen as five representative cases. Here, we set k, =0 because
the finite k, has a stabilizing effect. From this figure, one can see that the parameter © is related

to not only the magnitude of the growth rate, but also the width of unstable region in the k,-space.
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FIG. 4.1: Contour of the maximum linear growth rate ¥ max) of linear ETG modes with respect
to 1. and @. Circular symbols represent the parameter sets used in turbulence simulations shown
in Sec. 4.3.
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In the nonlinear gyrokinetic simulations, physical quantities are normalized as x=x"/p¢, y=
Y /P, v = UI,I/U“” t =tve/Ly, Ve = VL[V, Fry = Fva”Ute/Vlo, Ofx, = 6fk’LLTvte/pten0 and
O¢k, = eo¢y Lr/Tepe, wWhere the prime means a dimensional quantity. The number of Fourier
modes in the two-dimensional wavenumber space and the grids on the yj-space are set to be
(Ni,> Ni,» Ny )=(129,257,2049). The range of the wavenumbers k,, k, and the vj-coordinate are
0 < ky < kimaxs —kmax < ky < Kkimax and —vpmax < U < Umax With ke = 12.8 and vy, = 10, respec-
tively. The size of the simulation domain is set to be a square with L, = L, = 207p,., then the
non-zero minimum absolute value of the wavenumber is k,;, =0.1. The initial condition for the
distribution function is given by the Maxwellian distribution with a small amplitude of 107 and

random phases.

4.3 Nonlinear simulations

4.3.1 Dependence of vortex structures on parallel compression

Results of the parameter study with respect to 7. and ® on the nonlinear gyrokinetic simulations
are shown and discussed here. The results for ®={0.033, 0.050, 0.133, 0.150, 0.200} with n.=6

are selected as representative cases, where the growth rates of linear ETG modes are shown in

0.04 L B L
P ©=0.033 —
S ™. ©=0050 -
0.08 r o
i ©=0.200 ---
2 o002 .
s
0.01 | |
0 0.4 0.8 1.2 1.6

wavenumber ky [05]

FIG. 4.2: Growth rates y;. of linear ETG modes for ® = {0.033, 0.050, 0.133, 0.150, 0.200} ,
where 77, =6 and &, =0.
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TABLE 4.1: Time averaged heat diffusivity in the early and late nonlinear phases.

Q) X< [pive/Lr] x> [pive/Lr] types of evolution
0.033 1.99 x 107! 1.01 x 1072 transitional
0.050 1.38 x 107! 3.55x 1073 transitional
0.133 6.37 x 1072 1.23 x 1072 steady
0.150 6.84 x 1072 2.47 x 1072 steady
0.200 1.17 x 1072 229 %1073 suppressed

Fig. 4.2. The other cases including the results for n. = {7, 8, 9} are also summarized in Sec.
4.3.2.

Figures 4.3(a) and 4.3(b) show time evolution of the heat diffusivity y. (= Q.) for the rep-
resentative cases. (Note that y. = Q./ (noL;l) is reduced to y. = Q. in terms of the normaliza-
tion with Ly, where the prime means dimensional quantities.) The initial perturbation linearly
grows due to the ETG instability until the nonlinear saturation takes place. Then, one clearly
finds the different behavior of y. depending on the value of ® in nonlinear phases. Transition
of the turbulence accompanied with the transport reduction for + > 1000 is observed in the
cases of ® = {0.033, 0.050} [Fig. 4.3(a)] while the steady transport is sustained in the cases
of ® = {0.0133, 0.150} [Fig. 4.3(b)]. For the case of ® = 0.200 [Fig. 4.3(b)], we find that
the turbulent transport is almost completely suppressed in the nonlinear phase. The significant
suppression of the transport for ® =0.200 is similar to that observed in the ITG turbulence sim-
ulations with L;' below the nonlinearly upshifted critical gradient (Dimits-shift) [14, 15]. The
heat diffusivity for the above cases are summarized in Table 4.1, where x5 and x> denote the
time-averaged values taken for an early (immediately after the saturation of linear ETG modes,
e.g., 500 < t < 1300 for ® =0.033) and a late (e.g., # < 2500) nonlinear phases, respectively.
Here, the fixed time-interval Az,,. =750 is used for the time-averages.

It is expected that the different behavior of the heat diffusivity discussed above is closely
related to the zonal flow generation. The time evolution of the zonal flow potential energy nor-
malized by the total one W, i.e., W,;/W, is shown in Fig. 4.4(a) and 4.4(b), where W, represents
the zonal flow component of W. It should be emphasized that after the initial saturation of the
zonal flow growth (¢ > 1000), the subsequent generation of the zonal flow to a higher level is
found in the cases of ® ={0.033, 0.050} [Fig. 4.4(a)], while the zonal-flow amplitude remains
almost constant for the other cases [Fig. 4.4(b)]. The secondary growth of the zonal flow shows

the clear correlation with the transport reduction found in the late nonlinear phase, as shown in
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FIG. 4.3: Time evolution of the heat diffusivity y. for (a)® = {0.033, 0.050} and (b)® =
{0.133, 0.150,0.200}, where 1. =6.

Fig. 4.3(a). The other cases plotted in Fig. 4.4(b) are also correlated to the steady behavior of
Xe shown in Fig. 4.3(b). In addition, in the case of ® =0.2000, we see the strong generation of
the zonal flow which is responsible for the significant transport reduction at the saturation of the
instability growth. The secondary growth of the zonal flow depending on ® will be discussed in

detail in Sec. 4.4 by means of the modulational instability analysis with a truncated fluid model.

The power spectra of potential and temperature fluctuations in the cases of ® ={0.050, 0.150,
0.200} are shown in Figs. 4.5(a) — (c), respectively, where the quantities are summed over k,-
components and are time-averaged in the early and the late nonlinear phases. Here, the tempera-
ture fluctuation is defined by 67y, = f dv”(vﬁ—l)é fx,- The case of ®=0.050 [Fig. 4.5(a)] shows the

significant reduction of higher wavenumber components of |6y, | and |67} | in the late nonlinear
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FIG. 4.4: Time evolution of normalized energy of zonal flows W,¢/W for (a)® ={0.033, 0.050}
and (b)®={0.133, 0.150,0.200}, where 7. =6.

phase in comparison with those in the early phase. Thus, the transitional behavior is expected to
appear not only for the heat diffusivity, but also for potential and temperature fluctuation profiles
in the real space in similar to Figs. 3.8. On the other hand, no significant change in the spectrum
is observed for the two phases in the case of ® = 0.150 [Fig. 4.5(b)]. This is consistent with
the steady behavior of the heat diffusivity as shown in Fig. 4.3(b). The case of ® =0.200 [Fig.
4.5(c)] also shows similar spectrum, while, the amplitudes of |67 | and |6y, | are smaller than
those in the case of ® =0.150. This implies that the strong zonal flow generation in the case of

©®=0.200 [see Fig. 4.4(b)] suppress the development of turbulent fluctuations.

Color contours of potential and temperature fluctuations in the real space at r = 3480 are
shown in Figs. 4.6(a) — (e), and Figs. 4.6(f) — (j), respectively. Depending on ®, three different

types of vortex structures are clearly observed in the late nonlinear phase, i.e., coherent vortex
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FIG. 4.5: Power-spectra of |0y, | and [6T}| for (a)® = 0.050, (b)® = 0.150 and (c)® = 0.200,
where the quantities are summed over k,. Each line in the figures shows the results with different

time-intervals. The units of |6y, | and |67}, | are Tepi/eLy and Tepie /Ly, respectively.
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streets [(a), (b), (f) and (g)], turbulent vortices [(c), (d), (h) and (i)], and zonal-flow-dominated
states [(e) and (j)]. It should be noted here that the coherent vortex streets, which appear in the
cases of smaller value of ® <0.1, are formed by the transition from turbulent vortices found in
the early nonlinear phase, while no transition is observed for the other cases. The formation of
the coherent vortex streets is associated with the phase matching of d¢ and 67, where the heat
transport is significantly reduced. On the other hand, for the cases of the turbulent vortices with
©={0.133, 0.150}, the temperature fluctuations involve much finer scale structures than those in
the potential fluctuations. We have verified that the transition of vortex structures, which depends
on ®, is commonly observed for the other cases with . ={7, 8, 9}.

Let us consider a quantity that represents the effect of the parallel compression on the for-
mation of coherent vortex structures. From the Egs. (4.1) and (4.2), one can derive the fluid

equation for the potential fluctuations 6y, as follows,

2
%Akﬁwh — iOk,ouy, — ik, (nl - %)&% - zA: b- (K, X K)oy Awdtny =0, (4.5
where the normalized quantities are used. The parallel flow is defined by ou, = f do6 fx, -
Equation (4.5) is reduced to the Hasegawa-Mima like equation (designated as HM-7. equation
in Sec. 3.4) in the limit of ® — 0 and the long-wavelength approximation, where the terms up
to O(k>) are kept. Here, we define a quantity representing a relative magnitude of the parallel
compression term (the second term) to the diamagnetic drift term (the third term) in Eq. (4.5),
Le., R=17.0 X Rel[oux, 6y 1/ X, |6y |>. From the turbulence simulation results, it is found
that R = 0.33 for ® = 0.050, R ~ 0.87 for ® = 0.150, and R = 1.41 for ® = 0.200, where the
time-average is taken for 2500 < 7 < 3500. The small value of R for ® = 0.050 suggests that the
coherent vortex streets are approximately described by a traveling wave solution of the HM-7,
equation derived from Eq. (4.5) in the limit of ® — 0, as discussed in Sec. 3.4.2. In contrast,
for the cases with relatively larger ® or R, the Hasegawa-Mima model is no longer valid. Thus,
the effect of the finite parallel compression, which causes couplings with the higher-order fluid
moments through electrostatic acoustic modes, becomes more important.

Comparisons of the power spectrum of the distribution function ¢ i, in the velocity-space for
the different ® give us another physical insight into the different turbulence structures. Following
the works of Watanabe and Sugama [see Ref. 20 and 21], we introduce the Hermite expansion
of the distribution function, i.e., 0 fi, (v)) = 2., ¢k, nH, (V) Fay(vy), where H, denotes the Hermite
polynomial of the order n. Note that the nth order coeflicient of the Hermite expansion ¢, , =
[duyH,(v))é f /n! represents not only the amplitude of the nth-order fluid moment, but also the
structure of ¢ fi, in the vj-space (n is related to the usual Fourier wavenumber [ in the vj-space

with n ~ I for n > 1), The Hermite expansion applied to the entropy balance equation in Eq.
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FIG. 4.6: Contours of [(a) — (e)]potential and [(f) — (j)]temperature fluctuations for ® ={0.033, 0.050, 0.133, 0.150, 0.200} at ¢ = 3480,

where the box size is 2070, X 2070
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(4.3) leads to 5
E (6Sn + 6n,lW) = Jn—% - Jn+% + 611,2Qe +D,, (46)

where the quantities are defined as 65, = Y, (n!/2)lek, 4l J,, 1= 2, Okl Imlee, 17,1
o 1= 2k, Oky(n+1)! Im[gokbngol’;bn +1)s and D, = -2v.néS, (the normalized quantities are used).
The symbol 6,,, denotes the Kronecker delta. The term J,_;/2 (J,+1/2) stands for the entropy
transfer from the (n — 1)th (nth) to the nth [(n + 1)th] components through the phase mixing
process caused by the parallel advection term ikjv;0 fi, in Eq. (4.1). By treating the variable n as
a continuous one, the entropy transfer terms are rewritten as J,,_1/2 — Jy41/2 =~ —0J,/0n, where J,
is regarded as the entropy flux in analogy with the energy flux I1(k) = — fokdk/T(k’) (T'(k) 1s the
energy transfer function) in a theory of the neutral-fluid turbulence [16]. The positive entropy
flux means the normal-cascade process of the entropy variable, namely, the entropy produced by
the turbulent heat flux at the lower-n region is transferred to the higher-n region in accordance
to the generation of the fine-scale fluctuations on the distribution function. In the statistically
steady state, one obtains the following balance relation for n>3,

oJ,
Joy =y = mo =

-D, . 4.7)

It is expected that the inertial subrange, which is affected neither by the entropy production
for n < 2 nor by the collisional dissipation, can be observed if these scales are well separated.
Watanabe and Sugama had derived the analytical model of ¢S, for the slab ITG turbulence,

where the zonal flow generation are artificially suppressed, as follows,

Oi ( Vin) O ( 2 vin )
oS, = expl——]1, exp|l—= , 4.8)
{2711 U] 2w U3

where the former and the latter equations represent the solutions for the inertial and the dissi-

pation ranges, respectively. Also, v and yy; are factors related to the growth of the averaged
wavenumber (|1}, = > 1kl ok, 4>/ D, 1@k, o> due to the strain produced by E x B flows (The
detail descriptions are given in Ref. 20). The results of the present slab ETG turbulence simula-
tions are compared with these theoretical predictions.

