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Abstract
Simulating electrostatic turbulence in tokamaks on transport time scales requires
retaining and evolving a complete turbulence modified neoclassical transport description,
including all the axisymmetric neoclassical and zonal flow radial electric field effects, as
well as the turbulent transport normally associated with drift instabilities. Neoclassical
electric field effects are particularly difficult to retain since they require evaluating the
ion distribution function to higher order in gyroradius over background scale length than
standard gyrokinetic treatments. To avoid extending gyrokinetics an alternate hybrid
gyrokinetic-fluid treatment is formulated that employs moments of the full Fokker-Planck
equation to remove the need for a higher order gyrokinetic distribution function. The
resulting hybrid description is able to model all electrostatic turbulence effects with
wavelengths much longer than an electron Larmor radius such as the ion temperature

gradient (ITG) and trapped electron modes (TEM).

PACS numbers: 52.25.Dg, 52.25.Fi, 52.30.Ex, 52.30.Gz, 52.35.Ra



1. Introduction

Moment equations are often employed in strongly magnetized plasmas to obtain
expressions for the heat fluxes and viscosity requiring less accurate, lower order
evaluations of the distribution functions [see, for example, references 1-9]. The heat
fluxes and viscosities found in this manner can then be employed in the conservation of
charge, number, momentum, and energy equations along with a lower order kinetic
equation to obtain a hybrid fluid-kinetic closure. The earliest example of a hybrid closure
in a strongly magnetized plasma is due to Kulsrud [10] who employed a large flow
ordering with a simple drift kinetic equation for the parallel dynamics.

A hybrid fluid-kinetic description of strongly magnetized plasma, if correctly
formulated and properly applied, has advantages over a purely kinetic description since it
requires solving a much less accurate kinetic equation for the distribution function and
the results are often easier to interpret. Closed hybrid descriptions can consist of and
evolve charge, density, momentum, and energy conservation equations, and a kinetic
equation for each species, along with Maxwell's equations. To obtain such a closed
hybrid description the expressions for the species heat fluxes and viscous stress tensors,
as well as the interspecies energy and momentum exchanges, should be written in terms
of velocity moments of and require the least possible information about the distribution
function, which in turn is found by solving the simplest possible gyrokinetic and/or drift
kinetic equations.

Here we formulate a hybrid system that requires solving both an ion gyrokinetic
equation and an electron drift kinetic equation. To treat the ions we must also formulate
the gyrokinetic extension of some aspects of the recent drift kinetic derivation by
Simakov and Catto [9] of the ion viscosity and heat flux for arbitrary collisionality
plasmas. Their results are obtained by expanding in ion Larmor radius p; over
background perpendicular scale length L, and assuming the lowest order distribution
function is Maxwellian. We generalize the moment procedure they employed to insure
that turbulent gyrokinetic effects with k,p; ~ 1 are retained as well as the long
wavelength features that require higher order terms in p;i/L,, where k, is the
characteristic perpendicular wave number of the turbulence with kL., >> 1 allowed.

Gyrokinetics has not yet been formulated to high enough order in the gyroradius of



background magnetic field and plasma scale lengths to recover these results directly.
Indeed, here we show that there is no need to do so because the gyrokinetic extension of
the moment procedure used in Ref. [9] retains the desired long wavelength effects in
general, and the axisymmetric zonal flow and radial electric field behavior in particular.
Moreover, in our formulation a lowest order full f gyrokinetic equation provides the k  p;
~ 1 effects needed to describe turbulent phenomena. The moment equations are required
to extend simulations to transport time scales on which long wavelength phenomena with
k,L; ~ 1 must be retained to describe the interaction between the turbulence generated
zonal flow and neoclassical modifications to the axisymmetric radial electric field. To
retain transport phenomena including low mode number effects as generally as possible
we allow perpendicular (L, ) and parallel (L, ~k;!) scale lengths to be comparable,
while for the turbulent fluctuations including the zonal flow our orderings allow
L,SL, >>k7! ~p;. These orderings permit the lowest order distribution f, to be
Maxwellian as in local core gyrokinetic codes, but by use of a moment approach allow us
to keep both transport and turbulent modifications to much higher order than standard
gyrokinetics with only the &f of local gyrokinetic codes. In summary, we retain long
wavelength phenomena to higher order than standard gyrokinetics, by extending the
moment procedure of drift kinetics [1-9] to gyrokinetics to retain and evolve these
phenomena as well as turbulence in a fully self-consistent way.

To keep the formulation for describing turbulence on transport time scales as
simple as possible we only consider electrostatic turbulence in a tokamak and assume
kpe << 1 for the electrons. As a result, we employ E=-V® and the axisymmetric,
steady state magnetic field form B=I(y)V{+ V{x Vy=Bb, with y the poloidal flux
function (MVyERB)), { the toroidal angle (IV{E1/R), I=RB;y, B=IBl, R the major

radius, and B¢ and By, the toroidal and poloidal components of the magnetic field. These

assumptions seem straightforward, but tedious, to remove. Making them simplifies the
presentation and avoids obscuring key points.

Sections 2 and 3 present the fluid and kinetic descriptions we employ, while
section 4 evaluates the heat flows and viscosities in detail. We close with a brief

summary of the equations that must be solved in a hybrid gyrokinetic - fluid description.



