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Abstract. We derive a self-consistent equation for the turbulent transport of toroidal
angular momentum in tokamaks in the low flow ordering that only requires solving
gyrokinetic Fokker-Planck and quasineutrality equations correct to second order in
an expansion on the gyroradius over scale length. We also show that according to
our orderings the long wavelength toroidal rotation and the long wavelength radial
electric field satisfy the neoclassical relation that gives the toroidal rotation as a
function of the radial electric field and the radial gradients of pressure and temperature.
Thus, the radial electric field can be solved for once the toroidal rotation is calculated
from the transport of toroidal angular momentum. Unfortunately, even though this
methodology only requires a gyrokinetic model correct to second order in gyroradius
over scale length, current gyrokinetic simulations are only valid to first order. To
overcome this difficulty, we exploit the smallish ratio B,/B, where B is the total
magnetic field and B, is its poloidal component. When B,,/B is small, the usual first
order gyrokinetic equation provides solutions that are accurate enough to employ for
our expression for the transport of toroidal angular momentum. We show that current
0 f and full f simulations only need small corrections to achieve this accuracy. Full f
simulations, however, are still unable to determine the long wavelength, radial electric
field from the quasineutrality equation.
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1. Introduction

The radial electric field in tokamaks has proven an elusive quantity even in the non-
turbulent neoclassical limit [1, 2]. The radial electric field has been recently found in
the Pfirsch-Schliiter regime [3, 4, 5, 6], and only incomplete results have been obtained
for the banana regime [7, 8, 9]. The radial electric field profile and the toroidal rotation
in the plasma are uniquely related to each other. Due to axisymmetry, the toroidal
rotation is determined exclusively by the radial transport of toroidal angular momentum,
contained in the small off-diagonal components of the viscosity and Reynolds stress.
Obtaining these small terms makes the calculation extremely challenging.

There is a wealth of published work on the transport of toroidal angular momentum
in the high flow ordering [10, 11, 12, 13]. The E x B flow is assumed to be on the order
of the ion thermal velocity, and hence much larger than the magnetic drifts and the
diamagnetic flow. This assumption simplifies the calculation because the transport of
toroidal angular momentum, proportional to the velocity in order of magnitude, becomes
larger. We are not going to adopt this approach because in the core of the tokamak and
in the absence of neutral beam injection, the average ion velocity is often well below
thermal [14, 15]. More importantly, the alternate low flow or drift ordering, in which the
E x B flow is assumed of the same order as the diamagnetic flow, contains more physics,
including the high flow limit. The high flow ordering neglects the effect of pressure and
temperature gradients on the toroidal rotation. The ion velocity has contributions from
the radial gradients of pressure and temperature, but these contributions are small by
pip/a < 1 in the high flow ordering, with p;, the poloidal ion gyroradius and a the
minor radius of the tokamak. For this reason, in the high flow ordering the toroidal
rotation depends exclusively on the radial electric field. In the absence of sources of
momentum like neutral beams, the toroidal angular momentum will tend to diffuse
out of the system. As a result, the rotation slows down and the radial electric field
decreases. When the radial electric field is small enough that the contributions of
the pressure and temperature gradients to toroidal rotation become important, the
transport of momentum becomes dependent on the radial profile of ion temperature,
sustained by external heating. In this regime, the equilibrium solution will then be
non-zero (or intrinsic) rotation. The high flow assumption orders out the contribution
from temperature and will not permit other solutions than zero rotation in the absence
of sources of momentum. On the other hand, a low flow or drift ordering contains the
contributions of the ion temperature gradient and in addition allows us to explore the
high flow limit by varying the relative ordering between the gradients of pressure and
temperature and the radial electric field, as we shall see.

In this article, we derive an equation for the turbulent transport of toroidal angular
momentum valid in the low flow ordering. The intention is to use it to find the toroidal
rotation and then solve for the radial electric field by employing the neoclassical relation
between the toroidal rotation and the radial electric field [1, 2]. We have already
given arguments in [16] that show that the neoclassical relation for the toroidal flow
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is applicable at long wavelengths even in turbulent plasmas. We will repeat those
arguments in section 2 for completeness.