The power spectra of the entropy variable 65 ,,, the entropy flux J, normalized by —D (=~ Q,)>
0 and the spectrum-averaged wavenumber (|,|), for the cases of ® ={0.050, 0.150, 0.200} are
shown in Figs. 4.7(a) — (c), respectively, where the time-average is taken for the late nonlinear
phase. One can see that the n-spectra of 65, and —J,/D depend on ®, where the amplitude of
Kn for the case of ® = 0.150 is much higher than those of the other cases. Indeed, it reflects the
development of the fine scale fluctuations of 67 with large amplitude for ® = 0.150, as seen in

Figs. 4.6. It is also recognized that the formation of the inertial subrange with J, =—D is not so
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FIG. 4.7: Power-spectra of (a)oS ,, (b)-J,/D and (c)(lky[), for ®={0.050, 0.150, 0.200}, where

the time average is taken for the late nonlinear phase.
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clearly observed in the Fig. 4.7(b), even though the power-law profiles of §S, in proportion to n~*
with @~ 1.3 are commonly observed in the region of 5 <n <100 for all cases [Fig. 4.7(a)]. This is
because the collision frequency v, =2.0 x 10~* used here is not sufficiently small to separate the
dissipation region from the entropy production one so that a slight deviation from the power-low
profile of 65, ocn™!, which is predicted theoretically, appears even in the turbulence-dominated
case of ® = 0.150. (Actually, in Ref. 20, the power-law with n~! has been clearly observed
for the case with v; < 1.25 x 107 in the unit of v;/Ly.) It is, however, emphasized that the
®-dependence of 65, and J,, obviously tells us the importance of the parallel-compression effect

also in the velocity-space spectrum.

It is also noteworthy that the different exponential decay of 45, depending on ® is observed in
the dissipation range of n> 500 even though the collision frequency is fixed in the present study.
This is explained with the n-spectra of (|k,[), as shown in Fig. 4.7(c). While the complicated
behavior, which is owing to the strain produced by the different vortex structures depending on
©, appears at the lower-n region, the almost same saturation level of (|k,[),( = ym/®) is found
at the higher-n region of n > 500, irrespective of ®. Thus, by using Eq. (4.8), we obtain the

scaling of the typical value of n for the dissipation range as nq oc v;**y;1” oc @/ (for fixed-ve),
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FIG. 4.8: Time-averaged value of W,;/W as a function of ® for . ={6, 7, 8, 9}, where the time-
average is taken for the late nonlinear phase (2500 <t <3500). Maximum linear growth rates are

also shown by solid lines with the same colors.
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which is consistent with the results shown in Fig. 4.7(a), where the relation of the dissipation
ranges, n4(®=0.050) < ng(0@=0.150) < n4(® =0.200), are observed. These results indicate that
the formation of coherent vortex structures (e.g., vortex streets or strong zonal flows) in the real
space affects the n-spectra for the entropy production region on the lower-n side, but not for the

dissipation region on the higher-n side except for the difference of the value of ®.

4.3.2 Summary of parameter studies

Let us briefly summarize the vortex structures associated with zonal flows and the related trans-

port properties found in the present parameter study of the slab ETG turbulence. The results
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FIG. 4.9: Time-averaged value of y. as a function of ® for (a)n. ={6, 7} and (b)n. ={8, 9}, where
X< and y7 represent the values averaged over the early and late nonlinear phases, respectively.

Maximum linear growth rates are also shown by solid lines with the same colors.
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of the ®-dependence of time-averaged values of the normalized zonal flow energy W,¢/W are
shown in Fig. 4.8, where all cases of 7. are plotted. For reference, we also plotted the corre-
sponding maximum growth rates of the linear ETG modes 1 max) 1n the figure. One clearly finds
that the strong zonal flow is generated in the regions of ® <0.1 and ® > 1.8, corresponding to the
formation of coherent vortex streets and the zonal-flow-dominated structure, respectively. The
zonal flow generation is weaker in the region of 0.1 <® < 1.8, where the turbulent vortices are
observed. It is also remarkable that the similar ®-dependence of W,¢/W is found in all cases of
n.=1{6, 7, 8, 9}. This implies that the transition of the vortex structures in the slab ETG turbu-
lence is mainly controlled by ® rather than 7, if the value of 7. is large enough. Actually, in all
cases of 7., the completely different vortex structures have been realized depending on ®, even
for the cases with the same maximum growth rate ymax). It is confirmed by the fact that, for
n. =06, the cases of ®={0.033, 0.133} with the same 7y max) show quite different levels of W,¢/W.

In order to discuss the relation between the transition of vortex structures and the transport
reduction, we plotted in Figs. 4.9(a) and 4.9(b) the ®-dependence of y. averaged over the early
and late nonlinear phases for . = {6, 7} and 7. = {8, 9}, respectively. One finds that the distinct
difference between y= and x> indicating the transport reduction is commonly found in the region
of ® < 0.1 for all values of r.. Also, we see the qualitatively similar dependence of y. on ©
such that the reduction of y. becomes smaller for the larger ®. It is remarkable that, for small ®,
the transport reduction associated with the formation of coherent vortex streets is realized in the

nonlinear phase, even if the maximum growth rate of linear ETG modes is relatively large.

4.4 Modulational instability analysis for zonal flow generation

4.4.1 Truncated fluid model

In the previous section, it is found that the formation of coherent vortex structures is closely
related to the secondary growth of zonal flows in the nonlinear phase as shown in Figs. 4.4.
Here, we discuss the dependence of zonal flow generation on ® (= kjLr/k,p.) based on the
modulational instability analysis with a truncated fluid model, where the parallel dynamics such
as acoustic modes due to the parallel compression is taken into account. These analyses give us
qualitative understanding for mechanisms of the secondary growth of zonal flows found in the
ETG turbulence simulations.

Here, we consider truncated fluid equations for the modulational instability analysis. In the
derivation of the fluid model below, we employ the description with dimensional quantities again.

By taking the fluid moments of the gyrokinetic equation [see Eq. (4.1)] up to the second order,
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one obtains the following equations,

(%6’1’” + ikynoouk, + iw.eng (1 - 3/{1 tze) e&;{:u
- I%ZA“ b (K, x k) 6y ome =0, (4.9)
nOme(%éukl + ik (TeOng, + nodTy, — noedy, )
- TSN b (K, x ) G S = 0, (4.10)
A

0
nogtéTkl + iky 2noTeOug, + 6qk, ) + iw.eNenoediy,

- ”OCZb (K, % K)oy 6Tr = 0, @.11)

where the fluid quantities are defined by ony, = f dv|6 fi,, noduy, = f dvyyo fi,, oo Tk, = f dv”(mevﬁ—
Te)ofi, and Ogx, = f dv||(mevﬁ —3T.v))d fi, » which denote the fluctuations of the density, the paral-
lel flow, the temperature and the parallel heat flux, respectively. Here, the collisional dissipation
is neglected because of v.Ly /v < 1.

In order to derive a reduced model describing the evolution of zonal flows, we postulate here
that (i) the fluid equations are truncated by ignoring the parallel heat flux dgx, in Eq. (4.11), and
that (i1) the third term iw..n.npedyy, , which drives the linear ETG instability, is also neglected
in Eq. (4.11). The first assumption (i) is necessary for the truncation of the couplings of fluid
equations. The second one (ii) is useful for the analysis of modulational instabilities driven by
the “stable” pump wave, because we focus on the secondary growth of zonal flows after the
initial saturation, where the ETG mode no longer grows linearly. Furthermore, (iii) we neglect
the nonlinear terms in Eqgs. (4.10) and (4.11) for simplicity, because they cause higher-order
interactions which are not of interest here. Under these assumptions, the reduced fluid equations

used here are derived by means of the quasineutrality condition Eq. (4.2),

o : _ KK
(E‘ - lLkL)Wkl_ lk”l)teAkllLtkL— Z Fkl ‘/’k’l‘ﬁkl =0 . (412)
A
0
a—tukl+ik||vte [Tkl_(l"'Akl)wa_] =0, (413)
0
—TkL + Zik”Utel/th =0, (414)
ot
where
L = a)*e(l - zkipfe)A- (4.15)
v 1Tl ; i
KK 38 X k) (A = A ) A (4.16)
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Here, abbreviations for Yy, = edyy, /Te, uk, = ouy, /v and Ty, = 6Ty, /T, are used. The symbol
>\ means the summation over the Fourier modes which consist of the triad-interaction, i.e.,
k, = k', + k'. The above reduced fluid equations involve the effect of acoustic modes due to
the parallel compression which has rarely been incorporated into the conventional modulational

instability analysis for the zonal flow generation [9-13].

4.4.2 Dispersion relation of zonal flows

In order to derive the dispersion equation for zonal flows driven by the modulational instabil-
ity, we consider the low-dimensional model (sometimes called the four-wave model) based on
Eqgs. (4.12) — (4.16). The field quantities &€ = {i, u, T} are then assumed to be composed of a

monochromatic pump mode, a zonal mode and two sideband modes, such that,

Ex, 1) = & expliky-x—iw 1) + &, exp(ikysx —iy, 1)
+ &Gerexp(ik™x—iwy+t) + &-exp(ik™x —iwy-1)

+ (complex conjugate) , 4.17)

where the complex frequency and the wavenumber vector of these four modes satisfy the fre-

quency matching and the triad-interaction conditions, respectively, as follows,

Wi = Wy, +

k= ky + ky . (4.18)

zf

Also, kyjp = ki ( = k) and & = &7;. The reduction to four resonant modes from Eqs. (4.12) -
(4.16) leads to a nonlinear dynamical system of four ordinary differential equations. Here, we
suppose that the complex amplitude of the zonal and the sideband modes are much smaller than

that of the pump mode, i.e.,
el ~ 16k | ~ €l |, (4.19)

where € <« 1. This subsidiary ordering enables us to linearize the nonlinear system so that one
obtains the dispersion relation which determines the linear growth rate of zonal flows.

For the pump mode, one obtains the following equations,

i (wn, + Ley ) U, + ke AL e, + T i+ T ey = 0, (4.20)
ik, e, — ikyuie | T, — (1+ Ak, ), | = 0., (4.21)
icwn, Ty, — 2ikyvietty, = 0 . (4.22)

Considering the ordering of Eq. (4.19), one can neglect the last two terms on the left hand side of
Eq. (4.20), which are of order ezlwkplz, so that Egs. (4.20) — (4.22) are reduced to the dispersion
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FIG. 4.10: Real frequency of the pump mode Wy, for ®={0, 0.050, 0.083, 0.150, 0.167}, where
n.=6and k,,=0.1.

equation for the pump mode as follows,
1

2 271™
145 _ (_”A"P) (’ﬂ) [1 _ z("“”w) ] -0, (4.23)

Wy » Ak » a)kp Wy »

This can be rewritten as a cubic equation of wy,, then the root determines the frequency of the
pump mode for given k, and k. By evaluating the sign of the discriminant of Eq. (4.23), it is
easily shown that any root must be real-valued. Thus, there is neither instability nor damping.
The dispersion relation of Wk, for ® ={0, 0.050, 0.083, 0.150, 0.167} are shown in Fig. 4.10,
where 7. = 6 and k,, = 0.1. For the case of ® # 0, we plotted two of the three branches (the
branches with positive- and negative-wy,), which approach the solution of HM-7. equation in the
limit of ® — 0 (k; — 0). Another branch, which is not plotted here, approaches to the trivial
solution of wy, =0. As expected, we see that the deviation of the frequency from that for ®=0
becomes larger as © increases.

From Egs. (4.12) — (4.19), one obtains the equations for zonal and sideband modes as follows,

. K~k . —kky
l.Q.kalﬁka+ rsz plﬁk+¢kp+ rsz pwk— lpkp =0, 4.24)
) ky. +k,
Puthe=+T,0 W g, = 0, (4.25)

where
Pi = Wt [1 + Wkt ((,()ki, k”)] + Lki . (426)
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Here, the effect of the coupling among =, ux= and Ty- for sideband modes due to the parallel

compression appears in K- (wg=, k) defined as,

1

2 271°
Ke (e, k) = _(“A’“)(k””‘e) [1 - 2("”%) l . 4.27)

Aki Wyt Wi+

These terms, which are ignored in the conventional analysis with the Hasegawa-Mima equation,
play a crucial role in considering the effect of the finite parallel compression on the zonal flow
generation. Indeed, one can obtain the conventional dispersion relation in the limit of k; — 0
which annihilates %+ in Eq. (4.26), as well as in the long-wavelength limit (k, p, << 1). Finally,
combining Eqgs. (4.23) — (4.27), one obtains the dispersion relation of zonal flows as follows,

K, —k,
kot

rszakp k7 _kp _szakp
k* ks k-

P, - P

Q. + Wie,> = 0. (4.28)
The linear growth rate of zonal flows y,¢ is then given by the positive imaginary part of a complex
solution €, of the above equation. Straightforward but somewhat tedious algebraic calculation
shows that the left hand side of Eq. (4.28) is rearranged into a seventh-order polynomial of
with real-valued coefficients, which has to be solved numerically. In the numerical calculations,
we have found only two cases: namely, solutions with a pair of complex conjugate and five
real-valued roots, or with seven real-valued roots.

Figure 4.11 shows the spectrum of the zonal flow growth rate y,¢ for ® = {0, 0.050, 0.083,
0.150, 0.167}, where the wavenumber and the amplitude of the pump mode are chosen as k,, =
0.1, ky, = 0.35 and (L /pte)2|l//kp|2 = 2, respectively. Here, the branch of the negative-wy, [see
Fig. 4.10] are chosen, because, for k,, = 0.35, it converges to the non-trivial dispersion relation
(wk, #0) in the limit of @ — 0. One clearly finds that growth rate of the modulational instability
for zonal flows is decreased by increasing ®, and no unstable solution exists for ® >0.167.