2. Fluid conservation equations
We consider a quasi-neutral plasma with only a single singly charged ion species
of plasma density n, with e the magnitude of the charge on an electron. We denote the ion

mean velocity by V, the current density by J=en(V — \76), so that the electron mean flow

is \76 = V —1J/en, and the ion and electron temperatures and pressures by T; and T, and
pi =nT; and pe =nT,. In electron momentum conservation we ignore inertial terms and
gyroviscosity, as well as perpendicular viscosity, but retain parallel viscosity. We employ
the sum of the ion and electron momentum equations rather than the ion momentum
equation. As a result, the electron momentum conservation equation (or Ohm's law) and
the conservation forms of the number, charge, total momentum, and species energy

equations are as follows:

on

—+V-@V)=S,, 1
S FV@V)=s, M
V-1=0, (2)
a(N(;lV)+V-[(pi+pe)i+ﬁi+ﬁe]:lj><l§+§mi+§me ) 3)
c
en(—V®+lve><E)+V‘(Pei+ﬁe)=ﬁ+§me ) 4)
c

3 dpj -5 & Y

5%+V-(Qi+5PiV)=—enV' VO+W+Sp , ®)
and

§%+v.@e+§pev€,)=en\7- VO-W +Spe , (6)

where the ion viscosity 7T; = M [d3vf;(¥v—1v2/3) = M[d3vfiwv—p;l = 75 + Tgi + Ty
implicitly retains the Reynolds stress terms, the electron viscosity is simply
fte=Ttje=m| d3v.(W—1v2/3) =m[ d3vf.vV—pel =(p e — pye)(1/3—Dbb) with the overbar
on f, denoting a gyroaverage holding r fixed, the ion and electron heat fluxes are
defined as Gj=]Jd3vfiv(Mv2 —5T;)/2 and Ge=]d3vf.v(mv2—5T.)/2, and 1 is the unit
dyad. Arbitrary collisionality expressions for the parallel, gyro, and perpendicular

viscosities, along with the ion and electron heat fluxes, q; and qe, will be given in



subsequent sections. Momentum exchange of the electrons with the ions is given by the
friction term [3,4,6]
F=mnv.V—2Y.mn|d3vfev/v3 = mnve(V—=V e+ 3dge/5pe) — 2Yemnb [ d3vievy /v3, (7)
that is obtained from F = Jd3vmvC,;, with Cg; the electron-ion collision operator, m the
electron mass, v, = 4(2n)!/Zne?/nA/3m!/2T3/2 the electron collision frequency, Yo =
[321)!/2ve/4n](Te/m)3/2, Gge = —(5pe/2mQe)bx VTe, and Q. = eB/mc. The final
form of F is obtained by assuming drift kinetic electrons, with the last term of equation
(7) including implicit parallel electron and ion flow terms in f. (the ion flow enters
because of the electron-ion collision operator). Energy exchange of the ions with the
electrons is given by [3,4,6]

W =3mnve(T. — T;)/M + (mnv.V —F)- V| (8)
where W = [d3v(Mv2/2)C;. with Cj. the ion-electron collision operator and M the ion

mass. The particle, ion and electron momentum, and ion and electron energy sources, S;,,

Smis §me, Spi» and Spe, are allowed to be the same order as time derivatives in the
corresponding equations.

In the electrostatic limit considered here Eqgs. (1) - (6) are ten equations evolving
the ten unknowns n, pj or Tj, pe or Te, \7,\76 =V —j/en, and ®. Equations (1), (5) and
(6) advance n, p; or Tj, and pe or T.. The momentum and charge conservation equations
give the electrostatic potential and the ion and electron flows (or equivalently the ion
flow and the current density), with the parallel component of (4) the parallel Ohm's law.

Flux surface averaging V-J=0 and integrating once in \y gives the global
ambipolarity constraint (J - V) =0, where the flux surface average is defined by

(- )y =[$dC$dD(...)/B- VO]/[2n$d0 /B- VO] 9)
with U the poloidal angle. This result is consistent with Ampere's law of course, but our
electrostatic assumption means that magnetic fluctuations are ignored so Ampere's law is

not employed and is assumed to be satisfied by the steady state fields to whatever order is

required.



To see that the radial particle transport reduces to the correct intrinsically
ambipolar form [11,12] for an axisymmetric B in the source and sink free limit, we form
the R2V{ component of equation (4) to obtain

nVe - Vy=(c/e)R2V{- (enV® - Vpe + F+Spe) — (c/e)V - (R27t. - V) . (10)
The lowest order result of flux surface averaging equation (10) in the absence of a

significant toroidal momentum source or sink is
(nVe - V) = (c/eXend®dE + R2VE - F)y, (11)
where <apefc)c>\|,=0 is employed and any gyroviscous contribution from

(V-(Rzﬁe-VC»w is an order k p2/L << | correction (since any departure from a
Maxwellian fy, will depend on OJfpe/dye<l/L,) and assumed negligible. Then,
(j-Vw)w=O gives (nV-Vw)W=(n\7€-V1|J)w and intrinsic ambipolarity [11,12] is
maintained even in the presence of fluctuations (as long as any magnetic perturbations
remain sufficiently small) provided the electron kinetic equation is solved in a way that
insures (nV, - Vy)y is independent of dd®/dy (in the neoclassical limit 0®/dy terms
from V, in the electron-ion collision operator and 8foe/8\|)1E exactly cancel). Notice that
we do not improperly determine the axisymmetric radial electric field by adjusting it until
(nV- Vy)y =0 or (J- V) =0, as is sometimes mistakenly done in tokamaks.

Then the axisymmetric portion of the radial electric field is determined by
conservation of toroidal angular momentum as required [3,5,6,13-15]. It is obtained from
the R2V{ component of equation (3), using Bx Vy=IB—-B2R2V(, to find

(MR 2nV-V{)
ot

In the steady state in the absence of sources or sinks, the flux surface average of equation

+ VAR2[(pi+pe) [+ i+ e -V} =71 T-Vy+ RZS i+ Sme) VE . (12)

(12) followed by a Wy integration yields the lowest order constraint
(R2V(-7; - V) =0, that determines the neoclassical d®/dy (or equivalently V-VO).

In an axisymmetric steady state (ss) lowest order flow is in a flux surface and is
given by
1 dp;

n{/‘ =K(y)B- cn[aip + —FHR2VE (13)
Ss aljl en al|l



with nV -Vy = 0. Consequently, only the flux function K and the potential need be
SS

determined in the ion flow. The K is found from the lowest order version of parallel
momentum conservation, namely (B- (V- 7))y =0, in the Pfirsch-Schliiter regime, and
directly from the ion distribution function in the banana regime [3,4,6]. As already noted,
the potential is found from equation (12) [3,5,6,13-17], but it is important to realize that
the poloidally varying corrections to equation (13) must be retained in the gyroviscosity
when evaluating its contribution to (R2V{ - 7t; - Vy)y =0 in complete generality [16].
Our description contains a steady state current consistent with our axisymmetric
B. From Ampere's law and IxB = cVp, with p = p;+p. a lowest order flux function,

this lowest order current is in a flux surface and given by

J| =—(c/4m)(dl/dy)B - cR2(dp/dy)V( . (14)

SS

3. Drift and gyrokinetic equations

The electron drift and ion gyrokinetic equations need not be solved in a
conservative form since only moments of the distribution functions are needed to provide
closure in the conservation of number, momentum, energy and charge forms of our
hybrid formulation. The plasma density, mean ion and electron velocities, species
pressures, and electrostatic potential are evaluated from fluid equations in conservative
form so no extraneous number, charge, momentum and energy sources or sinks will
inadvertently be included.