The transport of toroidal angular momentum is obtained by employing moments
of the full Fokker-Planck equation [17] as is done in drift kinetic theory [1, 18]. This
approach is valid for the long wavelength transport of toroidal angular momentum.
Transport equations obtained from moments of the full Fokker-Planck equation relax
the requirements on the accuracy with which the ion distribution function must be
determined. The radial transport of toroidal angular momentum is given by the estimate

=01 ( [ @ iRy Olv-T0)) ~ EnRIVY 0
¥

with Vi) the gradient of the poloidal flux variable ¢, R the major radius, é’ the
unit vector in the toroidal direction and (...), the flux surface average. To obtain
the order of magnitude of II we use a simple gyroBohm estimate that gives II ~
\VY|Dyp x V(Rn;MV;) ~ 6p; RV, with &; = p;/a < 1 the ratio between the ion
gyroradius p; and the minor radius a, Dyp = d;p;v; the gyroBohm diffusion coefficient,
v; = /2T;/M the ion thermal speed and V; ~ §;v; the ion average velocity in the
drift ordering. According to this order of magnitude estimate, calculating IT by direct
integration of the ion distribution function f; requires that f; be good to order 47!
Fortunately, only the gyrophase dependent piece of f; is really needed, and at long
wavelengths the gyrophase dependent piece of order 67 depends only on the gyrophase
independent pieces up to order 7. By using moments of the full Fokker-Planck equation
we make this relation explicit in the following sections.

In our final expression for the transport of toroidal angular momentum, the
neoclassical diffusion is obtained from two integrals of the collision operator, and
the turbulent contribution appears as two nonlinear terms that depend on both the
electric field and the ion distribution function. In the nonlinear turbulent terms, the
short wavelength components of the electric field and the ion distribution function
beat to give the long wavelength transport of momentum that determines the toroidal
rotation. The turbulent pieces of the distribution function and the electric field must
be found employing a gyrokinetic Fokker-Planck equation and a gyrokinetic vorticity
or quasineutrality equation correct to order 67 (in the easier high flow ordering a
distribution function good to order §; is enough). Most gyrokinetic formulations
implemented are only valid to order d;. We prove, however, that these formulations
only need small modifications to properly transport momentum in the limit B,/B < 1,
with B, the poloidal component of the magnetic field, and B the total magnetic field.

The rest of this article is organized as follows. In section 2, we present our
orderings and assumptions for the turbulence. To simplify the calculation, we only
work with electrostatic turbulence in the gyrokinetic ordering. We carefully study
the steady state turbulence in the limit B,/B < 1 to show that in this particularly
interesting approximation the first order gyrokinetic equation is enough to obtain the
largest contributions to the second order corrections to the ion distribution function and
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potential, of order (B/B,)d2. In section 3, the equation for the transport of toroidal
angular momentum at long wavelengths is derived in detail. This derivation shows
that both the ion distribution and the turbulent electric field must be found to order
(B/B,)d? to obtain a physically meaningful result. In section 4, we discuss the minor
modifications that the most common gyrokinetic formulations, correct only to order 4;,
need to implement to obtain the ion distribution and the non-axisymmetric piece of
the electric field to order (B/B,)d? when B,/B < 1. We close with the discussion in
section 5.

2. Orderings and assumptions

We follow the orderings and assumptions in [16, 19] for electrostatic gyrokinetics. In
addition, we use the extra expansion parameter B,/B < 1 to simplify the problem.
Since this expansion requires some careful analysis, we have divided this section into
three subsections. In subsection 2.1, we present our assumptions for a general magnetic
field with B,/B ~ 1, and we remind the reader of some of the gyrokinetic results from
[19] that are used in this article. The electrostatic gyrokinetic formalism presented in
[19] was derived with great generality, but in reality the steady state solution is more
restricted [16]. In subsection 2.2 we justify our orderings for steady state turbulence and
we show that the correction to the Maxwellian is small in §; < 1. Moreover, according to
our orderings, the long wavelength, axisymmetric flows remain neoclassical. Then, there
is a well-known relation between the radial electric field and the toroidal rotation that we
can exploit to solve for the radial electric field once the evolution of the toroidal rotation
is calculated. Finally, in subsection 2.3, we show that the short wavelength, turbulent
pieces of the ion distribution function scale differently with B,/B < 1 than the long
wavelength, neoclassical part. This difference allows us to simplify the calculation of
the turbulent transport of toroidal angular momentum in the low flow or drift ordering
because it implies that the ion distribution function and the turbulent electric field
can be found to order (B/B,)d? by employing the usual gyrokinetic equation that is in
principle only correct to order ;.