In order to discuss ®-dependence of the critical pump-amplitude for the instability onset,
we plotted in Fig. 4.12 the maximum growth rate of the zonal flow y,gmax) as a function of the
squared amplitude of the pump mode (Ly/pi)* |k p|2. From this figure, we find that the critical
amplitude for the instability becomes larger as ® increases. In the region where the pump-
amplitude is sufficiently large (e.g., (Ly/ pte)2|!//kp|2 =>3), the instabilities are observed for all cases
of ®. However, in the region of (Ly /pte)zltpkp |> <2, one can see the existence of a critical value of
0, beyond which the instability no longer occurs. In the present ETG turbulence simulations, we
find (L /pte)2|l//kp|2 ~ 1. Hence, the critical @ is estimated as ® ~ 0.1, which qualitatively agrees
with that for the secondary growth of zonal flows found in the cases of small ® [see Figs. 4.4(a)

and 4.4(b)].
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FIG. 4.11: Growth rate of zonal flows 7y, for ® ={0, 0.050, 0.083, 0.150, 0.167}, where k,, =
0.1, k,, =0.35 and (LT/pte)2|¢kp|2 =2.

We also plot in Figs. 4.13 the maximum growth rate y,gmax) and the real frequency w,s for 1. =
{6, 7, 8, 9} as a function of @, where w,¢ is evaluated at the wavenumber giving the maximum
growth rate. One finds that the maximum growth rate y,smax) shows the similar dependence
on O for all values of 7. considered, except that the profiles are shifted downward. The stable
region of ® with ¥,¢max = 0 then becomes wider for larger n.. Also, we see that the value of
wyr 18 larger than that of y,fmax) 1in the region of ® > 0.1, which means the oscillatory zonal flow.
Since the steady zonal flow suppresses the turbulent transport more effectively compared to the
oscillatory one, these results suggest that the relatively steady zonal flow with larger growth rate
can be driven for smaller 7. if the pump amplitude is fixed. However, the pump amplitude is, in
practice, associated with the turbulence intensity which should depend on 7. Nevertheless, it is
important that the critical value of ®, which define the instability onset, commonly appears for

all cases of 7., and then these results well explain the turbulence simulation results.

Here, we have derived the dispersion relation of zonal flows based on the modulational in-
stability analysis, where the coupling of fluid moments (density, parallel flow, and temperature)
through the parallel compression term is incorporated. The results then show the stabilizing

effect due to the parallel compression which is proportional to ©.

The present theoretical analysis with a “stable” pump mode provides us with the qualitative
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FIG. 4.12: Maximum growth rate of zonal flows ¥,fmax) as a function of (L /pte)2|l//kp|2 for ® =
{0, 0.050, 0.083, 0.150, 0.167}. The wavenumbers of the pump mode are the same as those in
Fig. 4.11.

explanations of the turbulence simulation results for 0 <® <0.15. However, the analysis is lim-
ited to the case where the non-zonal fluctuations are dominant in the saturated ETG turbulence,
because the subsidiary ordering Eq. (4.19) for the modulational instability analysis assumes the
quite low amplitude of the zonal mode in comparison with the pump amplitude. It is, thus, not
directly applicable to the case with the generation of the strong zonal flow accompanied with the
transport suppression observed in the turbulence simulation for ® > 0.200 [see Figs. 4.4(b) and
4.7], where the strong zonal flow is predominantly generated by the nonlinear coupling of linear
ETG modes in the initial saturation phase of the instability growth [e.g., =~ 1200 for ®=0.200 in
Fig. 4.4(b)]. In order to reveal the detailed mechanisms of the initial generation of strong zonal
flows with the effect of parallel compression, one needs more refinement of the present model to
incorporate the unstable evolution of the pump mode precisely which remains as a future work.
The coupling among the fluid moments of {, u, T} considered here suggests the importance
of the parallel dynamics on the stability of zonal flows. It has also been verified that the similar
stabilization of zonal flows due to the parallel compression is observed in a model with only a
coupling of {, u}. Anderson et al. had previously derived the dispersion relation of zonal flows
for ITG turbulence by the similar approach with the fluid equations [17], then they showed fifth-

order polynomial of € . which differs from our dispersion equation of seventh-order polynomial
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as shown in Eq. (4.28). Consequently, the different dependence of y,¢ on kj (or ®) appears, e.g.,
the stabilization of zonal flows found in the present analysis for larger k; is not observed in Ref.
17. This is because the coupling with the parallel flow, which corresponds to the second term
of Eq. (4.14), had been ignored from the temperature equation shown in Ref. 17. Neglecting
this term reduces the order of polynomial for the dispersion relation, but leads to an incomplete
description of acoustic modes at the same time. The similar modulational instability analysis for
zonal-flows/fields involving the parallel dynamics of shear-Alfvén waves had also been examined
by Guzdar et al., and by Chen et al. for the drift-Alfvén turbulence [18, 19].

[x1077]
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FIG. 4.13: (a)Maximum growth rate y,gmax) and (b)real frequency w,¢ for zonal flows as a func-
tion of O for n. = {6, 7, 8, 9}. The wavenumbers and the amplitude of the pump mode are the

same as those in Fig. 4.11.
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4.5 Concluding remarks

We have investigated the transition of vortex structures including zonal flows and the related
transport properties in the slab ETG turbulence through the comprehensive parameter studies by
means of the nonlinear gyrokinetic Vlasov simulations. Then, the dependence on the magnitude
of the parallel compression, which is characterized by the parameter ® = kL7 /kype = OL7/pye,

and the electron temperature gradient has been intensively examined.

Numerical results show three different types of the time evolution of the heat diffusivity de-
pending on O, i.e., transitional evolution accompanied with transport reduction, steady turbulent
behavior, and significant suppression of transport. Then, the zonal flow evolutions with or with-
out secondary growth in the nonlinear phase are well correlated to the evolution of the heat
diffusivity. Correspondingly, the detailed analyses of the spectral and the spatial structures of
the potential and temperature fluctuations reveal the different types of vortex structures such as
coherent vortex streets, turbulent vortices, and zonal-flow dominated state. The vortex structures

depend on the value of ® through the parallel compression.

Power spectra of the entropy variable 6, and the entropy flux J, in the vj-space for the
different ® have been examined by means of the Hermite polynomial expansion. The spectral
structures strongly depend on O, then it is observed that the amplitude for the case with steady
turbulent vortices much exceeds those of the other cases. While the power-law profiles of S,
show a slight deviation from the theoretical prediction, the similar profiles, which are propor-
tional to n™* with @ ~ 1.3, are commonly observed in the region of 5 <n < 100. Spectral analysis
of (|ky|), indicates that the different vortex structures in the real space affects the n-spectra for the
entropy production region in the lower-n side, but not for the dissipation region in the higher-n

side, except for the difference of the value of ©.

By examining the dependence of the heat diffusivity and the intensity of zonal flows on @,
we found clear correlation between the formation of coherent vortex streets associated with the
strong generation of the zonal flow and transport reduction for the cases with small values of
® < 0.1. These results indicate weak dependence on the value of 7., which implies that the
transition of vortex structures in the slab ETG turbulence is mainly controlled by ® rather than
ne if 1 1s large enough. The transport reduction associated with the formation of coherent vortex
streets is realized for small ® even if the maximum growth rate of linear ETG modes is relatively
large.

We have discussed the dependence of zonal flow generation on ® based on the modulational
instability analysis with a truncated fluid model, where the parallel dynamics associated with

acoustic modes is taken into account. The dispersion relation of zonal flows derived here shows
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that the linear growth rate of the modulational instability is reduced as ® increases, and that
there is a critical value of ®, beyond which the instability does not occur. The modulational
instability analysis shows a qualitative agreement with the turbulence simulation results, where
the secondary growth of zonal flows, the transition of vortex structures, and the related transport
reduction are found in the cases of small ©.

In the present study, the quasi two-dimensional shear-less slab configuration has been em-
ployed, where ® and 7. are the main control parameters. Although the various values of ©®
should be treated simultaneously in cylindrical or toroidal plasmas, the two-dimensional slab
configuration with constant ® used here is still meaningful as a reduced model for them. In these
practical systems, k;/k, depends on the aspect ratio L./a (= “the length of plasma column”/ “the
plasma radius” ) for cylindrical plasmas, or depends on the radial position through the magnetic
shear for toroidal ones. Particularly, in the toroidal plasmas, it has been pointed out that the com-
pression due to the geodesic curvature and the toroidal mode coupling become more important
for the saturation of the toroidal ETG instability with strong magnetic shear, where the toroidal
modes overlap each other significantly [4,5]. However, in the case with weak magnetic shear, the
unstable-mode rational surfaces become more distant from each other so that the toroidal mode
coupling weakens. The present study on the slab ETG turbulence may contribute to fundamen-
tal understandings of the effects of the parallel compression on the long-timescale evolution of
zonal flows and the related transport reduction on the neighborhood of the minimum-¢ surface
(g denotes the safety factor) in the reversed-shear tokamaks.

In Ref. 4 and 5, it has also been pointed out that the three-wave resonant interaction is crucial
for the saturation of the toroidal ETG instability, rather than the zonal flow generation due to the
modulational instability. Here, we have not quantitatively examined which of the three-wave
interaction and the zonal flow generation driven by the modulational instability is dominant in
the initial saturation of the slab ETG instability. Nevertheless, it is expected that the initial satu-
ration is attributed to not only the three-wave interaction, but also to the zonal-flow generation,
because the zonal flow generation in the slab ETG turbulence is stronger than that in the toroidal
ETG case where the zonal flow is weakened by the neoclassical polarization effect. It should
be emphasized here that the present study reveals the importance of the long-timescale evolu-
tion of zonal flows, which is closely related to the transition of vortex structures and transport
level in the nonlinear phase long after the initial saturation of the slab ETG instability. Then, the
long-timescale evolution of zonal flows generated by the modulational instability may also be

important in the nonlinear phase of the toroidal ETG turbulence.
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Chapter 5

Nonlinear entropy transfer via zonal flows

in toroidal plasma turbulence

5.1 Introduction

ne of the most important findings obtained from the gyrokinetic theory and the nu-

merical simulations for drift-wave turbulence, especially the ITG driven turbulence,

is effective regulation of the turbulent transport by self-generated zonal flows [1-3].
Zonal flows are nonlinearly generated through the Reynolds stress resulting from turbulent flows
in the drift-wave turbulence, where the radial scale-length of the zonal-flow shear is associated
with a typical wavenumber range of the turbulence. Existence of ion-scale zonal flows has been
experimentally revealed by a direct measurement of electrostatic potential in laboratory experi-
ments [4]. Tremendous efforts have been devoted so far to the study of the zonal-flow dynamics,
with the aim of elucidating the physical mechanisms of the zonal-flow generation, the nonlinear
saturation of the linear instability growth, and the transport suppression through the nonlinear
interactions between the zonal flow and the drift-wave turbulence. A comprehensive review of
earlier works on the physics of the zonal-flow generation is given in Ref. 5. In contrast with
the primary drift-wave instability, the zonal-flow generation is considered as resulting from a
“secondary” instability, e.g., the nonlinear parametric [6,7] or the Kelvin-Helmholtz [8, 9] insta-
bilities. For the saturation of the zonal-flow growth in the drift-wave turbulence, several mech-
anisms have been discussed. The generalized Kelvin-Helmholtz instability, which is considered
as a “tertiary” instability, is one of the candidates for the saturation mechanism of the zonal flow

generation in ITG turbulence [8,9].

In the ETG turbulence, potential fluctuations with scale lengths of electron thermal gyroradii

are shielded by the adiabatic responses of ions resulting from the perpendicular gyromotion with
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larger thermal gyroradii. Thus, the zonal-flow generation in the ETG turbulence is relatively
weaker than that in the ITG turbulence so that the ETG turbulence involves not only zonal flows,
but also various vortex structures, of which the appearance strongly depends on geometrical and
plasma parameters [10—14]. Particularly, the ETG turbulence simulation for a tokamak with
a reversed magnetic-shear profile has revealed that the electron heat transport is significantly
reduced by the strong zonal-flow generation in the negative magnetic-shear region near the g-

minimum surface (¢ denotes the safety factor) [11, 12].

Dynamics of turbulent vortices and zonal flows, and the related transport processes in high
temperature collisionless (or weakly collisional) magnetized plasmas involves a lot of kinetic
processes, 1.e., the Landau damping, the finite gyroradius effect, the particle drift, and the mag-
netic trapping. In the kinetic turbulent transport processes, the microscopic fluctuations of the
distribution function, the turbulent transport flux, and the collisional dissipation are closely re-
lated to each other through the entropy balance equation [15-19]. Particularly, the nonlinear en-
tropy transfer between non-zonal and zonal modes is described by the entropy transfer function,
which is regarded as a kinetic extension of zonal-flow energy production due to the Reynolds
stress. The entropy balance relations for zonal and non-zonal modes provide ones with a system-
atic method to quantify the nonlinear interaction between drift-wave turbulence and zonal flows
in turbulent transport processes based on the kinetic theory. Some earlier works have discussed
the nonlinear energy (not entropy) transfer between zonal flows and the drift-wave turbulence
based on the theoretical analysis with a fluid model [20,21] and on the bi-spectrum analysis for

the density (or potential) fluctuation data obtained from experiments [22-24].