To keep the ExB drift velocity Vg of order d times the ion thermal speed v; we
must assume e®/T << 1 for the fluctuating gyrokinetic part of the electrostatic
potential, while allowing e®/T ~ 1 in the long wavelength drift kinetic portion. The
restriction on the ExB  drift leads us to order

ed/T ~1/k,L, , (15)
with k, ~1/p; for gyrokinetic fluctuations and k;, ~1/L, in the long wavelength limit.

Before considering gyrokinetic effects (k ;pj ~ 1 and kL., >> 1) in more detail it

is convenient to consider the drift kinetic limit (k;p << 1 and k,L.; ~ 1) to see what



effects are needed to retain turbulent and neoclassical effects on transport time scales of
many ion-ion collision times.
3.1. Drift kinetic equation

Drift kinetic descriptions in strongly magnetized plasmas assume the species
gyrofrequency is much larger than any frequency of interest (2 >>9/dt) and that the
species gyroradius p is smaller than any other length scale of interest (d=p/L, << 1 and
k,p << 1, where L, and k7! are the shortest perpendicular scale length and
wavelengths of interest). The lowest order form of the drift kinetic equation [5,18,19] in
kinetic energy €=v2/2 and magnetic moment 1y = v2/2B variables is
of

— =CIf 1
P C{f}, (16)

of - - -
oI vpb+al Vi f—ﬁVCD- (Vi) + V]

where the spatial gradient is performed holding € and pq fixed, the gyroaverage is

performed holding €, ug, and T fixed, C is the gyroaveraged collision operator,
vy =(2e—2uB)1/2 is the parallel velocity and Vp= (I,LOB/Q)B-VXB its correction, and
V4 = Vg + vy is the total drift velocity with Vg =cBxV®/B2 the electric or E xB drift
and {}M:Q_]BX(MOVB+ v#K) the magnetic drift, with ¥=b-Vb the curvature. This
form of the drift kinetic equation retains only order 0 corrections and assumes that i
variation of f is weak compared to the € variation, that is, it assumes of /0e >> B~ 1of / dlo
as is required to allow f =fy be Maxwellian (or isotropic) to lowest order. The alternate
form of the drift kinetic equation obtained by changing variables from € to v; may also
be employed.

For arbitrary collisionality the closure requirements are simplified by choosing the
lowest order solution of the drift kinetic equation fy as an axisymmetric Maxwellian. To
see that this is consistent we linearize the drift kinetic equation about fy and then allow
the perpendicular and parallel scale lengths to be comparable (kl1 ~L,~Ly). Then the
parallel streaming and parallel electric field terms must dominate in the Vlasov operator
because the transit time is much faster than any temporal evolution scale for the lowest
order distribution fq. Moreover, if we adopt the arbitrary collisionality ordering on the

mean free path A by taking A = A /L, ~ 1, then the collision operator must be retained



to the same order (we always assume L ~ L, so our results are valid for arbitrary aspect
ratio and safety factor). In this case, we see that fo must be Maxwellian since to lowest
order it must satisfy
= = (Sl afo (7
) — b Vo= ) 1
vy[b V|&u0fo Mb Vo o 1= C{fy} (17)
The lowest order solution fy to the left side of equation (17) can only be a function of

total energy E. =v2/2+e®/M and magnetic flux  [this is rigorously true on irrational
flux surfaces, and true by continuity on rational ones], since

\%

Eupty™ V|£u —(e/M)V®9/oe and B-V\p:O. Moreover, to make the collision operator

vanish the right side can only be satisfied by a Maxwellian (the right side does not permit
fo to depend on g to lowest order). Consequently, to make the collision and lowest
order Vlasov operators vanish, fo=fy(y,Ex,t) must be the Maxwellian:
fo =NM/21T)3/2exp(-ME../T) = n(M/2rT)3/2 exp(-Mv2/2T), (18)

with n=n(y.t) =nexp(e®/T), T=T(t), n=n(r,t), and ®=>(r,t). Notice that
according to the preceding drift kinetic argument the density and potential need not be
flux functions to lowest order since B-Vn =0. For the hybrid gyrokinetic-fluid treatment
herein we allow our lowest order Maxwellian to have T =T(r,t), as well as n=n(r,t)
and ® =®(r,t) since this form is allowed in the short mean free path limit. By taking f as
Maxwellian to lowest order we can simplify the expressions for the heat fluxes and
viscosities to see that only order & and 82 corrections, respectively, to fy contribute.

If we write f=fy+ Sf(F,e,uo,t)+ SF(f,s,uo,(p,t) and retain all order & terms as in

the Appendix, we would obtain a drift kinetic equation [18,19] for &f containing
turbulent behavior and neoclassical particle and heat flow as well as the zonal flow

generated by the turbulence [20,21], and a gyrophase, ¢, dependent contribution &f odd
in v giving [d3v&f;(¥v—1v2/3)=0. As a result, the leading order corrections &f and Sf
to the Maxwellian must give V{-7i;- Vy=0 since [d3v&f(vv—1v2/3) is diagonal.
Consequently, the radial electric field can only be evaluated by retaining order 82 or

higher Larmor radius effects. A higher order version of equation (16) is available [19],



but even it's solution is not good enough to directly evaluate the perpendicular collisional
viscosity to the order required to determine the neoclassical electric field.