2.1. FElectrostatic gyrokinetics

We assume that the electric field is electrostatic, E = —V¢. The magnetic field B
is axisymmetric and constant in time, and its typical length of variation is the major
radius R. It can be written as

B = IV( + V( x Vi, (2)

with ( the toroidal angle and ¢ the poloidal flux coordinate. As the third spatial variable
we use a poloidal angle 6. The gradient V({ = &' /R, where &' is the unit vector in the
toroidal direction, and R is the radial distance to the axis of symmetry. The function
I =RB- &' depends only on 1) to zeroth order.



Turbulent transport of toroidal angular momentum in low flow gyrokinetics D

To zeroth order, we assume that the ion and electron distribution functions f;
and f. are stationary Maxwellians, fy;; and fy., that only depend on ¢. The typical
length of variation of fy;; and fjs is the minor radius of the tokamak a. Similarly, the
electrostatic potential ¢ depends only on v to zeroth order, and V¢ ~ T, /ea, with T,
the electron temperature and e the electron charge magnitude.

The ion and electron distribution functions f; and f, and the potential ¢ have short
perpendicular wavelengths due to turbulence. The short wavelength pieces are ordered
as

fik  fer _epr L<1’ 3)
fari o e 1. kia™

with &k p; <1. We neglect wavelengths shorter than the ion gyroradius to simplify the

derivations. The orderings in (3) imply that V, fix ~ kifix ~ fui/a ~ Vifui,
Vifer ~ fue/a and V¢, ~ T,./ea, making the size of the gradients independent of
the wavelength. The electric field E = —V¢ ~ T, /ea is in the low flow or drift ordering.
The parallel wavelength k"T 'is assumed to be much longer than the ion gyroradius.

Under these assumptions, the most convenient formulation to solve for the ion
distribution function is gyrokinetics [20]. For the electrons, since we are neglecting
wavelengths on the order of or smaller than the electron gyroradius, it is enough to
use a drift kinetic equation [18]. For the ions, we employ the higher order gyrokinetic
variables derived in [19]: the gyrocenter position R = r + Ry 4+ Ry, the gyrokinetic
kinetic energy EF = FEy + E, + Es, the gyrokinetic magnetic moment pu = po + p1,
and the gyrokinetic gyrophase ¢ = ¢y + ¢1. The corrections Ry, E;, p; and ¢ are
first order in the ratio 6; = p;/a < 1, and the corrections Ry and FE, are second
order. Here, Fy = v?/2 is the kinetic energy, o = v2 /2B is the lowest order magnetic
moment and g is the gyrophase, defined by v, = v, (€ cosyy + €zsinpg), with v
and v; = |v| the component of the velocity perpendicular to the magnetic field and
its magnitude, and €;(r) and é;(r) two unit vectors perpendicular to each other and to
b satisfying €; x &, = b. Notice that we need not calculate the second order corrections
to the magnetic moment and the gyrophase because the ion distribution function is
a stationary Maxwellian to zeroth order and hence only depends weakly on magnetic
moment and gyrophase. The first order correction to the gyrophase, ¢, and the second
order corrections Ry and Es, given in [19], are not needed for the rest of the article.
The first order corrections Ry, E; and puq, on the other hand, are necessary and we give
them here for completeness;

1 .
R1 = @V X b, (4)
Zed
B =" )
and
Ze% vvL o ’Ui 'Uﬁ ~ ~ R
= — b- b — b B———b-Vb b

M= aBm) 28,0 Y X P T g, (VX D) VB = g b Vb (vixb)

__ [vi(vxb)+ (v xb)v.]: Vb, (6)
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with Ze, M and ); = ZeB/Mc the ion charge, mass and gyrofrequency, and ¢ the
speed of light. The functions (¢), ¢ and ® are derived from the electrostatic potential
¢. Consequently, they have short wavelength components. Their definitions are

<¢> = <¢>(R7 E7M7t> = %%d@ (b(I'(R, Eauagpat)at% (7>

5 = 5(R> E, p, o, t) = gb(I‘(R, E p, e, t)a t) - <¢> (R> E, p, t) (8)
and

b= BR, Eppt) = [ d HRE 1) (9

such that (®) = 0. Here, (...) is the gyroaverage ‘holding R, E, p and ¢ fixed. It is
important to discuss the size of the functions (¢), ¢ and ®. The function (@) is of the

Lis large for long wavelengths and

same size as the function ¢, i.e., e(¢)/T, ~ (kra)”
becomes of the next order in §; = p;/a < 1 for wavelengths comparable to the ion
gyroradius. The functions ¢ and ® are small in 0; for any wavelength. This ordering is
obvious for short wavelengths since ¢ is small as well. For long wavelengths, ¢ is large,
but the wavelength is long compared to the ion gyroradius, giving e[p(r) —p(R)]/T. ~ §;
and hence eqﬁ/ T, ~ ed / T, ~ 9;. Importantly, to the order of interest in this article, the
functions (@), gb and ® do not depend on the gyrokinetic kinetic energy E because the
gyromotion of the particles depends only on R, p and ¢ to first order.