In order to evaluate quantitatively the transport level resulted from the interactions between
the zonal flow and drift-wave turbulence, the nonlinear gyrokinetic simulations are indispensable.
Waltz et al. have extensively examined mechanisms of the transport suppression by zonal flows
(including the geodesic acoustic modes) in terms of the nonlinear gyrokinetic simulations of
the ITG-TEM turbulence and the ETG turbulence with adiabatic ions [25]. They have also
discussed the spectral structures of the entropy transfer function in the steady state of the ITG-
TEM turbulence. In addition, several works on the entropy transfer (or cascade) processes based
on the gyrokinetic entropy balance have been reported recently [26-28]. However, the role of
zonal flows in the nonlinear entropy transfer processes in the steady turbulence state, which is
crucial for determining the resultant transport level, has not been fully clarified. Moreover, it
has not been revealed whether the entropy transfer processes among turbulent vortices and zonal
flows are different between the saturation phase of the instability growth and the steady phase of

turbulence.

In this chapter, the nonlinear entropy transfer processes among non-zonal and zonal modes
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in toroidal ITG and ETG turbulence are investigated by means of five-dimensional nonlinear
gyrokinetic Vlasov simulations. The detailed spectral analysis of the entropy transfer function
reveals the role of zonal flows in the nonlinear entropy transfer process, which leads to the
saturation of instability growth and transport suppression in the steady state.

The remainder of this chapter is organized as follows. A theoretical model used in the present
study is described in Sec. 5.2. Nonlinear gyrokinetic simulation results of the toroidal ITG and
ETG turbulence are presented in Sec. 5.3. Then, in addition to the entropy balance relations
for non-zonal and zonal modes, wavenumber spectra of turbulent fluctuations and the heat flux
are compared. In Sec. 5.4, differences between entropy transfer processes in the ITG and ETG
turbulence are discussed through the comparisons of the wavenumber spectra of the triad entropy
transfer function. Also, comparisons of the entropy transfer processes between slab and toroidal

systems are presented. Finally, concluding remarks are given in Sec. 5.5.

5.2 Theoretical model and linear stability analysis

Numerical simulations of the toroidal ITG and ETG turbulence presented here are carried out
by using the GKV code [3] based on the electrostatic gyrokinetic model. The electrostatic gy-
rokinetic equation for the perturbed distribution function 6, ® written in the k L-Space is given
by

0 . ’ ”
E+v”b-V+les——b VBa—U”](S (g) Zb (k X k )61// 6f(gfj

esélﬂkl

T C(g)[éf(g)] . (5.1

= Fys (iwars — iwps —vyb - V) ——
where wps = (c/esB)k, - b X (uVB + msvﬁb-Vb) and w.rs = (cT/esB){1 +77q[(mqv2 +2uB) /2T, —
3/21}k, - b X VIn ng with g =|VIn T|/|VIn ng| [the subscript “s” denotes the particle species for
ions (s=1) or electrons (s=e)]. Here, b, B, c, ms, ns, e, T and 0y, are the unit vector parallel to
the magnetic field, the magnetic field strength, the speed of right, the particle mass, the particle
number density, the electric charge, the equilibrium temperature and the electrostatic potential
fluctuation averaged over the gyrophase, respectively. The symbol }’, appearing in the nonlinear
term of Eq. (5.1) stands for the summation over Fourier modes which satisfy the triad-interaction
condition, i.e., k; =k’ + k’/. The parallel velocity vy and the magnetic moment y are used as the
velocity-space coordinates, where u is defined by u=mgv? /2B with the perpendicular velocity v, .
The equilibrium part of the distribution function is given by the local Maxwellian distribution,

i.e., Fys = ng(mg/2nT,)*? exp[— (mS + 2uB)/2T,]. A weak collisional effect is introduced in
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terms of a model collision operator given by

1 0 0 1)2 0 0 v
(2) 1 I
C¥ =y |—— (v, —+ 2|+ —|—+—=]], 52
s ‘ |:UJ_ l)UJ_ (vlﬂvJ_ Utzs) aU” ((QU“ Utz ):| ( )

S

where v, and v, = (T/m,)'/? are the collision frequency and the thermal speed, respectively.

(g)

The collision operator acting on 6f;”

smooths out the fine-scale fluctuations in the velocity-
space. Although the above collision operator does not conserve the momentum and the energy,
its influence on the main results shown below, such as the transport level and the entropy transfer

processes, are not crucial as long as v,L,, /v < 1.

A local toroidal flux-tube system in a large-aspect-ratio tokamak with the concentric circular
flux surfaces is considered here [29]. The magnetic field is given by B = Ble; + (r/Ry)ey] with
neglecting O[(r/Ry)?] terms, where r, Ry, g, e; and e, denote the minor and the major radii,
the safety factor, the unit vectors in the toroidal({) and poloidal(d) directions, respectively. The
field-aligned coordinates (x,y, z) are, then, introduced by x =r — ro, y = (ro/qo)lq0 — {1, z=6
with g =qo[1 + §(r — ry)/ro], where ry and § represent the radial position of the flux-tube center
and the magnetic shear parameter assumed to be constant, respectively. Use of the field-aligned
coordinates enables us to impose the periodic boundary condition in the x- and y-directions
so that the nonlinear E X B convection term [the last term in the left-hand side of Eq. (5.1)]
is calculated numerically by means of the Fourier spectral method, where the perpendicular
wavenumber vector k, and the squared norm k> are written as k, = k,Vx + k,Vy and k3 =
(ky + 8zk,)* + k;, respectively. (Note here that b - Vx=0and b - Vy=0, but Vx - Vy#0.) In this
coordinate system, the magnetic field strength B is reduced to B= By(1 — € cos z) with e=ry/R,,

and then the operators b- V, wps and w.rs in Eq. (5.1) are written as

1 0
b-v = ——, (5.3)
qoRo 0z
vﬁ +uB
Wps = —0 [kx,otS sin z + kypys (Cos z + §zsin z)] , (5.4)
UtsRO
2
Uts mgv; +2uB 3
Wiy = —O'S—tns 1+ s (|2—Tb - E] kypts , (55)

in the low-g limit, respectively, where oy = {1 (for s=1), —1 (for s=e)} and the thermal gyroradius
is denoted by pi = (vis/€2)|=p, With the gyrofrequency €, =mjc/|es|B. The gradient scale-length
of the density profile is represented by L, =|Vinng|™'.

The potential fluctuation evaluated at the particle position, 6¢y , is related to the gyrophase-

averaged one, i.e., oyx, = Jos0¢x,, and is determined by the Poisson equation written in the
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wavenumber-space as follows,

eo
Rl = [ [dornogge - n gt <1—r0i)]

[ f dvJocSfE +n "5’” (1 —FOe)] (5.6)

where |e;| = |e.| = e and n; = n. = ny are assumed. The electron Debye-length is denoted by
Ape =(T/4mnge?)!/. The first and the second groups of terms on the right hand side of Eq. (5.6)
indicate the ion and electron density fluctuations represented with the gyrocenter distribution
function and the electrostatic potential, respectively. Here, Jos and 'y are defined by Jy, =
Jo(k v, /€) and I'os = Iy(bs) exp(—b;) with the zeroth-order Bessel and modified Bessel functions
for b, = k> v? T/ Q , respectively. For the ITG turbulence with k,p,. < 1, the adiabatic electron

response is assumed (except for zonal modes) so that Eq. (5.6) is reduced to

5 5
f oo 2 = noA, ek ]‘?"* g <e z‘f”‘l > S0 (for ITG), (5.7)

where Ay, =1 +7T;/T. — I'p; and 6,,, 1s the Kronecker delta. The angular brackets (- - - ) stand for
the field line average, i.e., (Ax,) = f dzA B/ f dzB™!'. Thus, (A;, )0k,.0 1s equivalent to the flux
surface average of A. For the ETG turbulence with k,p; > 1, the ion response to the potential
fluctuation is reduced to the adiabatic one because of Jy; < 1 and I'y; < 1. Then, Eq. (5.6) is

rewritten as

5
f dvoJoes [ = —noAu, Y‘f”‘i

c

(for ETG). (5.8)

Here, Ak, =1 + Te/T; — Tge, and the finite Debye length effect k3 A3 is ignored.

Using the closed set of equations described above, one obtains a balance equation with re-
spect to the entropy variable 65y, defined as a functional of the perturbed gyrocenter distribution
function ¢ f(g) The velocity space integral and the field line average of Eq. (5.1) multiplied by
%) f(g)* / Fys lead to

0
o (0Sa,+ Wa,) = L}: Ou, + T, + Dy, , (5.9)
where
| f(g)|2

= 1

5Sskl <f 2P > (5 0)
mg> + 2uB eoyr;

Qu, = Re <ivtsfdv Sf¥ [”zT)kyptsTk‘>, (5.11)

S
&
I

h*
% Re<fde(g)[5f(g)] = > , (5.12)
Ms
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denote the entropy variable, the turbulent heat flux, and the collisional dissipation, respectively.
(Note that no particle flux is driven by the turbulence with the adiabatic response of background
particles.) The gradient scale-length of the temperature profile is represented by Ly, =|Vin T|™".

The non-adiabatic part of the perturbed gyrocenter distribution function, Ay, is defined by

6
Sf = L kaL Fys + ha, - (5.13)

N

By using Eqgs. (5.7) and (5.8), the potential energy W, is given by

no T; sy, |
Wi = 2 ([(Ay - 2 , 5.14
= 5 <( T ky,O) T > (5.14)
no eody 2
Wa = — (A = , 5.15
ok, > < |77 > (5.15)

for ions and electrons, respectively. The second term in the right hand side of Eq. (5.9) represents
the nonlinear entropy transfer in the wavenumber space. The definition of the entropy transfer

function 7, is given by

TSkJ_ Zzékrﬂhﬁql,()js [kJ_lpJ_5 qJ_] ’ (5.16)

pL. q.

c 1
<Eb “(pLXq.) |dv oF

s [k¢|P¢, QL]

Re |0y, g, ha, — g, iy, s, | > , (5.17)
Ms

where the notation with k', and &’/ shown in Eq. (5.1) is replaced here by —p, and —q, respec-
tively, in order to represent symmetrically the triad-interaction condition for three wavenumber
vectors, i.e., k, + p, + g, =0. In Eq. (5.16), J[k.|p., q.] is summed over p, and ¢q,. For con-
venience, we call the function [k, |p., q.] the “triad (entropy) transfer function”, hereafter. It

should be noted that the triad transfer function possesses the following symmetry properties,

s [kJ_lpJ_, qJ_] = Ys [kJ_qu_apJ_] , (5.18)
s [kJ_lpJ_qu_] = Ys [_kJ_l_pJ_a_qJ_] . (5.19)

Furthermore, one obtains straightforwardly the “detailed balance relation” for the triad-interactions,

Jslkilpi.q )+ Tspilgi. kil +Tslq.lk.,p.]=0. (5.20)

Positive values of the triad transfer function J[k.|p., g.] mean that the entropy is transferred
from two modes with p, and ¢, toward the mode with k, (=—p, —¢q. ) and that the possible com-
binations of the signs of (J[k.|p..q.], Tslp.lq., k.1, Jlq.lk., p.]) satisfying the detailed
balance relation should be (+, —, —), (+,+,—) and (+, —, +). Negative values of J[k.|p.,q.]

indicate the entropy transfer in the opposite direction, then (-, +, +), (—, —, +) and (—, +, —) are
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the possible combinations of the triad transfer functions. The detailed balance relation Eq. (5.20)
with the symmetric properties of Eqgs. (5.18) and (5.19) is useful for the entropy transfer anal-
ysis of the toroidal ITG and ETG turbulence simulation results shown in Sec. 5.4, where the
nonlinear interactions among turbulent fluctuations and zonal flows are quantified.

Similar discussions on the “energy transfer function” are often found in the study of the
isotropic fluid turbulence governed by the Navier-Stokes equation [30]. The isotropic nature en-
ables us to simplify the energy transfer function as a function of the only wavenumber magnitude
so that the several analytic expressions are derived by means of closure models such as the quasi-
normal Markovian (QNM) model [30] and the direct interaction approximation (DIA) [31, 32].
Then, the spectral analysis of the transfer function describes the local energy cascade processes,
e.g., the normal and the inverse energy cascade processes for the three- and two-dimensional
isotropic turbulence, respectively. On the other hand, since the (quasi) two-dimensional magne-
tized plasma turbulence considered here is inherently anisotropic due to the existence of meso-
scale coherent flow structures such as zonal flows and streamers, the direct numerical simulation
is a powerful tool for examining the entropy transfer function.

The explicit description of the entropy balance relation for the non-zonal (k, # 0) and zonal
(ky = 0) modes is useful for the following discussions concerning the entropy transfer processes
among zonal flows and turbulence. By taking the integration of Eq. (5.9) over the non-zonal and

zonal modes and by using the detailed balance relation of Eq. (5.20), one obtains

d
- (68 + W) = L;! 0, - TP + DI (5.21)
d
- (60 + W) = 7 4 DIV (5.22)

where the superscripts “(trb)” and “(zf)” represent the turbulence (or non-zonal) and zonal-flow
components, respectively. The above entropy balance relations for non-zonal and zonal modes
have been derived and discussed in detail by Sugama et al. [17]. Note here that zonal flows never
contribute to the radial heat flux Qy, as seen from Eq. (5.22). The entropy transfer function
integrated over the zonal modes, T, represents the entropy transfer from turbulence to zonal
flows so that the negative sign of T appears in Eq. (5.21). As shown in Ref. 17, by using
the simplest approximation for the non-adiabatic part of the ion gyrocenter distribution function,
Le., hig, =~ noFyvi(l + kipfi /2)ed¢y, [T, the entropy transfer function 7'i(Zf) reduces to the energy
production term, which is described by the product of the Reynolds stress due to the non-zonal
turbulent flows and the zonal-flow shear. Thus, 7’5(ZD is regarded as a kinetic extension of the
zonal-flow energy production due to the Reynolds stress.