For the hybrid model outlined herein the drift kinetic equation (16) is only used
for the electrons, for which C — Cee + Cej =C, and Cei{fe} =L i{fe —mV-Vfe/T,} with
Le; the Lorentz collision operator for electron-ion collisions and Ce{fe}=
Cee{fe —mV v fpe/Te} for the linearized gyroaveraged electron-electron collision
operator. Rewriting the electron kinetic equation as an equation for He=fo—mV,v,fpe/Te
or he =fg + (Iv;/Qe)0fpe /0y insures intrinsic ambipolarity by cancelling the d®/0y
terms in the neoclassical limit since Vge-Vyofpe/dw= vn-V[(Iv,/Q¢)dfpe/0y]. The
plateau approximation can only be used for Co{H.} — —VH.,.

3.2. Gyrokinetic equation

Various choices for the gyrokinetic variables forms for the gyrokinetic equation

are possible [22-25]. For our purposes the gyrokinetic equation that is the natural

extension of the drift kinetic equation (16) is employed [26]

<f> )

+[V||(R)b(R)+Vd(R)] VR(D——VR@(Y 0): MRDR)+Va®)] ——(C{f}> (19)

where, unlike the drift kinetic gyroaverage, the gyrokinetic gyroaverage denoted by (...)
is performed holding fixed the gyrokinetic variables

E = v2/2+ (e /M)[®(T,t) —(D(F,t))] + (c /B)od/ot,

R =7+ Q19 xb+Q2b[(v,b+ émv b+ ¥ xb(vyb+ %m] .(Vbxb)  (20)

+ QI [(vb + %GL)VXB + 9V xb(vb+ im] X V(b/Q)+ (v,/Q2)7,- Vb — (c/BQ)VRrDxb,

and
H= iJF—[‘D(T O —(D(F, D) == V- Yy ——— [V, VX b+ VX bV ]-VB—V”VLbV b.

In the preceding, Vj(R)=[2e-2uBR)]"/2=(vj)+V,(R), V4(R)=Vg(R)+Vy(R), and
VR=0/0R, where {v)=([2e—2uB(P)]'/2), Vg (R)=cBR)XVg(D(F,1))/B2(R), Vp(R)=
Q(R)BR)X[LVRBR)+VER)KR)], vp(R)=(UB)bR)- VR xb(R), and ®=B(R,E,u,t)
= [ de[d(F,t) —(D(T,t))] with this indefinite integral performed holding R, E, and n

fixed such that (®) = 0. Our vector conventions are a¢:M=¢-M-a and acxXM =

10



ax(C-M)=—C-Mxa. Use of the higher order gyrokinetic variables [23,26] given in
equations (20) is essential when we evaluate the ion viscosity. The alternate form of the
gyrokinetic equation obtained by changing variables from E to v, may also be employed.

The hybrid model outlined herein employs the gyrokinetic equation for the ions.
Like the drift kinetic equation (16), our gyrokinetic equation (19) is derived by neglecting
some order (p/L)? corrections even though it allows k,p ~ 1, where L is the local
unperturbed density, temperature, potential, or magnetic field scale length. However, our
gyrokinetic variables (20) allow us to retain all order (p/L,)? gyrophase dependent
corrections in the long wavelength limit as shown in Appendix D of [26] by Taylor
expanding (f) about the Maxwellian. This feature is essential to allow us to retain
neoclassical electric field effects when we evaluate the ion viscosity. In addition, we
employ quasi-neutrality to equate the electron and ion densities (so only the plasma
density enters) rather than attempting to determine the electrostatic potential by using the
gyrokinetic version of quasi-neutrality [24,25] that requires the distribution functions to
very high order in the p/L, expansion. In the hybrid description described herein the
electrostatic potential is determined by employing conservation equations (1)-(6).

Although we employ a full f gyrokinetic equation, it is convenient to consider the
lowest order distribution Maxwellian to make estimates and to order the electrostatic
potential according to (15). As a result, to estimate the characteristic departure of the full
gyrokinetic (f) from Maxwellian we use a Maxwell-Boltzmann or adiabatic response
[nocexp(—e®/T)] for gyrokinetic fluctuations by taking

(f)—1fg)/fg ~e®/T ~p;/L, =9, (21)

since k| ~ 1/p;. In the long wavelength limit (f) ~ f. More precisely, when k p; << 1,
Eqs. (16) and (19) are identical since (f) —f+ Q- 1v xb- [V - (e/M)VDIfDe] + ..., but of
course for k p; ~ 1 they differ and ((fy—f)/f ~&. We stress here that (f) contains all
order k,p; ~ 1 modifications, but only order p;/L, corrections as in standard drift
kinetics - it is missing some order (p;/L,)? gyrophase independent corrections.

A direct evaluation of G;=]d3vf;v(Mv2 —5T;)/2 using the local gyrokinetic result

of equation (A8) from the Appendix, with fp; the local Maxwellian and

11



ofoildvg, = foilpy 1opiOY+ (e/T;)0DOY+ (Mv2/2T; = 5/2) T 1aTioy]
gives

qi — | d3v(h)v(Mv2 = 5T;)/2 + (5pi/2MQ;)(Ti/oy) (b x Vy—1Ib) ,
where (h)/fo; ~ pi/L and Bwa—IB =-R2?BV{. In the drift kinetic limit
(hY—> h+Q ¥ x b- [Vh —(e/M)V®Doh/de] + ... this gives the incomplete result

5pi
b= [d3vhv,(MVv2—5T;) +—21__ bxVy—1Ib
di J vhy(Mv2-5T)) + 5 aw( y—1Ib)

1

w2(Mv2-5T;)bx{Vh — (e /M)V®oh/e]

that is seen to be missing the perpendicular collisional heat flux (note that the third term
on the right is h/fp;~ & smaller than the second). Therefore, to retain neoclassical (and
classical) heat flow, as well as the k,;p; ~ 1 turbulent heat flow, without the need for
higher order gyrokinetics, we evaluate q; by an alternate, moment approach that
generalizes the one used in drift kinetics. Similar, but more complicated difficulties arise
for the ion viscosity. These issues are addressed in the next section, while the Appendix
presents a simple derivation of the intrinsically ambipolar form of the ion kinetic

equation (A4) with zonal flow retained.