Employing the definition of the gyrokinetic variables in [19], the ion distribution
function f;(R, F, u,t) becomes gyrophase independent to order d; fa;, and it must satisfy

the gyrokinetic Fokker-Planck equation

S|, R VRA G = (), (10)
where

R~ (R) = ub(R) + v, (11)
and

B (B) =~ TR Va(6) (12)
The gyrocenter velocity R includes the gyrocenter parallel velocity

u = ++/2[E — uB(R)], (13)
and the drifts vy = vj; + v, composed of the gyrokinetic E x B drift

Ve =~y V(o) x bR) (14)
and the magnetic drifts

Var = ﬁﬁm) X VB + #;)B(R) « Kk(R), (15)

with & = b - Vb the curvature of the magnetic field lines. Equation (10) is missing
corrections to R and FE of order §?v; and §2v?/a, respectively. These corrections can
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be calculated in some simple cases like uniform magnetic fields [27], but for general
magnetic geometries they are very complicated and are not implemented in simulations.
Thus, the O(6?fy;) correction to the ion distribution function is not self-consistently
calculated in general magnetic geometries. We show in subsection 2.3 that the higher
order corrections to R and E are not really necessary in the limit B,/B < 1. The
gyrophase dependent part of f;,

s L[ Vii
fi=fi—{fi)= _ﬁ/ do' (Cii{ fi} — (Cul fi})) ~ ﬁéifMi’ (16)
is comparable to the missing corrections of order 62 fy;; and is negligible in the limit

B,/B <« 1.

In equations (10) and (16), C;{f:} is the ion-ion collision operator. We neglect
the ion-electron collision operator because it is small by y/m/M, with m and M the
ion and electron masses. In most of this article we order the ion-ion collision mean
free path A\; ~ v;/v; as comparable to the connection length ¢R because we want to
keep collisions in the formulation. However, the mean free path is usually much longer,
qRv;;/v; < 1, in the plasmas of interest. When necessary we will comment on the
possible effects of small collisionality.

2.2. Steady state solution

In steady state, we expect to find turbulent fluctuations for which the time derivative
scales as the drift wave frequency 0/t ~ w, ~ k1 p;v;/a, and a much slower turbulent
transport across flux surfaces of order 8/0t ~ D,p/a® ~ 6?v;/a. Then, according to
our orderings (3), df;/0t<d; fivi/a, and equation (10) becomes UHB Vf = Culfi} to
zeroth order, where V is the gradient holding the zeroth order gyrokinetic variables Ey,
1o and g fixed, and we have assumed as usual that b- V¢ < T./ea. Here, we have
neglected the higher order corrections to the gyrokinetic variables because we expect
the zeroth order solution to be slowly varying in phase space. The solution to equation
UHE) -Vfi = Cy{fi} is a stationary Maxwellian f;(1, Ey) that only depends on 1),
consistent with our initial assumption. It is important to realize that the condition
b - V furi = 0 does not impose any requirements on the radial gradients of the density
and temperature in fy;;, and most probably they will have short wavelengths due to
turbulence. We assume that these short wavelengths are within the orderings in (3),
e, Vinge ~ kingg ~ nig—of/a ~ Vg0, ViTip ~ king ~ Tipo/a ~ VT,
and V V farir ~ K farie ~ kifaik—o0/a2 farik—o/a®. In §f simulations the short
wavelength pieces of the Maxwellian are absorbed into the 0 f turbulent piece.
Continuing the analysis of the steady state solution, we find that equation (10) gives
the size of the next order correction fi (R, E,u,t) = fi(R, E, u,t) — fai(¥(R), E) ~
di fari (notice that the Maxwellian distribution function has been written as a function
of the gyrokinetic variables). Importantly, this means that b Vg fi ~ ifui/a in
steady state, a property that we will employ continuously; similarly, b-Vr fer~difue/a
and b - V¢ ~ 0;T./ea. Since the average velocity and the gradients along flux
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surfaces are only due to the next order piece f;;, it is useful to think about the
turbulent steady state as is done in 0f formulations [21, 22, 23, 24|, where the ion
distribution function is composed of a slowly varying Maxwellian and a fluctuating
turbulent correction. The ion flow n;V; = f d*vfiv ~ &inev; is then in the low
flow or drift ordering, and the gradients along flux surfaces follow a different ordering
than in (3), namely (b x %) - Vrfi ~ kifi ~ kipifus/a<e - Vfi ~ fu/a, with
P = Vip/|Vi|. Similarly, we expect (b x ) -V fo ~ kipifare/a < -V f. ~ frre/a and
(b x ) - Vo ~ klpiTe/eagtAp - V¢ ~ T,/ea. Notice that ¢ f simulations include the
short wavelength pieces of the Maxwellian in the  f turbulent correction.