As seen from Eq. (5.21), the turbulence part of the entropy AT produced by the tur-
bulent heat flux L;: O, partly dissipated by collisions D™ and partly transferred to the zonal
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FIG. 5.1: Wavenumber spectrum of the linear growth rate vy, of the toroidal ITG instability.

The spectrum for the toroidal ETG instability is the same as that in the ITG case except for the

normalizations with v, and .

flow components via the transfer term 7 When the turbulence reaches a statistically steady
. —(zf)  —(zf) — =hH  —(ub) .
state, the balance relations of 7, = —DSZ >0 and Lil O -7, = —DSr are realized separately,

where the overline denotes the time-average in a steady phase. The entropy balance relations of
Egs. (5.21) and (5.22) provide us with not only the physical insight into the entropy transfer pro-
cesses among zonal flows and turbulence, but also a good measure for the accuracy of turbulence

simulations.

The nonlinear gyrokinetic simulation results, as will be shown below, have been obtained
by means of the GKV code, that is a gyrokinetic Vlasov solver with the flux-tube configu-
ration applicable to both the tokamak and helical systems [3]. The physical parameters of
€=0.18, g0 =15, § =04, Ry/Ly, =6.92, n, = 2.0 and T; = T, are the same as the Cyclone-
base case, except that the smaller values of the magnetic-shear parameter § and 7, are used
here to make it easier to carry out the ETG turbulence simulation. The weak collisional ef-
fect is introduced with v(L,, /v = 1073. The number of Fourier modes in the perpendicu-
lar wavenumber space and the number of grids in the z-, yj-, and yu-directions are set to be
(Ni,> Niys Noo Ny, N,)=(64,129, 128, 64, 32). The corresponding ranges of the phase-space coor-

dinates are given as 0 < k, < Kymax = 1.505", —kymax) < ky < Kymax) = 24p ), —m<z< 7w, =50, <
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vy < Sugs, and 0 < u < 12.5(mgv2 / By), respectively. The modified periodic boundary condition is
imposed in the z-direction [29]. The size of the perpendicular domain is Ly XL, =266pX168p,
and the non-zero minimum absolute values of the wavenumber are kymin) = 0.0235,0{31 and
ky(miny = 0.0375,0{5‘. The time integration is carried out with Ar=0.025(L,, /vy).

In the followings, physical quantities are normalized as x = x'/py, y=y'/pw, vy =v)/vs, =
1 (Bo/mgd), t =1 /Ly, vs =YLy /0i). Frs = Fip /1), 6fF =6£E (v3/m0)(Ly,/pis) and
Oy, = 6<;>;cl (e/Ts)(Ly,,/pis), where the prime means a dimensional quantity.

The wavenumber spectrum of the linear growth rate y; for the toroidal ITG instability is
shown in Fig. 5.1, where the physical parameters shown above are used. One finds that the
maximum growth rate of yi max) = 9.56X107%v4/L,, is observed at (k. =0, k, =0.4125p;"). The
effect of the finite k, reduces the growth rate, then the toroidal ITG instability are completely
stabilized for k, > 0.3p;'. As will be discussed below, the stabilizing effect in the higher &,
region is important for the regulation of turbulent transport by zonal flows. Also, note that the
spectrum of y for the toroidal ETG instability is the same as that plotted in Fig. 5.1 except for

the normalizations with v, and p.

5.3 Nonlinear simulations

5.3.1 Entropy balance relation

The results of nonlinear gyrokinetic simulations for the toroidal ITG and ETG turbulence are
shown and discussed in this section. Time evolutions of each term in the entropy balance relation
of the turbulence part, Eq. (5.21), for the toroidal ITG and ETG turbulence are plotted in Figs.
5.2(a) and 5.2(b), respectively. Here, the turbulent heat flux L}j Qs shown in Egs. (5.9) and
(5.11) 1s rewritten as 17,0, by the use of the normalization with L,,. The deviation from the exact
balance is also plotted by the dashed line, where one finds that the entropy balance relation is
well satisfied for the whole simulation time in both the ITG and ETG cases. As discussed in
Sec. 5.2, the turbulence part of the entropy 65"
is produced by the ITG (or ETG)-instability-driven heat flux L}Sl Qs. Then, the saturation of the

linear instability growth, which is observed at t ~ 45(~ 60) for the ITG (ETG) case, occurs due

, which characterizes the turbulence intensity,

to the nonlinear entropy transfer 7 and the collisional dissipation D™ Thus, the quantity
R, =T /(=D provides ones with a good measure for evaluating the effect of the nonlinear
entropy transfer to zonal modes on the linear instability saturation. The typical values [evaluated
at t = 45 (or t = 60) for the ITG (or ETG) case] are R, = 5.92 x 107! and R, = 4.54 x 1072,

respectively. The larger value of R; indicates that the nonlinear entropy transfer from non-zonal
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ITG modes to zonal modes is substantial for the saturation of the ITG instability growth, while
the entropy transfer to zonal modes has little contribution to the saturation of the ETG instability
growth. Indeed, some earlier works on the gyrokinetic simulations of toroidal ETG turbulence
with adiabatic ions have also pointed out that the saturation of the ETG instability is mainly
associated with the nonlinear coupling among non-zonal drift-wave fluctuations rather than the
zonal-flow generation for the cases with moderate or strong magnetic-shear [25,33]. It is also
found that the statistically steady states are realized for 7> 120 in the ITG case and for 7> 220 in

the ETG case, where the balance relation of 7,0, — 7(29: —Bitrb) holds. (The time-average in the

N

steady state is denoted by the overline.) The saturation levels of the turbulent heat flux for the
ITG and ETG cases are evaluated as niéi =5.31 and neée = 88.8 in the unit of (o/ Lno)z(novts),
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FIG. 5.2: Time evolutions of each term in the entropy balance relation of the turbulence part, Eq.
(5.21), for toroidal (a)ITG (s =1) and (b)ETG (s = e) turbulence. The deviation from the exact
balance is also plotted by the dashed line.
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respectively, where the time average is taken over 220 <t<320 for both cases. As will be shown
in Sec. 5.3.2, the strong zonal flows are sustained in the steady state of the I'TG turbulence, while
the radially elongated streamers with high amplitude are formed in the ETG case with the strong

electron heat transport [cf. Figs. 5.6].

The similar plots for the entropy balance relation of the zonal-flow part, Eq. (5.22), are
shown in Figs. 5.3(a) and 5.3(b). The deviation from the exact balance is quite small in both
the ITG and ETG cases so that the linear and nonlinear dynamics of zonal flows are accurately
solved. One finds the balance relation of 7_‘S(Z0: —Bizﬂ in the statistically steady states. Also, a
remarkable difference between the ITG and ETG cases is found in the time evolutions of ‘7'3(“).
The time evolution of ‘Ti(Zf) shows a higher peak than that of T in the saturation phase of the
linear instability growth (£ ~45 — 60), then it quickly decreases and leads to the steady state with
the small value of 7‘1(20. In contrast, no strong peak of T appears in the saturation phase of the
ETG instability growth, while the saturation level of the entropy transfer function is larger than
that for the ITG case by a factor of 9.3 in the steady phase. Since the entropy transfer function is
proportional to the fluctuation amplitude [see Eqgs. (5.16) and (5.17)], the comparisons in terms
of the entropy transfer function normalized by the mean heat flux, i.e., T 150, is more useful
for quantifying the role of the entropy transfer in the ITG and ETG turbulence. The time-histories
of 7'5(21)/ nsés for the ITG and ETG turbulence are shown in Fig. 5.3(c). One again finds that the
amplitude of Ti(zﬂ/ 1;0; is much higher than 7’6(Zf)/ 1.0, in the saturation phase of z ~ 45, where

the entropy variable of non-zonal ITG modes is efficiently transferred to zonal modes.

After the saturation of the linear instability, the amplitude of 7‘1@() /mQ; decreases quickly
to a quit low level which is of the same order of magnitude as (but still 1.8 times larger than)
T /n.Q., where 7_“1(Zf) /mQ; = 2.56 x 1072 and ﬁfzﬂ /1.0, = 1.42 x 1072 (the time-average is
taken over 220 <7<320). As discussed in the previous section, 7 is regarded as a kinetic ex-
tension of the zonal-flow production term due to the Reynolds stress, and works as a source for
the zonal-flow component of the entropy 65 “D and the potential energy W [see. Eq. (5.22)].
From this point of view, one might expect that T 1.0, showing the same order of magnitude
as 7;(Zf) /n;0; should cause the strong zonal-flow generation leading to the effective turbulent-
transport suppression also in the steady state of the ETG turbulence, and this seems to contradict
the results observed in Fig. 5.2(b). However, it should be noted here that the zonal-flow genera-
tion is also affected by the coefficients of |6¢kx,ky:0|2 found in the right hand side of Egs. (5.14)
and (5.15) (One often refers to the coeflicient as the “zonal-flow inertia”), which are quite differ-
ent between the ITG and ETG cases. In the simple evaluation with the long-wavelength limit of
k% pl <1, the zonal-flow inertia in the ITG and ETG turbulence are given by 1 — [y ~k2p2 = M,
and 1 + (T./T;) — I'pe = (T./T;) + kipfe = M., respectively. Then, for the typical wavenumber
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FIG. 5.3: Time evolutions of each term in the entropy balance relation of the zonal-flow part, Eq.
(5.22), for toroidal (a)ITG (s =1) and (b)ETG (s = e) turbulence. The deviation from the exact
balance is also plotted by the dashed line. (c)The time-histories of the entropy transfer function

normalized by the time-averaged heat flux 7% /n,0,.
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of ko ~ 0.1 observed in the turbulence simulations, the zonal-flow inertia for the ETG case
is much larger than that for the ITG case: typically, M;/M. ~ 1072, From the turbulence sim-
ulation results, the ratio of the zonal-flow inertia is evaluated as Mi/ Me =2.41 x 1072, where
the effective zonal-flow inertia is defined by M, = (Eim +W£Zf)) [ 2k, m>. The smaller
value of M;/M. indicates that, as well as the case of Wizﬂ / 2k, m) ~ M, the ratio
gizf)/ 2k, M) for the ITG case is much smaller than that for the ETG case because the
contribution of the zonal density perturbation éngy, x =0 t0 6S “D s significantly reduced for the
ITG case. The large zonal-flow inertia in the ETG turbulence, thus, leads to the weaker zonal-
flow generation, even though the amplitude of T 1:0, shows the similar level as ‘7’i(Zf)/ 170, in

the steady state.

5.3.2 Comparison of vortex structures and zonal flows in toroidal ITG and
ETG turbulence

The wavenumber spectra of turbulent vortices and zonal flows in the ITG and ETG turbulence are
compared in this section. The time evolutions of k,-spectra of the fluctuation intensity are shown
in Figs. 5.4(a) — (d), where the streamer intensity (|0¢ =0 ky|2> [(a) and (b)] and the intensity
of finite k, modes (Zkﬁolc&pkbk},lz) [(c) and (d)] for the ITG (upper row) and ETG (lower row)
cases are plotted. One finds that the streamer modes with k, =0 grow linearly until the nonlinear
saturation takes place at r~40 — 60 both in the ITG and ETG cases. (The linearly most unstable
streamer mode with k, = 0.4125 is shown in the figures by the dashed line.) We also find that
the strong zonal flow with k, = 0 is nonlinearly generated in the ITG turbulence, and then, the
growth of the streamer and the other finite-k, modes is suppressed significantly [Fig. 5.4(a) and
5.4(c)]. In contrast to the ITG case, the generation of ETG-driven zonal flows is weaker because
of the larger zonal-flow inertia. Thus, the ETG turbulence is dominated by the streamer modes
with high amplitude [Fig. 5.4(b) and 5.4(d)]. Furthermore, it is clearly shown that, in both the
streamer and the finite-k, modes, the spectrum of the fluctuation intensity is down-shifted to the
lower-k, region through the nonlinear couplings in the saturation phases.