4. Heat flows and viscosities

All gyrokinetic, drift kinetic, and moment descriptions in strongly magnetized
plasmas take advantage of the species gyrofrequency being much larger than any
frequency of interest. This assumption allows various moments of the full Fokker-Planck

equation for the ions,

dfi i v 5f)-v, [—(Vd)——va)f] Ci{fi}, 22)
dt ot

to be used to obtain expressions for fluxes in which a less accurate or lower order
expression for the ion distribution function f; can be employed, where C;{f;} is the ion-
ion plus ion-electron collision operator [2-9].
4.1. Ion heat flow

For ion heat flow it is convenient to form the Mvv2/2 moment of equation (22)

and then subtract from it T; times the v moment to obtain [9]

12



Qibxq;+ V- [ d3vE;Mv2 = 5TV /2] + (5/2M)(pil + ;) - VT, + (e /M)t - VO =
(1/2)[ d3v(Mv2 = ST,)VC;{f;}, (23)
where time derivatives are neglected as small. To lowest order the ion-electron collision
term in (23) may be neglected and f; thought of as the Maxwellian f;. Also, we need
only retain the linearized ion-ion collision operator by making the replacement
Ci{fi} >CL{fi—foi}= CL{fi}—CL{fo;i} = CL{fi} since CL{fi}=0.

The lowest order terms in (23) are QiB X (i, the diamagnetic term p;VT;, and the
second term since V -[M[d3v(MvZ —5T;)vvfi] ~ p;VT;. Moreover, even thoughT; is a
lowest order flux function according to drift kinetics or gyrokinetics, if we imagine
Ti=T;(y)+T;(y,9,{), then both terms in VT;= VyoT;/dy+ VT; are comparable since
we order T;/T;~ p;/L, for gyrokinetic (k, p;j ~ 1) temperature fluctuations, with a tilde
on a spatial quantity indicating an order p;j/L, correction to the lowest order flux
function denoted by an overbar. Consequently, p;VT;~ (p;/L )p;VT;.

To consistently retain neoclassical and classical heat transport all terms in
equation (23) must be retained to next order, with v;/Q;~ pj/L, to retain collisional
heat transport. In the term containing viscosity only the parallel and gyroviscosity
(including Reynolds stress) need be retained. Collisional perpendicular viscosity is

smaller by v;/Q; and need not be kept here, however, it will be needed in momentum
conservation. Ion viscosity will be discussed in detail in subsection D of this section.

To verify that the ion heat flux in the neoclassical and classical limits [11-12]
remains independent of the radial electric field, we first consider the collisional term in
(23), and employ for fi the lowest order gyrophase dependent drift kinetic (k| p; << 1)
solution

fi = foi[(M/T)V- V= (VTS /2 - x2)V- bXVTi] , (24)
with
V,i= (c/B)bX V@ + (1/Mn;Q; )b XVp; (25)
to lowest order and x; =(Mv2/2T;)!/2. To obtain Egs. (24) and (25), we allow fp; to

depend on T rather than v, and then solve Q;9fi/d@ = v, -[Vfy; + (efi/T;) V®]. We notice
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that the vfp; dependence of fi in Cﬁ{fi} does not matter since Cﬁ{VfOi}:O gives
CL{fi} =CL{fir}, where
fir = (foix? /U TV bXVT, (26)
is the only gyrophase dependent term that contributes. Next, the self-adjointness of
CL{fi}, [d3vgClih} = Jd3v(h/fo)CL{gfoi}. followed by the use of [9,15]
CLAMV2Vfo;} = 2viTiQ(x{)Vfo; (27)
gives
[ d3v(Mv2=5Ty)VCi{fi}—[ d3v(fi/foi )C LMV 2VEpi}
=2v;T; | d3vE;Q(x;)V. (28)
Here Q(x) =—[32m)!/2/x1{[1-(5/2x?)IE(x) + (5/2%)E'(x)}, E(x) =2n"1/2[}dtexp(~t?)
the error function, and E'(x)=dE(x)/dx. Notice that in the drift kinetic limit
(f %fﬁfi), only the fiT portion of fi and the gyro-independent departure of f; from
the Maxwellian f; contribute to (28) as desired since |d3vfy;Q(x;)vv =0.
Returning to equation (23) and solving for q;; with the replacement f; — (f;) to

the requisite order in the collisional term gives the result
5

I . 5p; - e
= Eib ) {V - [] d3v(£;)(Mv2—5T,)vv /2] + 2—E&VTi it (VO V)
+(vi/ Q)T [ d3WENQ(x)V X b+b ] d3v(;yvy(Mv2 —5T))/2 , (29)

where vj=(4n!/Znie*nA)/(3M!/2T3/2) and Qi=eB/Mc. The last term in (29), the
gyrokinetic parallel heat flux, is the same order as the first and second terms on the right
(all of order p;v;0, since the first and last terms vanish for f(;). The third and fourth
terms are smaller by & and the same size as the fluctuating contibutions to the second
term and the fast time average of the first term. The next to the last term (~p;viOv;/€;)
contains the classical collisional heat flux contribution. In some situations (i.e., short
mean free path and long wavelengths) it may be sufficient to only retain the second,
fourth, and fifth terms on the right side of (29).

We stress again that a direct evaluation of G; — Jd3v{f;)v(Mv2 —5T;)/2 will not

recover the collisional terms in (29) because the gyrokinetic equation (19) is not
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sufficiently accurate. However, in the drift kinetic limit we can see the collisional term in
(29) does not vanish. In particular |d3v(f;)Q(x;)bxv—>]d3vf;;Q(x;)bxV since only the
fir term from (f;)— fi+Qi‘1?/><B- [Vfpi+ (efp;/ T;)V®P] survives to order & because
J d3vfy;Q(x;)VVv =0. More generally, the velocity space integrals involving {f;) must be
performed holding r fixed since (f;) depends on the gyrokinetic variables (20).
Fortunately, in equation (29) it is sufficient to approximate them by the first order forms
R=7t+Q 1¥xb and E=v22+(/M)(@—(D)), and use [o=v2/2B (since (f;) is
Maxwellian to lowest order).