Importantly, our orderings require that the long wavelength, axisymmetric flows
remain neoclassical [16]. To see this, we examine the equation for the first order
correction to the Maxwellian, f;; ~ d; fari, given by

dfin
ot

+ [UB(R) + vy +vE] - Vrfi — <Ci(f) {f@'l - Z;'¢fMi}> = —vuy - VRfumi

FE(VR(0) % B) - nfurs — 2o fasluB(R) + var] - Vo), a7)

with C’i(f ){ fir} the linearized collision operator. To obtain the long wavelength,
axisymmetric contribution to equation (17), we use the “transport” or coarse grain
average

<'“>sz | at /Awdwjz{dg(...). (18)

Here, the integration is over 0 < ( < 2w, and several turbulence radial correlation
lengths and correlation times, §; < Av/aRB, < 1 and 6} < At/tp < 1, with
tg ~ a*/Dyp ~ 67 %a/v; the characteristic transport time scale. The “transport” average
gives the equation for the long wavelength, axisymmetric first order neoclassical piece

(v, 0, Ey, o, t) = (fa(R, E, 1, t))T, where we have used that at long wavelengths
fir(R, B, u, t) ~ fi(r, Eo, po, t) to write f11° as a function of the lowest order gyrokinetic
variables. The neoclassical piece f5°(w, 0, Ey, o, t) can be found using the “transport”
average of equation (17) to obtain

b - Va4 (v VR [V — COLfY = —var - V fass

Z A (22
— = futi(ob + var) - V(o + 61, (19)

where V is the gradient holding Ep, po, o and t fixed, ¢o(x)) and ¢7¢(¢,6) are the
zeroth order potential and its first order long wavelength, axisymmetric correction,
and fiP and vt are the short wavelength, turbulent pieces of the ion distribution
function and the E x B drift. To obtain equation (19), we have neglected the
time derivative due to the time average in (...)r, and we have used that at long
wavelengths fi1(R, E, u,t) =~ fu(r, Eo, po,t), (@) ~ &, 5 ~ O (v x B) - V¢ and
(CO{fa}) ~ CP{f1}. The nonlinear term (v - Vg fP)1 contains short wavelength
components, but it happens to be negligible [16]. Notice that vi?- Vg f can be written
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as —(¢/B)b - Vg x [fPVR(¢™)] ~ ki fP6;v;, with k7' the perpendicular wavelength
of the total nonlinear contribution (f’Vwr(¢™®))|, = > f}f\leR(@b}\ku where the
summation is for every k', and k| such that k| + k! = ky. Since fiP/fari ~ 4,
(VL. VR fiP)r is of order §;k, p; farivi /a. For Wavelengths on the order of the minor radius
of the machine, k a ~ 1, the nonlinear term (vi®-V i)y is of order 62 fys5v;/a and hence
negligible. Then, recalling that b- Vo = 0 and that V- Voo ~ ’UHb Vi€ > vy - Voi©,
equation (19) can be written as

v ME, 9T,
ub - Vi = Cff {ml—S2 Tf 0 }— : (20)
with
nc __ pnc Zegbl IUH 1 apz Ze a¢ MEO 5 ]- aT

Equation (20) is the usual neoclassical equation [1, 2] that gives h?f ~ (B/B})0i fui-
Employing the definition of A} from (21), we find that the long wavelength,
axisymmetric flow must be neoclassical, i.e.,

n Vi = — c (apz a¢> + U()B, (22)