The similar plots for the time evolution of k,-spectra of the intensity of the zonal-flow po-
tential (I6¢khky=0|2> and the non-zonal modes potential <Zky¢0|(5¢kx,kv|2> are shown in Figs. 5.5(a)
— (d). From Figs. 5.5(a) and 5.5(b), one also finds that the zonal flow generation in the ITG
turbulence is much stronger than that in the ETG case. The saturation levels of the zonal-flow
intensity integrated over k., (3}, |06, k},:()lz), in the steady states of the ITG and ETG turbulence
are 16.4(T;py /eL,,O)2 and 1.79(Tepte/eLn0)2, respectively, where the time average is taken over

220 <t < 320. In the saturation phases, the intensity of non-zonal modes, which are linearly
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FIG. 5.4: Time evolution of ky-spectra of the streamer intensity (|0¢, o, ky|2> [(a) and (b)] and
the intensity of finite-k, modes <ka¢0|6¢kx,ky|2> [(c) and (d)] for the ITG (upper row) and ETG
(lower row) turbulence, where the unit is (T0/ eL,,O)2 The wavenumber of k, = 0.4125 for the

linearly most unstable mode is also shown by the dashed line.

unstable for ¢ < 40 — 60, quickly spreads to the higher-k, region [(c) and (d)], in contrast to
the down-shift to the lower-k, region as shown in the Figs. 5.4. Then, the non-zonal mode in-
tensity is suppressed by the ITG-driven zonal flows, while the high amplitude streamers with
k=0 are sustained in the ETG turbulence. The saturation levels of the non-zonal mode intensity
(ka’k;ﬁol&/)kx,kylz) in the steady states of the ITG and ETG turbulence are 4.55(T;py /eLnO)2 and
136(Tepre/eL,,)?, respectively.

The vortex and flow structures of the ITG and ETG turbulence in the three-dimensional flux-
tube are shown in Figs. 5.6(a) and 5.6(b), respectively, where the potential fluctuations 6¢(x, y, z)
at =315 are plotted. As already seen from the spectral analysis, the strong zonal flows, which
are translationally symmetric in the y- and z- directions, are observed in the ITG turbulence [Fig.
5.6(a)]. The radially elongated streamers with high amplitudes observed in the ETG turbulence
[Fig. 5.6(b)] show the ballooning-type structures, i.e., the amplitude on the perpendicular plane
with z=0 (the outboard side of the torus) decreases toward z = (the inboard side of the torus).

The different vortex and flow structures between the ITG and ETG turbulence reflect in their
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FIG. 5.5: Time evolution of k,-spectra of the zonal-flow intensity (Iéqﬁkx,ky:()lz) [(a) and (b)] and
the intensity of non-zonal modes (3’ ky¢0|5¢kx, kylz) [(c) and (d)] for the ITG (upper row) and ETG
(lower row) turbulence, where the unit is (Tsp/ eL,ZO)2 The wavenumber giving the linearly most

unstable mode is k&, =0.

different nonlinear entropy transfer processes as will be discussed in Sec. 5.4.

Transport properties in the steady states of the ITG and ETG turbulence are compared in
terms of the wavenumber spectra of the turbulent heat flux nséskL in the two-dimensional k, -
space which are plotted in Figs. 5.7(a) and 5.7(b). For reference and comparison, the wavenum-
ber spectra of potential fluctuations are also plotted in Figs. 5.7(c) and 5.7(d), where each am-
plitude is normalized with the maximum value in the non-zonal components (k, #0). While the
mode with (k,~0, k, ~ O.Zpt‘sl) makes the largest contribution to the heat transport in both cases,
one clearly finds a qualitative difference in the spectra of the turbulent heat flux and potential
fluctuations between the ITG and ETG turbulence. The wavenumber spectra for the ITG turbu-
lence significantly expands into the high k,-region [Figs. 5.7(a) and 5.7(c)] where the modes are
stabilized [cf. Fig. 5.1] and make less contribution to the heat transport, while the spectra for the
ETG case is confined in the lower-k, region. The different structures of the wavenumber spectra
observed in the ITG and ETG cases will discussed from the view point of the nonlinear entropy

transfer in the next section.
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FIG. 5.6: Contours of the potential fluctuations é¢(x,y,z) at t =315(L,,/v) for toroidal (a)ITG
and (b)ETG turbulence, where the unit is (Tsp/eLy,,). The box size is L, X L, X L, = 266ps X
1680 X m. The (x, y)-cross section shown here is the perpendicular plane in the outboard side

of the torus, where z=0.

5.4 Nonlinear entropy transfer via zonal modes

5.4.1 Entropy transfer processes in saturation and steady phases

In this section, nonlinear interactions between zonal flows and the ambient turbulence are ad-
dressed based on the spectral analysis of the triad entropy transfer function given in Sec. 5.2.
The entropy transfer analysis provides ones with quantitative evaluations for the effects of zonal

flows on the transport suppression.

In the previous section, the entropy balance relations for non-zonal and zonal modes in the
ITG and ETG turbulence have been discussed (cf. Figs. 5.2 and 5.3). Particularly, the different
time-evolution of the normalized entropy transfer function T 150, has been shown [cf. Fig.
5.3(c)]. The amplitude of 7"1(20/ niQ is much higher than 7}(20/ neae in the saturation phase of
the linear instability. In the steady state, we observe the lower amplitude of 7'i(zﬁ/ 17:0; with the
same order of magnitude as T 1. 0., which should balance with weak collisional dissipation
for zonal modes. Nevertheless, the ITG-driven zonal flows with the high amplitude are sustained
in the steady state even with the weak source of ?;Zf)/ 7:0; = 2.56 x 1072 (but still larger than
?G(Zf)/ neae =1.42 x 1072) because of the smallness of the zonal-flow inertia. It should be stressed

here that, even in the steady state with little entropy transfer to the zonal modes, the ITG-driven
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FIG. 5.7: Wavenumber spectra of the turbulent heat flux 7,0y, [(a) and (b)] and the potential
fluctuation (|0, |) [(c) and (d)] in the steady states of the ITG (upper row) and ETG (lower row)
turbulence, where the amplitudes are averaged over 220 <7< 320. The amplitudes of potential

fluctuations are normalized by the maximum value in the non-zonal components.

zonal flows still play an important role in the transport suppression through a different type of
the entropy transfer process from that in the saturation phase, as will be shown later. In order to
understand more accurately the nonlinear entropy transfer processes in the saturation and steady
states, the spectral analysis of the triad entropy transfer function J[k_|p., q.] (rather than ‘7'S(Zf))
with the aid of the detailed balance relation shown in Eq. (5.20) is necessary, because ‘7’S(Zf) (or,
equivalently, 7, ) obscures individual entropy transfer processes among the non-zonal modes
through the zonal mode, and provides only the net amount of the entropy variable transferred
from non-zonal (turbulence) to zonal modes. Indeed, Waltz et al. have examined the spectral

structures of the entropy transfer function 7, for the steady state of ITG-TEM turbulence [25].
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However, the relation between the entropy transfer processes and the turbulence regulation by
zonal flows has not been shown explicitly. The detailed spectral analysis of the triad transfer
function presented in this study can reveal the critical role of zonal flows in the nonlinear entropy
transfer processes, which are closely associated with the saturation of instability growth and
transport suppression in the steady state.

Hereafter, we consider the entropy transfer processes associated with the nonlinear interac-
tions among two non-zonal modes with p, and ¢, and a zonal mode with k,s = k,Vx, which
satisfy the triad-interaction condition k,+ p, + ¢, = 0. (A schematic plot is shown in Fig. 5.8.)
First, the non-zonal primary mode with p, is chosen to be the “transport-driving mode” with
(ky =0, ky = 0.2pt‘sl) which makes the most dominant contribution to the turbulent heat flux, as
shown in Figs. 5.7(a) and 5.7(b).

The wavenumber spectrum of the triad entropy transfer function normalized by the time-
averaged heat flux, i.e., 75[sz| Pi,q.]/ nsés, in the saturation phases of ITG and ETG instabil-
ities are shown in Figs. 5.9(a) and 5.9(b), respectively, where the time-average is taken over
30 <t<45. Here, the wavenumbers of the ITG- and ETG-driven zonal flows are, respectively,
set to k,e = 0.1410p;" and k,r = 0.0705p', which have the largest amplitude in the zonal-flow
components. In the ITG turbulence [Fig. 5.9(a)], one clearly finds that the large positive val-
ues of 71[sz| Pi.q.]/ niéi spread over the linearly unstable region around g, ~ O.4,ot‘i1 [cf. Fig.
5.1]. This suggests that the saturation process of the ITG instability is closely associated with
the high-amplitude zonal-flow generation with the strong flow-shear due to the efficient entropy
transfer from the linearly unstable non-zonal modes to zonal modes. On the other hand, the

lower amplitude of 7e[sz| Pi,q.]/ neée is observed in the ETG case [Fig. 5.9(b)] so that the

Ky

P : Transport-driving mode

Kx _
—> @, : High-kx mode

( +&+qJ_= O)

FIG. 5.8: Non-zonal and zonal modes which satisfy the triad-interaction condition k s+ p,+ ¢, =
0, where k,;=k,Vx.
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FIG. 5.9: Wavenumber spectrum of the triad transfer function normalized by the mean heat
flux, js[szl Pi.q.]/ nsés, for the fixed-k, in the saturation phase of toroidal (a)ITG (s=1) and

(b)ETG (s=e) turbulence, where the time-average is taken over 30 <7<45.

generation of ETG-driven zonal flows in the saturation process is less effective than that in the
ITG case. These results are consistent with the different amplitude of ‘7'i(Zf)/ 1:0; and ‘7;@/ 7.0,
observed in the saturation phase, as shown in Fig. 5.3(c).

In the steady state, the entropy transfer processes are qualitatively different from those in
the saturation phase. The wavenumber spectra of ?S[szl P..q.1/ nsés in the steady state are
shown in Figs. 5.10. It is observed in Fig. 5.10(a) that the amplitude of 7i[sz| Pi.q.]/ niéi is
quite low in comparison to that in the saturation phase shown above. For the ETG case [Fig.

5.10(b)], the large positive values of 76[ka| Pi.q.1/ r;eée are found near the region of transport-
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FIG. 5.10: Wavenumber spectrum of the triad transfer function normalized by the mean heat flux,
?S[szl P..q.l/ nsés, for the fixed-k, in the steady state of toroidal (a)ITG (s =1) and (b)ETG

(s=e) turbulence, where the time-average is taken over 220 <#<320.

driving modes [cf. Fig. 5.7(b)], but are partly canceled by the large negative values. Note that,
as discussed above, the generation of ETG-driven zonal flows is less effective due to the large
zonal-flow inertia, even though the relatively large positive values of je[szl Pi.q.]/ neée are
observed in comparison to those in the ITG case.

Although the entropy transfer to zonal modes is quite weak in the steady state of the ITG
turbulence, i.e., ? Lkl po,q.1~0, the ITG-driven zonal flows still play a “catalytic role” in the
entropy transfer from non-zonal transport-driving modes to other non-zonal modes with higher

radial-wavenumbers which make less contribution to the turbulent heat flux [cf. Fig. 5.1 and
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5.7(a)]. In order to clarify this point, the wavenumber spectra of 71 (p.lq., kil/ 771@1 in the
steady state for three different p,’s is plotted in Figs. 5.11(a) — (c), where p, is fixed to p, =
0.2250p;" which is the dominant component driving the heat flux. It is clearly found that all the
figures commonly show the two-stripe pattern at p, =0 and p,=-0.2250p "' which indicates that
the p, -mode dominantly interacts with other non-zonal modes through the zonal modes. Note
that, in general, one can not uniquely determine the direction of the entropy transfer between
“two modes” only from the sign of 7 p.1q., k] because the “triad” transfer function describes
the entropy transfer among “three modes forming a triad interaction”. However, the direction
of the entropy transfer between two non-zonal modes is identified here as p, — ¢, for negative
3} [p.lq., k], or as g, — p, for positive one due to the detailed balance relation given in Eq.
(5.20) leading to

;71 [pJ_qu’ sz] + ?i [QL|sz,P¢] = _71 [sz|P¢a QL] ~0, (5.23)

where the last equality is confirmed by the small amplitude of 7i[sz| P.,q.] in the steady state
as shown in Fig. 5.10(a).

The entropy transfer processes shown in Figs. 5.11(a) — (c) are explained more in detail
as follows: From Fig. 5.11(a), we observe the large negative values at the zonal mode with
gx=k,;=0.1410p;" and ¢, =0 (represented by solid green arrow) and at the non-zonal mode with
gx = —k;y and g, = —p, = —0.2250p_" (solid blue arrow), which form a triad with the transport-
driving primary mode with p, (solid red arrow). This means that the entropy is transferred
from the non-zonal primary mode (p,) to the higher radial-wavenumber mode (g,) through
the catalytic role of the high-amplitude zonal mode (k,). Besides, the —¢,-mode, which is
equivalent to the ¢, -mode due to the reality of the physical variable, is plotted by the dotted blue
arrow in the figure. In Fig. 5.11(b), the previously transferred mode [dotted blue arrow in Fig.
5.11(a)], which consists of a triad with two modes shown by black solid arrows [equivalent to
red and green solid arrows in Fig. 5.11(a)], is now considered as the new primary mode with
px = 0.1410p;" and p, = 0.2250p;"' shown by red solid arrow. Then, the entropy variable is
further transferred to the non-zonal mode with higher radial-wavenumber (solid, or equivalently,
dotted blue arrow) via the interaction with the zonal mode with ks ~0.1410p;; ! The “successive”
entropy transfer to the higher radial-wavenumber mode is also found in Fig. 5.11(c). [One again
finds that the entropy of the primary mode (red solid arrow) is coming through the interaction
with two modes (black solid arrows), and is going to the higher radial-wavenumber mode (blue
arrows) via the interaction with the zonal mode (green solid arrow).]

Furthermore, Figs. 5.12 show the contour of K2 APl gy, kgl /n@i for three different p,’s

with p, = —0.2250p;', which indicates a diagonal counterpart of entropy transfer processes
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toroidal ITG turbulence, where the time-average is taken over 220 <7<320.