In the form (29) the neoclassical contributions are implicit, but they can be made
explicit by using the V¢ component of (23) with bxV{ = Vy/R2B to obtain the result
d; - Vy=Mc/2e)V - [R2 [ d3v{f;)(Mv2—5T,)vv - V{]+ (5¢cR2p;/2¢)V - VT; +
cR2V{7t;- [VO+ (5/2¢)VT;] - (vi/ Q) T:BR 2 [ d3v{f;)Q(x;)V-V( . (30)
The dominant turbulent heat flux in (30) comes from the second term on the right, while
the classical (from v,-V{) and neoclassical (from V||B~VC) contributions are given by the

collisional term. Flux surface averaging (30) and retaining only these terms gives
(Gi - V) y=(5¢/2eXpidTi/dL) y—((VifQDTBR 2] d3v(f)Q(x))V- VE)y. (31
The two terms on the right compare as: (f)iai’i/ag)w/piTiZk L, 8%~§ versus 8v;R/vi~9,

with a phase factor possibly reducing the turbulent heat flux.
4.2. Electron heat flow
The heat flow associated with the electrons is simplified because we assume

k| pe << 1 and can therefore adopt a drift kinetic procedure. Otherwise, the same basic

procedure is used for the electrons as is used for the ions. We start with [9]

Qcdexb+ V- [[d3vEe(mv2 = 5T )vW/2]+ (5/2m)(pel + e ) - VT, — (e/m)ite VO =
(1/2)[d3v(mv?2 = 5T )VCe{f.}, (32)

where C, includes electron-electron and electron-ion collisions. Only the diagonal part of

the stress tensor is required so 7o —> m]d3vf,(VW—Iv2/3)= (p||e—ple)(55—i/3) with

Pie =mfd3vfevl% and p,. =mBJd3vfu. Similarly, we may employ f,—f, in second

term in equation (32), which is then the same order as the collisional term for arbitrary
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mean free path. Then, solving for the perpendicular electron heat flux and adding in the

parallel component gives

o= bX{V- [ ] d3VE, (mv2— 5T, ) ¥ “PE VT, — 7o (S VD——-VT.)}
Qe 2 2m m 2m

+(1/2Q6) ] d3v(mv2 = 5T )b X VCe{fe} + bJ d3vfev(mv2—5T,)/2, (33)
where Vv = (V}_/2)(i—65)+ Vl%BB To make the neoclassical terms explicit we use the
V{ component of (32) to find

e Vy=—(mc/2e)V - [R2 [ d3vf. (mvZ—5T,)vv - V{] - (5¢/2)(pedT/0C)
+cR2V{- Tt [VD - (5/2e) VT, ]+ (mcR2/2e) [ d3v(mvZ — 5T, )v- V{C{f.}. (34)
Flux surface averaging in the drift kinetic limit removes the first term on the right, the

second term due to turbulence is expected to dominate, the third or viscous term is an
order smaller than the second term, and the last term contains neoclassical (V||B~VC) as
well as classical (v,- V) contributions which tend to be small.

To make the collision terms more explicit we keep only the linearized collision
operators by writing Ce{fe}=Cee{fe}+ Cei{fe} = Cée{fe} + CL{f}, with f. equal to
the Maxwellian (. to lowest order. As before, for like collisions we must be careful to
extract terms that give no contribution to Ce so we employ f. =f. + f, with

fo =f0e[(M/To)V- V et VQTe)(5/2=x2)V-bXVT,] , (35)
where V.= (c/ B)B XVd—(1 /mneQe)B XVpe. Then all that survives is
Jd3v(mv2-5Te)VCee{fe} —2!/2v e [d3v(fe +fer)Q(xe )V, (36)
with
for =—(f0ex2 /QeTo)V-bXVT, , (37)
and Xxq = (mV2/2Te)1/ 2 The extra 42 in (36) arises because of the differing numerical
factors in the definitions of v; and v.. For electron-ion collisions
CLAfe} =Leife} + Qyemn/Tevd)fgeV - V =Lei{fe —mV-¥fpe/Te} . (38)
with
Lei{fe} =venVy- (ViVyv-Vife). (39)
The Lorentz operator has the property
Lei{(mv? = 5Te)Vfpe} = 2vepe (5 —2x2)Vfoe/ V7. (40)
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Using Egs. (35) and (40), the self-adjointness of L {f.} is used to find
[ d3v(mv2 = 5T )V, Leidfe} = 3peVe)Vie + (13peVe2mQ)bXVT,.  (41)
Carrying out the complete evaluation of the collisional terms as in [9] gives the final

expression for the electron heat flux to be

Ge= bV [ [ dVE (mv2= ST )79] + P VT~ fie (SVD-VT,)}  (42)
Qe 2 2m m 2m

—[(13/4)+V21(peVe/mQ2)V | To— (3peVe/2Qe)bX(V=Ve)+b | d3vi.v)(mv2—5T,)/2.
4.3. Electron viscosity
Next, we consider viscosities. The electrons are drift kinetic with k |p. << 1 so
we need only retain the parallel viscosity
fie=m]d3Vle (W - Iv2/3) = (pje —p1e)(bb—1/3) (43)
with
pie =mJd3vfevi and p,c =mB[d3vie. (44)
4.4. Ion viscosity
The viscosity of the ions is more difficult to evaluate than the electron viscosity
since we allow k p; ~ 1. As for the ion heat flux, a direct evaluation of the ion viscosity
7t; = MJd3VE[(VV = Tv2/3) + (VW= VV)] using M [ d3v(f;}(¥V — Iv2/3) does not obtain the
collisional perpendicular viscosity needed to properly evaluate the neoclassical radial flux
of toroidal angular momentum, where we define = (Vi/ 2)(f —BB) + Vl%BB As a result,
moments of equation (22) are again required to avoid having to solve a more accurate
gyrokinetic equation [5-9]. Forming the Mvv moment of equation (22) and following the
procedure in Simakov and Catto [9] requires solving an equation for 7t; of the usual form
[5-9]: Q;(f;xb—bxit)=K; =K git K ;. The solution gives the following expressions for

the ion gyroviscosity T, and perpendicular viscosity T ;:

g = (4Q4) "1 [bXK g (T+3bb) — (1+3bb)- K gixb] (45)

and
7,5 = (4Q)~1[bxK ,j (1+3bb) — (1+3bb)-K ;;xb] , (46)