P P
where U(y) = [d*v h?f(vH/B) o OT; /0. The correction to the flow in (22) due to
turbulence can be estimated by keeping the turbulent contributions in equation (20).
For low collisionality, Oh}Y/00 = 0 to zeroth order, giving h = h;‘f(w, Eo, o). Then,

taking the bounce/transit average (...), = [[ d6 (v b-V8)"'(...)]/[[ d6 (vyb-V6)~'] of
equation (19) gives
vy ME,y T, O furi
© [ ne  Tvi MEy O
<C’u‘ {hil 0, T2 09 }>T =5 + <<(V§Eb VRSP A+ .. ')>T>r’ (23)

where we have not written explicitly possible modifications to the turbulent contribution
from second order corrections to the drifts. We have kept the time derivative
of the Maxwellian because it is of the same order as the turbulent contribution,
Ofmi)0t ~ (Dygp/a®) fari ~ 67 farivi/a. The correction to the usual neoclassical solution
h}y ~ (B/B,)d; fai due to the turbulence is then of order AR ~ (v;/qRvy;)d;hiy ShY.
However, we believe that the correction to the flow is an order smaller in ¢;, i.e., it
is of order 0?v;/qRv; < 1 because only the part of the turbulent correction AR
that is odd in v will contribute to the flows. In an up-down symmetric tokamak, we
do not expect the turbulent contribution (((v® - Vg fiP 4+ ...))1), in equation (23) to
depend on the sign of the parallel velocity o = v|;/|v| because the short wavelength
piece of equation (17) that gives fiP does not have a preferred parallel direction.
The neoclassical drive, on the other hand, is proportional to (Iv)/€;)(0T;/0v) and
has a preferred parallel direction given by the drift orbits of the particles and the
temperature gradient. The term v,; - Vg fy; that is the origin of the neoclassical drive
at long wavelengths will not contribute coherently to the turbulence even if f,;; has
short wavelength components. At short wavelengths 0fys; /01 will change sign with a
frequency characteristic of the turbulent processes; a time scale much faster than the
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long times in which A}y evolves. Thus, we expect the turbulent correction to the flow,
coming from a turbulent contribution dependent on o = v);/|y|, to be of the next order
in d;, i.e., O(6?v;/qRv;;) < 1. This heuristic argument must be checked with computer
simulations.

2.3. Solution in the limit B,/B < 1

For the rest of this article it will be important to understand the steady state solution
in the limit B,/B < 1. In this subsection, we examine the first order solution f;;, and
we show that the turbulent component fiP ~ §;fu; scales differently with B,/B <
1 than the long wavelength, axisymmetric neoclassical piece fi¢ ~ (B/B,)d;fui-
Then, employing this difference, we show that the traditional first order gyrokinetic
equation (10) is all that is required to obtain the ion distribution function up to order
(B/B,)3 fus.

It is interesting to analyze the order of magnitude estimate f}}° ~ (B/B,)d; fui in
the low collisionality or banana regime. Neglecting collisions and turbulence in (19), the
size of f};° seems to be given by the competition between the terms va)-v fhe ~ fh%v;/qR
and vy - Vi ~ (pi/ R)vifari/a, giving f3¢ ~ qd; fari ~ (B/B,)ed; fari, with € = a/R
the inverse aspect ratio and ¢ ~ aB/RB, the safety factor. This simple order
of magnitude estimate suggests that f5° is larger than d;fy; near the separatrix,
where ¢ ~ (B/B,)e is usually large, but becomes comparable near the magnetic axis
where ¢ — 0. Importantly, this simple estimate misses the last terms in (21) and
incorrectly predicts the size of the function A}y that the collision operator ends up
forcing to be b}y ~ (B/B,)0;fmi=qdifui. Collisions cause part of the momentum
carried by the trapped particles to be lost to the passing particles, accelerating them.
Trapped particles can only carry toroidal momentum due to the finite radial size of
their drift orbits, Ay ~ q(vi/v))p; ~ (¢/V/€)ps, giving rise to the diamagnetic flow
Lije ~ fidv)(On;/0r) ~ qy/edinv;. Here v ~ v;\/e is the characteristic parallel
velocity of the trapped particles and f; ~ /€ is the fraction of trapped particles. The
passing particles, on the other hand, may have an average parallel velocity Vj, due
to the momentum exchange with the trapped. This average velocity is the one that
gives the real size of f5°/fai ~ Vjjp/vi- To obtain the size of Vjj,, we balance the
collisional momentum loss of trapped particles with the momentum gain of passing
particles. The characteristic time between collisions that make a trapped particle
become passing is €/v; since only a small pitch angle change of order /e is needed.
The opposite process, that is, a collision that makes a passing particle trapped, has a
characteristic time 1/(v;1/€) because there is only a limited volume of velocity space,
of order /e, where the particles become trapped. Considering these characteristic
times, the momentum balance between passing and trapped is (v;/€)L;+ ~ Vi \/EniViH,p,
leading to V;), ~ (B/By)é;v; and fii° ~ (B/By)0; furi-