5.4 Nonlinear entropy transfer via zonal modes

101

0.6
= 04
0.2

wavenumberqy [Py
o O
A N O

-0.6

g 1x10

- 5x10™°

i {H oxa0°

1H -5x10™

I -1x10™*

-0.6-04-0.2 0 0.2 04 0.6
b;/vavenumber Oy [p{il]

]

-1

wavenumber Oy [Py

S o
N

-0.6

o

1 1x10™

1H 5x10°

g2t 14 ox10°

{H -5x10™

I -1x10™*

-0.6-0.4-0.2 0 02 04 06
wavenumber d, [p{il]

]

-1

wavenumber Oy [Py

o

S o
N

-0.6

p,=0.2820 |
p,=-0.2250]

g 1x10

- 5x107°

- +H oxa0®

{H -5x10™

i -1x10*

-0.6-04-0.2 0 0.2 04 0.6

wavenumber a, [Py ]

1

FIG. 5.12: Wavenumber spectra of 7i[p 11 gy, kil /77@1 for three different p,’s with p, =

—0.2250p; !(fixed) in the steady state of toroidal ITG turbulence, where the time-average is taken

over 220<1<320.



102

Chapter 5 Nonlinear entropy transfer via zonal flows in toroidal plasma turbulence

wavenumber ¢, [pgé]
o

-0.6 -

0.6 (

-1
wavenumber Oy [Ptel
o o

o N b

S o
N

-0.6

S o
N

p,=0.0000 |
p,=0.2250

n 1x10™

- 5x10™°

- ox10°

{H -5x10™

' I -1x10™*

-0.6-04-0.2 0 0.2 04 0.6

b;/vavenumber Oy [p{é]

P.C0.0705
py:O.2250 _

k'

M 1x10™

- 5x107°

- ox10°

{H -5x10™

I -1x10™*

-0.6-0.4-0.2 0 02 04 06
wavenumber d, [p{é]

0.6

o o
N A

-1
wavenumber Oy [Ptel
<IN

A N O

-0.6

p,=0.1410 |
p,=0.2250 |

M 1x10™

- 5x107°

- ox10°

{H -5x10™

i -1x10*

-0.6-0.4-0.2 0 02 04 06
wavenumber d, [p{el]

FIG. 5.13: Wavenumber spectra of 76[17 21 gy, kil /776@6, for three different p,’s with p, =

0.2250p.! (fixed) in the steady state of toroidal ETG turbulence, where the time-average is taken

over 220<1<320.



5.4 Nonlinear entropy transfer via zonal modes 103

shown in Figs. 5.11. The present spectral analysis reveals that, through the non-local interac-
tion with the high-amplitude zonal flows in the wavenumber-space, the entropy of the non-zonal
transport-driving modes is successively transferred to the non-zonal modes with higher radial-
wavenumbers for which stronger damping due to the finite gyroradius effect occurs. These results
provide ones with a novel physical picture of the suppression of the ITG turbulent transport by

zonal flows in the steady state, from the view point of the gyrokinetic entropy balance.

Figures 5.13(a) — (c) show the wavenumber spectra of 7e[p gL, kil /neéC in the steady
state of toroidal ETG turbulence for three different p,’s, respectively. In contrast to the ITG
turbulence, no remarkable spectral structures suggesting the successive entropy transfer to the
non-zonal modes with higher radial-wavenumbers are observed. Instead, the entropy transfer
within a low wavenumber region occurs dominantly through the nonlinear interactions among
non-zonal modes. One also finds the net entropy transfer to the primary mode with p, through
the coupling of zonal flows and radially elongated streamers with g, ~0 [cf. Fig. 5.13(c)], while
the subsequent transfer to non-zonal mode with the higher-radial wavenumber does not occur.
Thus, it is concluded that, in both the saturation and steady phases of the ETG turbulence, the
role of zonal flows in the successive entropy transfer to the higher wavenumber modes is much

weaker than that in the ITG case.

In addition to the individual entropy transfer processes involving the interactions with all
components of zonal modes shown above, the wavenumber spectra of 7S (p.lq., sz]/nséS are
plotted in Figs. 5.14 as a function of p, and g,, where p, = —g, = 0.2250p;! and k¢ giving the
largest amplitude in the zonal-flow components are fixed. In the ITG case [Fig. 5.14(a)], one
clearly finds the elongated diagonal stripes indicating that the entropy at p, =0 (transport-driving
mode) is transferred to the higher radial-wavenumber non-zonal modes via the successive inter-
actions with zonal modes. The successive transfer processes are represented by the dotted gray
arrows in Fig. 5.14(a). In contrast, in the ETG case [Fig. 5.14(b)], the elongated diagonal struc-
tures indicating the successive transfer are no longer observed. Recently, for the ITG turbulence,
Navarro et al. have shown that the entropy transfer (or cascade) from large- to small-scale shells
in the k,-space occurs locally [33]. There, they have examined the entropy transfer function
averaged over isotropic shells in two-dimensional wavenumber-space. However, it should be
pointed out that their shell-to-shell transfer analysis obscures the successive entropy transfer via

zonal flows (the most important ingredient of the ITG turbulence) revealed in this study.

Finally, in Figs. 5.15, we briefly summarize the nonlinear entropy transfer processes in the
saturation and the steady phases of the toroidal ITG and ETG turbulence, which are closely asso-
ciated with the saturation of the instability growth and the suppression of the turbulent transport

in the steady state. In the saturation phase of the toroidal ITG instability growth, the entropy
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FIG. 5.14: Wavenumber spectrum of ?S (Pl q., kl/ nsés for fixed-|k,| with p, = —q, =
0.2250,0;l in the steady phases of toroidal (a)ITG (s =1) and (b)ETG (s = e) turbulence, where
the time-average is taken over 220<7<320. The lower and upper lines in each figure correspond

to ks + px + g = 0 for k>0 and ks <0, respectively.

of non-zonal ITG modes is significantly transferred to zonal modes, then the ITG instability
growth is saturated by the high-amplitude zonal flows with strong flow-shear [Fig. 5.15(a)]. In
the steady state of the ITG turbulence, the entropy transfer to zonal modes becomes quite weak,
ie., 7’1(20 /10, ~ T 1.0, < 1. Nevertheless, the ITG-driven zonal flows still play a catalytic
role in the entropy transfer process from non-zonal modes strongly driving the heat transport to
the higher radial-wavenumber (non-zonal) modes with less contribution to the turbulent heat flux

[Fig. 5.15(b)]. The successive entropy transfer to the higher radial-wavenumber modes due to
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FIG. 5.15: Summary of the entropy transfer processes in the saturation (upper row) and the
steady (lower row) phases for the toroidal ITG (left column) and ETG (right column) turbulence,

where arrows denote the direction of the entropy transfer.

the non-local interaction with the strong zonal flows in the wavenumber-space is associated with
the broadening of the spectra of potential fluctuations and heat flux in the k,-direction shown in
Figs. 5.7(a) and 5.7(c).

In contrast to the ITG case, the nonlinear interactions among the low-wavenumber non-zonal
modes including the radially elongated streamers are dominant in the ETG case so that the en-
tropy transfer resulting from the interactions with zonal flows are not effective for both the sat-
uration of the instability growth and the transport regulation in the steady state [Figs. 5.15(c)
and 5.15(d)]. As pointed out in some earlier works on the toroidal ETG turbulence [12], the
vortex structures and zonal flows strongly depend on the geometrical and plasma parameters. In
particular, strong ETG-driven zonal flows are observed in the case with weak (or negative) mag-
netic shear, where the electron heat transport is significantly reduced. It is not trivial whether
the entropy transfer function for the toroidal ETG turbulence with the strong zonal flows shows
the similar wavenumber spectrum to that in the ITG case presented here. The entropy transfer

analysis for the toroidal ETG turbulence with weak magnetic-shear remains as a future work.
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5.4.2 Comparison between slab and toroidal systems

Here, the entropy transfer process in the slab ITG and ETG turbulence are presented and com-
pared to that in the toroidal cases shown above. The entropy transfer analysis is applied to the
slab ITG and ETG turbulence simulation results calculated with the physical parameters of Case
1 shown in Chap. 3, where the statistically steady turbulence is observed [see Sec. 3.3.2]. (Note
here that the quantities shown below are normalized with L,,.) In the slab ETG turbulence,
the formation of isolated vortices with complicated motion are observed rather than elongated
streamers, while the slab ITG turbulence is dominated by strong zonal flows where the turbulent
heat flux is quenched [cf. Figs. 3.5(b) and 3.5(c)].
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FIG. 5.16: Wavenumber spectra of the turbulent heat flux 7,0y, [(a) and (b)] and the potential
fluctuation [0¢%, | [(c) and (d)] in the steady states of the slab ITG (upper row) and ETG (lower
row) turbulence, where the amplitudes are averaged over 400 < ¢ < 500. The amplitudes of

potential fluctuations are normalized by the maximum value in the non-zonal components.
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Figures 5.16 show the wavenumber spectra of the turbulent heat flux nsaskl and the potential
fluctuation (|0¢x, |) for the slab ITG and ETG turbulence, where each amplitude is normalized
with the maximum value in the non-zonal components (k, #0). One can see that the mode with
ky~0and k, ~0.150; ! makes a dominant contribution to the heat transport in the slab ITG case,
while the mode with k, ~ 0 and k, ~ 0.05p.! is for the slab ETG case. It is also found that, in
the slab ITG case, most fluctuation intensity is accumulated on zonal modes, and the relatively
broad k,-spectrum of the ITG-driven heat flux are observed. It is remarkable that relatively large
contribution of zonal flows to the fluctuation intensity in the slab ETG turbulence are found in

comparison to that in the toroidal ETG turbulence [cf. Fig. 5.7(d)].
The time-histories of the entropy transfer function T for the slab ITG and ETG turbulence

are shown in Fig. 5.17(a). For reference and comparison, the time-histories for the toroidal
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FIG. 5.17: Time evolution of the entropy transfer function T for (a)slab ITG (s=1) and ETG
(s=e) turbulence, and (b)toroidal ITG (s=1) and ETG (s =e) turbulence.
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ITG and ETG turbulence are also plotted in Fig. 5.17(b). It is found that the time evolution of
7'i(Zf) for the slab ITG case is similar to that for the toroidal ITG case. However, the qualitative
difference of 7. is observed in the slab and toroidal ETG cases, i.e., the high peak amplitude of
T appears in the saturation phase of the slab ETG instability at # ~ 120. This suggests that, in
contrast to the toroidal ETG case, the generation of the slab ETG-driven zonal flows somewhat
contributes to the saturation of the slab ETG instability growth through the entropy transfer to
zonal modes. (Remember that the reduction of the peak amplitude of transport level due to the

finite zonal-flow generation is observed in Fig. 3.3.)
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FIG. 5.18: Time-averaged wavenumber spectrum of the triad transfer function normalized by the
mean heat flux, ?S[szl pP..q.1/ nsas, for the fixed-k,s in the saturation phase of the slab (a)ITG
(s=1) and (b)ETG (s =e) turbulence.
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Time-averaged wavenumber spectrum of the triad entropy transfer function normalized by
the mean heat flux, i.e., ?S[szl Pi.q.]/ nsés, in the saturation phase of the slab ITG and ETG
instability growth are shown in Figs. 5.18(a) and 5.18(b), respectively. The wavenumbers of the
slab ITG- and ETG-driven zonal flows are chosen as k,; =0.40p; Vand ks =0. 15p{el, respectively.
As expected from the high peak amplitude of ‘7’i(Zf) and 7™ in the saturation phase shown in Fig.
5.17(a), the large positive values of both 7i[sz| ) 1 ql]/niQ and ?e[szl ) ql]/neée are found
in the linearly unstable region with g, ~0.4 (cf. Fig. 3.1). Also, one finds the broad spectrum of
7i[sz| P, q.] /n@i in the g,-direction, while the spectrum for the ETG case is confined in the
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FIG. 5.19: Time-averaged wavenumber spectrum of the triad transfer function normalized by the
mean heat flux, 75[sz| pP..q.l/ nsés, for the fixed-k, in the steady state of slab (a)ITG (s =1)
and (b)ETG (s=e) turbulence.
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lower-g, region.

The wavenumber spectra of 7 Jkiglp,q.l/ nsés in the steady state are shown in Figs. 5.19,
where the time average is taken over 400 < ¢ < 500. It is found that, in similar to the toroidal
ITG case [cf. Fig. 5.9(a) and 5.10(a)], the amplitude of 7i[sz| Pi.q.] /n@i in the steady state
is much lower than that in the saturation phase shown in Fig. 5.18(a). Furthermore, in the slab
ETG case [Fig. 5.19(b)], one finds the nearly isotropic spectrum of 7e[sz| P, q.]/ neée, where
the nonlinear local-interactions among non-zonal modes are dominant.

Figures 5.20 show the wavenumber spectra of 7 Aplq., kil niéi in the steady state of the
slab ITG turbulence for three different p,, where p, is fixed to p, = 0.15 which is the domi-
nant component driving the heat flux. One clearly finds the two-stripe pattern at p, = 0 and
py=-0.15 with high amplitude, which indicates the strong interaction of the zonal and the other
non-zonal modes. Hence, the catalytic role of strong zonal flows in the successive entropy trans-
fer to the higher radial-wavenumber mode causing less turbulent heat flux, which is similar to
that observed in the toroidal ITG case, is also demonstrated in the steady state of the slab ITG
turbulence.