with
K gi= V- M [ d3vvf)) + (enV® + Eb)V +V(enVd + Fb), (47)
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and
K i=-M[d3vwWiCii{f;} . (48)
Diagonal contributions to Kgi and K 1; are omitted since they do not contribute to T gi
and 1,; and only b-F =F, is retained since E is proportional to the electron Larmor
radius and therefore negligible. Diagonal viscous terms are not contained in T gi t ;=
M [ d3v;(3v—vv) since b-[]d3v;(¥—vv)]-b=0=I:[]d3vf;(¥W—Vv)]. They are all
contained in the parallel viscosity defined by
i =M d3vE (W = Tv2/3) = M [ d3W(E)(W - Iv2/3) = (pi—p.)(bb-1/3) ,  (49)
with
pii =MJd3v(fi)v# and pi;=MBJd3v(f)u. (50)
The order of 7 ; is p;6vi/Q; (it is order & smaller in the drift kinetic limit). The first
term in the Kgi contribution to T gi can be as large as order pi0 (order p152 in the drift
kinetic limit), while the other terms are order p;62. We remark that the off diagonal
component R2V{- 7t gi - V¥ that depends on the axisymmetric radial electric field can be
rewritten as
(2e/MC)R2VE: Ttgi- Vg =—(R2-12B=2)[V- (M [ d3w2Vfi2) + V- (enVD + bF)]
—(312B2-R2){b-[V- (M [ d3wWvVf;2)]- b+ V,(enb-Vd + F))}
+V- [M [ d3v(R2V- V{)2¥f;]+ 2R2V-V{ (end®/d¢ + IF,/B). (51)
In this form the Reynold's stress terms (ndd®/d{)V-V{ and nV-V® are expected to be
the lowest order gyroviscous terms containing the radial electric field. They enter as order

82 corrections to the ion pressure, and are smaller still by the phase factor relating the

fluctuating density and potential. They can compete with the d®/0y term in

R2V{-7t ;- Vy as noted in [9]. Great care must be taken when dealing with the ion
viscosity to insure that the axisymmetric radial electric field is properly evaluated. The
other flows in (51) [namely |d3vv2vf;, [d3v(v-V{)2vf;, and Jd3VV”2Vfi] are various
contributions to heat flow that do not depend explicitly on d®/oy.

We next consider ;. In equation (48), it is clear that in the contribution to

C;i{f;} from the linearized collision operator Cﬁ{fi}, only order 82 gyrophase
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dependent portions of f; will contribute since the order o corrections are odd in v and
the gyrophase independent portions of fj are irrelevant since they give diagonal
contributions. To retain order 82 effects in the nonlinear collision operator contribution
CRA{fi—foifi—Foi} = CRA{(fi) —fio.(fi) —fip}, only order & contributions to fj are needed
(the density associated with fj in Cﬁf may be taken to be the full density since the error
will be negligible). Therefore, we may write
K ij=-M[d3WiCL{(fi)} + CRA(E) ~ fio.(f) ~ fio} ] (52)

where the replacement f; —(f;) is used in Cﬁ with the understanding that our
gyrokinetic variables (20) must be retained in it to order 82 to capture all gyrophase
dependent corrections in the drift kinetic limit along with arbitrary k p; ~1 (gyrophase
independent terms give only inconsequential diagonal contributions).

In the drift kinetic limit, use of equation (52) for K i in equation (46) yields the
result of [9], while in the gyrokinetic limit it retains additional physics due to k,p; ~ 1.
To see that (52) properly recovers the drift kinetic limit (f;) must be Taylor expanded in
Cﬁ to order 82 using the variables of (20) as in [26]. The result is the gyrophase

dependent term found in [19] and given by

<~ 10of vy Of . . = e =

f=v. @i —vg——iy— I _Zi(§ Fxb+vxbv,):Vb

i=v-(gi VdBaH) 4BQ1 aH(VJ_V v Vi)

¥ ;2 v :[bx (h+hT)- (T +3bb)—(I+3bb)- (h+hT)xb], (53a)
i

where h=Vg—(eM)(VO)Ig;/e  and &= bx[Viey(fi) —(e/M)VOX;)el,
superscript T denotes transpose, and we use f(; in the second order terms containing Vf;
or OfidE. The only term missing in equation (53a) is an additive second order
(82~8v;/Q;) classical collisional contribution from

e = Q71 [P doI(C{fi}) ~ CH{fi}] = Q7 ICf{V - & xb} (53b)
that must be retained as in Ref. [9] when forming the gyroviscosity to retain all classical
collisional effects.

The linear contribution to (52) can be rewritten more conveniently using the self-

adjointness of the linearized collision operator and the following result from [9]:
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CL{W0;} = ViF(x)foil W — (vZ/3)T] (54)
with F(x) =-[92m)!/2/2x31{[1- (3/2x2)]E(x) + (3/2x)E'(x)}. Then, (52) becomes
K= M [ d3Wi{vi(fF(xi) +CRA() ~fio.(fi) —fio} ), (55)
where we have dropped a diagonal term since it cannot contribute to T ;.

Next, we consider 7 oi- We need only rewrite the second term in (47) by making
the replacement f; — (f;) to obtain the desired form

Kgi= V- M [ d3v¥¥¥(f;)) + (enV® + bE)V +V(enVd+bF) , (56)
which will recover the proper drift kinetic result for Ty to order 83 for k p;<<l.
Consequently, using (56) in (45) gives the desired gyrokinetic expression for ftgi.
Retaining all classical heat flux corrections to the gyroviscosity [16] requires the
replacement (f;) — (f;)+ fic in equation (53b).

In the linear terms [ d3vwvvi(f))F(x;) in K; and [d3vvv¥(f;) in Kgi when the
integrals are performed holding T fixed with (f;) a function of R, E and p, the full
gyrokinetic change of variables (20) must be employed to carefully relate these
gyrokinetic variables to the T, £=v2/2, uo=v2/2B, and @ variables to insure the

proper neoclassical electric field is recovered. In the nonlinear Ci“if term in K ; the

lower order relations R =7 +Q 19xb, E=v22+(e/M)(®—(®)) and po=v2/2B are

adequate. However, these lower order relations could be used in [d3vwvvv;(f;)F(x;) and

Jd3vvvw({f;) if the order 82 gyrophase dependent terms are extracted from {f;) [recall
equation (53)] and evaluated analytically as in [9] by assuming k,p; ~1 corrections to

these terms are unimportant.