On the other hand, the time evolution of the short wavelength, turbulent piece

P is described by the short wavelength contribution to equation (17). The self-
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consistent turbulent potential ¢' is determined by either a vorticity equation [16]
or a quasineutrality equation [25, 26]. The characteristic size of the turbulent
pieces is determined by the competition between the nonlinear term v . Vg fiP =
—(¢/B)(Vr(¢™) x b) - VrfP, and the linear contributions vy - Vefi® and
(¢/B)(Vr(¢™) x b) - Vg fas;. Considering that the turbulence usually has wavelengths
comparable to the ion gyroradius, k;p; ~ 1, and the turbulent potential ¢** is usually
of the order £/ fur; due to the adiabatic response of the electrons, we find £/ far ~ 6
and e¢® /T, ~ §;. The size of the turbulent contributions does not depend strongly
on B,/B, and it is smaller in size than the neoclassical piece f5° ~ (B/B,)d;fu: for
B,/B < 1. The ratio B,/B affects the zonal flow residual [28, 29], and plays a role
in the parallel structure of the linear stage of the instabilities, but it is unlikely that it
increases the size of the turbulent fluctuations.

The difference in size of f5¢ ~ (B/B,)d; fui and fiP ~ &; far; is important because
it simplifies the calculation of the O(6?fyrv;/a) gyrokinetic Fokker-Planck equation.
We will only keep the terms that are larger by B/B,. To identify these terms, we let
fi = fmi + fan + fia + ... and then write the gyrokinetic equation for the second order
perturbation as

d i N nc -
e bR+ vil - Vi fio — (CP () = —va- Vi~ R? - Tnlfu + )
@ A af@l '(Q)MfMi
F37 D R) vl V(o) 5+ BO =2, (24)

with (C{fY) = (Cal fi2) — (Cfar + fu}) R® = (R) — [ub(R) + v4] and
E® = (EY+(Ze/M)[ub(R)+vy]- Vr($). Here, (Cii{f;}), (E) and (R) are calculated
to order 82vy; fari, 0707 /a and 62v;, respectively: an order higher than in equation (10).
Notice that the first order correction f;; enters differently depending on its nature. The
turbulent short wavelength piece fiP has large gradients and it is multiplied by the small
quantity R®, while the gradient of the neoclassical piece f5° is small but is multiplied
by the lower order term vy > R®.

On the right side of equation (24), the dominant terms are —vy - Vg f}° and
(Ze/M)[ub(R) + var] - Vr()(f2¢/OF) because fi° is larger than all other terms by
a factor of B/B,. The higher order corrections R® and E@ are finite gyroradius
correction that do not contain any B/B, factors. Since f/° determines the parallel
velocity and the parallel heat flow, the term v, - Vgy f° represents the effect of the
gradient of the parallel velocity and parallel heat flow on turbulence. All the terms
that contain R® and E® may be neglected, and the resulting equation will give a
solution for fis ~ (B/B,)d? fari. Therefore, equation (10), that does not include the
higher order corrections to R and E, is enough to determine the ion distribution
function up to order (B/B,)d?fu;! Moreover, the second order corrections to the
gyrokinetic variables, Ry and Es, are also negligible. When f;(R, E, u,t) is expanded
about R, = r + Q;lv X B, Ey, and pg, the contributions of Ry and Ez, Ry - Vg, f;
and Ey(0f;/OEy), are of order 67fy; and hence negligible compared to the second
order correction fi; ~ (B/B,)0?fui. The gyrophase dependent correction from (16)
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is also negligible because f; ~ Wi /U0 fari S 02 fari K fio ~ (B/By)o2 fari. For all
these estimates to work, we need the turbulence to have reached a steady state, and a
converged solution of the neoclassical contribution f}i° ~ (B/B,)d; fui-

Finally, the function fi» has a turbulent piece f, and a neoclassical piece fi.
The turbulent piece is given by the balance between the drifts vq - VR fS ~ dviky fiP
and the driving term vq - VRfA® ~ (B/B)02vifui/a, giving f ~ (B/B,)0? far
for k1 p; ~ 1. The neoclassical piece is a result of a balance between the parallel
streaming term ub - Ve fi ~ (v;/qR)fi and the magnetic drift term vy - VR f¢ ~
(pi/R)vi(B/By)d; fari/a, leading to f3° ~ (B/B,)*0? far;. Here we have ignored possible
factors of € = a/R that have to be sorted out in the future by correctly evaluating the
effect of the collision operator on f}5°.