The wavenumber spectra of 76 [polq., kil/ neée in the steady state of slab ETG turbulence
for three different p, are plotted in Figs. 5.21. Similar to the toroidal ETG case shown in
Figs. 5.13, one also finds the nearly isotropic entropy transfer in the low wavenumber region
through the nonlinear local-interactions among non-zonal modes, rather than zonal flows so that
the successive entropy transfer to the higher wavenumber modes due to the interaction with zonal

modes is weak in the steady phases of the slab ETG turbulence.

5.5 Concluding remarks

In the present study, the entropy balance relations for non-zonal and zonal modes in toroidal ITG
and ETG turbulence have been examined by means of five-dimensional nonlinear gyrokinetic
Vlasov simulation code, GKV [3]. Particularly, the nonlinear entropy transfer processes in the
saturation and steady phases, which are associated with the instability saturation and the transport
regulation, are investigated by the spectral analysis of the triad entropy transfer function. The
entropy transfer from non-zonal to zonal modes is regarded as a kinetic extension for zonal-flow
energy production due to the Reynolds stress.

The nonlinear simulation results confirm that the entropy balance relations for turbulence
(non-zonal) and zonal-flow components, which are coupled with each other through the entropy
transfer function 7", are accurately satisfied for the whole simulation time both in the ITG
and ETG turbulence. It is also found that the statistically steady states of the ITG and ETG
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turbulence are realized long after the saturation of linear instability, where the balance relations
of ‘7_'S(Zf): —l_)im >0 and L;}és - ‘7_“:Zf): —T)i”b) hold separately for the turbulence and zonal-flow
components (the overline denotes the time-average in the steady state). A remarkable difference
between the ITG and ETG cases is found in the time evolutions of 7%/ 1,0,. In the saturation
phase of the instability growth, the higher peak amplitude of 7'i(Zf) /n;0; in comparison to that
of ‘Tc(Zf) /1.0, is observed, while it decreases significantly in the steady state and becomes same
order of magnitude as that for the ETG case, i.e., 7:(”) /0i0; ~ T /1.0, < 1. The nonlinearly
generated zonal flows with strong flow-shear play a critical role for the saturation of the ITG
instability growth whereas the entropy transfer processes among non-zonal modes are dominant

in the ETG case.

The time evolutions of the wavenumber spectra of turbulent fluctuations show that, in the
saturation phase, a spectral peak of the fluctuation intensity is down-shifted to a low-k, region
from the linearly most unstable wavenumber. In addition, it is observed that the fluctuation
spectrum spreads into the higher-k, region as well. The strong zonal flows are sustained in the
steady state of the toroidal ITG turbulence, while the radially elongated streamers with the high
amplitudes, which are associated with the strong electron heat transport, are formed in the ETG
turbulence. Although the mode with k, ~0 and k, ~0.2p;;! makes the most dominant contribution
to the heat transport, different spectral shapes of the heat flux and the potential fluctuations are
found between the ITG and ETG turbulence, that is, broad k,-spectra are observed for the ITG

case while the spectra for the ETG case are confined within the lower-k, region.

In order to understand the nonlinear entropy transfer processes in the saturation and steady
phases, the wavenumber spectra of the triad transfer functions J[k | p.,q.] and T[p.|q., k.f]
for two non-zonal modes with p, and ¢, and a zonal mode with ks =k,;Vx have been examined.
The detailed balance relation, Eq. (5.20) [or Eq. (5.23)], provides us explicitly with the direction
of the entropy transfer among the zonal and non-zonal modes. Then, the qualitatively different
entropy transfer processes in the saturation and steady phases of the ITG turbulence are clarified.
The entropy transfer from non-zonal to zonal modes is substantial in the saturation phase of the
ITG turbulence, while, once the high-amplitude zonal flows are generated, the entropy transfer
to the zonal modes becomes quite weak in the steady state. Instead, the zonal flows play a
catalytic role in the entropy transfer among non-zonal modes, i.e., the entropy of non-zonal
modes with low radial-wavenumbers driving the heat transport is successively transferred to the
other non-zonal modes with higher radial-wavenumbers with less contribution to the transport.
The successive entropy transfer to the high-k, modes due to the non-local interactions with the
strong zonal flows in the wavenumber-space leads to the broadening of the wavenumber spectra

in the steady state of the ITG turbulence. In contrast to the ITG case, the nonlinear interactions
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among the low-wavenumber non-zonal modes are dominant in the ETG case so that the entropy
transfer resulting from the interactions with zonal flows are not effective for the saturation of the
instability growth and the transport regulation.

The comparison of the slab and toroidal ITG/ETG turbulence simulation results reveals that
the significant entropy transfer from non-zonal modes to zonal modes is commonly observed
in the saturation phases of toroidal ITG, slab ITG, and slab ETG turbulence, while the entropy
transfer among non-zonal modes is dominant in the toroidal ETG turbulence. Similar to the
toroidal ITG case, the entropy transfer to zonal modes are quite weak, and then the successive
entropy transfer to the higher radial-wavenumber modes through the catalytic role of the zonal
mode is found in the steady state of the slab ITG turbulence. In the steady state of the slab
ETG turbulence with isolated vortices and their mergers, the nearly isotropic entropy transfer in
the low wavenumber region through the nonlinear local-interactions among non-zonal modes is
found, in similar to that of the toroidal ETG case where the radially elongated streamers with
high amplitude are formed.

The results obtained in the present study by a novel method of the triad entropy transfer analy-
sis provide ones with not only deeper understandings of the fundamental physics of the nonlinear
interaction between turbulence and zonal flows, but also useful suggestions for advanced turbu-
lence diagnostics such as the bi-spectrum analysis. Specifically, the present analysis in terms of
the triad entropy transfer function involves the explicit information of the direction of the trans-
fer which has rarely been discussed in the conventional bi-spectrum analysis. Also, the use of
entropy variable, which is based on the kinetic equation, enables us to examine systematically
both the nonlinear interactions among the zonal and non-zonal modes and their effects on the

turbulent transport level.
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Chapter 6
Summary

undamental physics behind the formation of vortex and zonal flow structures and their
stability, as well as the related transport properties, in slab/toroidal ITG/ETG turbulence
have been extensively explored in this dissertation based on nonlinear gyrokinetic the-
ory and the direct numerical simulations. Then, the highlighted results concerning (i) formation
of coherent vortex streets and the resultant transport reduction, (ii) effects of parallel dynam-
ics on the zonal flow generation, and (iii) nonlinear entropy transfer among turbulent vortices,

streamers, and zonal flows, are presented.

First, vortex structures in the slab ETG turbulence are investigated, including comparisons
with those in the slab ITG case. The evaluation of the entropy balance relation in the slab ETG
turbulence shows that the turbulence reaches to the statistically steady state accompanied with
weak zonal flow generations, where the turbulent heat flux balances with the collisional dissipa-
tion. Through the comparison of the slab ETG (with and without zonal flows) and the slab ITG
turbulence simulations, it is found that the zonal flows driven by the slab ETG turbulence play a
crucial role in suppressing the (k, =0, k, = kyin)-mode and in realizing the steady heat transport.
Formation of isolated vortices and their mergers with complicated motion are observed in the
slab ETG turbulence, while the strong zonal flows dominate and completely suppress the turbu-
lent transport in the slab ITG turbulence. Depending on parameters which determine the growth
rate of linear ETG modes, two different flow structures are observed, i.e., statistically steady
turbulence with a weak zonal flow and coherent vortex streets along a strong zonal flow. When
the coherent vortex streets are formed, phase difference and high wavenumber components of
potential and temperature fluctuations are reduced, and the electron heat transport decreases sig-
nificantly. It is also found that the phase matching with the potential fluctuation is correlated to
the reduction of the imaginary part of the perturbed distribution function. In order to describe the

coherent vortex streets, a fluid model, which is similar to the conventional Hasegawa-Mima equa-
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tion, is derived directly from the gyrokinetic equation for electrons, where the velocity moment
of the parallel advection term f dv) ikyv 0 fx, 1s ignored. By evaluating the nonlinear simulation
results in detail, it is concluded that the coherent vortex streets found in the slab ETG turbulence,
which are closely related to the transport reduction, are explained by a traveling wave solution

of a Hasegawa-Mima type fluid equation derived here.

Second, effects of parallel dynamics on transition of vortex structures and zonal flows, which
are closely associated with transport reduction found in the slab ETG turbulence, are intensively
examined by the comprehensive parameter studies. Numerical results show three different types
of vortex structures, i.e., coherent vortex streets accompanied with the transport reduction, turbu-
lent vortices with steady transport, and a zonal-flow-dominated state, depending on the relative
magnitude of the parallel compression to the diamagnetic drift, which is characterized by the pa-
rameter @ =k Ly /kyp. In particular, a clear correlation between the formation of coherent vortex
streets associated with the strong generation of the zonal flow and transport reduction is found
for the cases with weak parallel compression, even though the maximum growth rate of linear
ETG modes is relatively large. Power spectra of the entropy variable 65, and the entropy flux
J,, in the y-space for the different ® have been examined by means of the Hermite polynomial
expansion. Then it is found that the different vortex structures in the real space, which depend
on 0, affect the spectral profiles, especially, the n-spectra of the entropy production region in
the lower-n side. A physical mechanism of the secondary growth of zonal flows is discussed
based on the modulational instability analysis with a truncated fluid model, where the parallel
dynamics with acoustic modes is incorporated, then a linear dispersion relation for the zonal-flow
growth rate is derived. The modulational instability driving zonal flows is found to be stabilized
by the effect of the finite parallel compression. The theoretical analysis qualitatively agrees with
the secondary growth of zonal flows found in the slab ETG turbulence simulations for small-0,

where the transition of vortex structures and the related transport reduction is observed.

Finally, the investigations of the entropy balance relations, vortex and flow structures are
extended to toroidal ITG and ETG turbulence by means of five-dimensional nonlinear gyroki-
netic simulations. The nonlinear entropy transfer processes in the saturation and steady phases,
which leads to the saturation of the instability growth and with the suppression of turbulent
transport, are carefully examined by the spectral analysis of the entropy transfer function. The
entropy transfer function describes the nonlinear transfer of the entropy variable from non-zonal
to zonal modes, and is regarded as a kinetic extension for zonal-flow energy production due to
the hydrodynamic Reynolds stress. It is found that the statistically steady states of the ITG and
ETG turbulence are realized long after the saturation of linear instability, where the balance re-

: —h)  —b 1= = —ub)
lations of 7, = -D; " >0 and L O, — T, =-D; " hold separately for the turbulence and
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zonal-flow components (the overline denotes the time-average in a saturated phase). Then, the
formation of the strong zonal flow is observed in the toroidal ITG turbulence, while the radi-
ally elongated streamers, which yield the significant enhancement of heat transport, develop in
the toroidal ETG case. The detailed analysis of the triad transfer functions, J[k.¢| p., ¢.] and
Jslp.|q., k], clarifies the different entropy transfer processes in saturation and steady phases.
The entropy transfer from non-zonal to zonal modes is substantial in the saturation phase of the
ITG turbulence, while, once the high-amplitude zonal flows are generated, the entropy transfer
to the zonal modes becomes quite weak in the steady state. Instead, the zonal flows play a cat-
alytic role in the entropy transfer among non-zonal modes, i.e., the entropy of non-zonal modes
with low radial-wavenumbers driving the heat transport is successively transferred to the other
non-zonal modes with higher radial-wavenumbers with less contribution to the transport. The
successive entropy transfer to the high-k, modes due to the non-local interactions with the strong
zonal flows in the wavenumber-space leads to the broadening of the wavenumber spectra in the
steady state of the ITG turbulence. In contrast to the ITG case, the nonlinear interactions among
the low-wavenumber non-zonal modes are dominant in the ETG case so that the entropy transfer
resulting from the interactions with zonal flows are not effective for the saturation of the instabil-
ity growth and the transport regulation. The qualitatively similar entropy transfer processes are
also revealed in the slab ITG and ETG turbulence by the detailed comparison of the wavenumber
spectrum of the entropy transfer function.

In the present study based on the framework of the kinetic theory, the comprehensive analysis
of vortex and zonal flow structures and the novel method of the entropy transfer analysis provide
ones with not only deeper understandings of the fundamental physics of the nonlinear interaction
between turbulence and zonal flows including the turbulent transport processes, but also fruitful

suggestions for advanced turbulence diagnostics such as the bi-spectrum analysis.






List of publications

[1] Motoki Nakata, Tomo-Hiko Watanabe, Hideo Sugama, and Wendell Horton, “Formation of
coherent vortex streets and transport reduction in electron temperature gradient driven turbu-

lence”, Physics of plasmas, Volume 17, 042306 (2010)

[2] Motoki Nakata, Tomo-Hiko Watanabe, Hideo Sugama, and Wendell Horton, “Effects on par-
allel dynamics on vortex structures in electron temperature gradient driven turbulence”, Physics

of plasmas, Volume 18, 012303 (2011)

[3] Motoki Nakata, Tomo-Hiko Watanabe, and Hideo Sugama, “Nonlinear entropy transfer via

zonal flows in gyrokinetic plasma turbulence”, submitted to Physics of plasmas (2011)