5. Discussion

The hybrid gyrokinetic - fluid description is now complete. It contains all the drift
kinetic features of [9] and insures intrinsic ambipolarity in the neoclassical limit, and yet
retains all the gyrokinetic turbulence modifications associated with drift wave turbulence

for k pe <<1. The system of equations that must be solved consists of the ion

gyrokinetic equation (19), the electron drift kinetic equation (16), and the conservation
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equations (1)-(6); along with the momentum and heat exchange terms (7) and (8), the ion
and electron heat flows (29) and (42), the electron viscosity (43) and (44), the parallel ion
viscosity or pressure anisotropy (49) and (50), the ion gyroviscosity (45) and (56), and

the perpendicular ion viscosity (46) and (55). To relate the gyrokinetic variables to the

drift kinetic variables 1, €, png, @ in the first term of Kgi in the ion gyroviscosity and

K 1iin the perpendicular viscosity requires use of equation (20). Elsewhere [including
the collisional correction of (53b) in the gyroviscosity], only the lower order relations
R=7+Q 1yxb, E=v22+(e/M)(®- (®)) and pg=v?#/2B are required. Solutions to
the ion gyrokinetic and electron drift kinetic equations are used to evaluate heat flows,
viscosities, and collisional exchange, but densities, particle flows, pressures, and the
electrostatic potential are evaluated from conservative forms of the moment equations to
avoid introducing non-physical sources and sinks.

In some situations certain terms may be neglected. For example, terms associated
with classical and neoclassical particle and electron heat transport are expected to be
negligible in most cases; and classical ion heat transport will often be small. Also, the
perpendicular ion viscosity can be ignored if the axisymmetric radial electric field terms
in the Reynold's stress portion of the gyroviscosity dominate (although this seems
unlikely to be the case for ion temperature gradient modes - or other electrostatic modes
with little radial particle flux - as noted by Simakov and Catto [9]). Even when this is not
the case simplification should be possible if only neoclassical (and not classical) effects
need be retained and the poloidal magnetic field is small [17,27].

Implementing this hybrid description requires integrating the expertise developed
by dealing with both gyrokinetic and extended magnetohydrodynamic codes, but seems
the only practical way to evolve turbulence simulations on transport time scales since no
extensions of gyrokinetics are needed and only the standard conservation forms of the

number, charge, momentum, and energy equations are employed.
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Appendix. Local gyrokinetics

Local gyrokinetic codes such as GS2 [28], PG3EQ [29], and GTC [30] normally
assume a stationary lowest order Maxwellian that depends only on €= v2/2 and y. To
streamline the derivation of this equation it is convenient to suppress species subscripts

and define f.=fi(ys,Ex) with E.=v2/2+e®/M the total energy and

Vi =y —(Mck)R2V{ -V the canonical angular momentum. Using
dfi /dt = (dE /dt)of:/0E + (ds /dt)of./0y:=(e/M)(0D/0t ) (0f:/OE )+ c(0DOL) (of: 0ys) , (Al)
with d/dt defined by equation (22), taking f. as the Maxwellian f( to lowest order, and
Taylor expanding f. about fy =fy(W,E) as given by equation (18), yields

fr =M« (M/21 Ty )3/ 2 exp(-ME . /Ty) = fo; —(Mc/e)(RZVC-V)afOi/aME* +..., (A2)

Using f; =f. +h in the ion equation (22) gives h as satisfying

CLIES Vh—i(WD—lvxE). Vh = CL{f—fp; + h} +
ot M c 1

efp; 0@  JD Of;

T, ot oC oy

, (A3)

where higher order corrections in p;j/L, are neglected in fy; terms on the right except in
the collision operator where the leading order non-vanishing contribution

fi—fo; %—(MZCR2/2eT12)(8Ti/81|1)f0iv2V/- V{ must be retained to keep neoclassical and

classical heat transport. Changing the left side to the gyrokinetic variables R, E, K, and

¢ and gyroaveraging holding R,E, and 1 fixed gives the intrinsically ambipolar form

2y (RBR)+ 0 R P NP
%+ [vi(R)b(R)+V4(R)]- Vg (h) —ﬁVR@D(r,t». [V”(R)b(R)_i_Vd(R)]%z

efgi K®) __KP) o
T, ot g oy,

(CL{H}) + (A4)

where the distinction between R and T is negligible in fp; terms on the right side and
H = h — (Ivfo;/Q; T)[(MVZ/2T;) — (5/2)1(0Ti/dwy). In the plateau regime the replacement

Cﬁ{H} — —VvH may be employed.
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For the drift wave drive terms, the o(®)/dt term is actually the same order as the
K D)/d( term since the axisymmetric part of (@) ~ T;/e can only evolve on the slower
transport time scale, while the non-axisymmetric k,pj~ 1 contributions evolve at the
diamagnetic drift frequency but are smaller by 1/k,L, ~pijL,. As a result,

(h)/fp; ~ pi/L, . To the order we have derived our gyrokinetic equation
f; = fo; — (Mcke)(R2VE-V)ofg;0yf; +(h), (A5)
with fp; the local Maxwellian and
ofoilovig, = foilp 1opiOW+ (e/T;)0DOY+ (Mv2/2T; —5/2) T 1oTidy] . (A6)
Using BR2V(-v=Iv—vxb-Vy gives Wi =y+Q 1vxb-Vy—1v/Q=¥-Iv/Q with
Y=y+ Q‘l?fxB-le the gyrokinetic radial variable so that
f; = fo; — [Ivi/Qi— Q7 1V x B'V\If]afOi/a\ldE +(h) = foi (¥,©) — (Ivi/Q)ofoidyl_+(h) (A7)

or upon defining of;,

(i) = f0i (¥.€) — Avi/Q)ofoidylp_+ (h) =Tfo;(¥.€) + 8. (A8)
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