3. Transport of toroidal angular momentum

In this section, we obtain a conservation equation for the transport of toroidal angular
momentum that only requires the ion distribution function f; and potential ¢ correct
to order 62 fy;; and 62T, /e to calculate the toroidal rotation in the low flow ordering.
Equation (1) indicates that we need II to order &;p;R|V|, and we keep all the terms
to that order for a general magnetic geometry with B,/B ~ 1. We then refine the
estimate of the size of the different terms with the limit B,/B < 1 in mind. We
finish this section by arguing that in up-down symmetric tokamaks with B,/B < 1
the transport of toroidal angular momentum is at the gyroBohm level and that in this
case the ion distribution function and the electrostatic potential need only be found to
order (B/B,)d2 far; and (B/B,)d2T. /e, respectively. Up-down asymmetry complicates
the treatment and is left for future work, but we expect the asymmetry required to
modify the results to be severe.
The total momentum conservation equation is given by

9 o o L. 1
(M) = =V - [Pi 4pes (I —bb) +pe||bb] +-JxB, (25)

where p, = [ d*v femvﬁ and p.y = [ d*v fomv? /2 are the parallel and perpendicular

electron pressures, J = Ze [d®v fjv — e [ d®v fov is the current density and 1?’1:
M [ d®v fyvv is the ion stress tensor. Here, we have neglected the electron inertial
terms and the electron gyroviscosity and perpendicular viscosity pieces of the stress
tensor because they are small by m/M. Multiplying equation by Ré’ and flux surface
averaging, we find that

o ROV, -8y = — L), (26)
with (...), = (V)" [dOd¢ (B - VO)~!(...) the flux surface average, V' = [dfd( (B -
VO)~! the flux surface volume and II the radial flux of toroidal angular momentum
given in (1). To obtain equation (26) we have used that (R - (J x B))y = (J - Vi),

according to (2). Employing V -J = 0, it is easy to see that (J - V), necessarily
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vanishes. Consequently, the Lorentz force ¢='J x B does not enter in the determination
of the toroidal rotation.

Equation (26) proves that only IT = M{ [ d*v f;R(v - {)(v - Vb)), is needed to find
the toroidal rotation. To avoid evaluating the ion viscosity by direct integration of f;,
we propose using moments of the full ion Fokker-Planck equation

df; _ o, +V,Wi+(_%v¢+givxg>.vvfizcﬁ{fi}. (27)

dt — ot |,

This moment approach is followed in drift kinetics [17] and to formulate a hybrid
gyrokinetic-fluid description [30]. In this section, we use two moments of (27). The
Mvv moment gives a form for Il requiring a less accurate f;. In this new equation
for II, there is a term that contains a component of the tensor M [ d*v fivvv, and the
Mvvv moment of (27) allows us to solve for it.

The transport of toroidal angular momentum II is evaluated from the Mvv moment
of the full ion Fokker-Planck equation (27), given by

with
s 0 P 3 3
K= p v fivvv | + Zeni(VoV, + V.V o) — M [ &v Cy{fi}vv. (29)

From the moment equation (28), the off-diagonal elements of P; can be evaluated as a

function of K. Additionally, equation (28) contains the energy conservation equation,

> ~

Trace(K) = 0, and the parallel pressure equation, b- K b=0.

To solve for the toroidal-radial component R&’ - P; -V, pre-multiply and post-
multiply equation (28) by Ré’ to find

Re. B, v = M0 e B gy ey Ud?’vvfiR?(w&)?]

2Ze 0t 2Ze
0 s M? N
P RnM(V,- ) = 52 [ PuC IR v -0, (30)

where we use R(b x ¢) = V4/B from (2) and V(R¢) = (VR)¢ — ¢(VR). Flux surface

averaging this expression gives

Mc 0 s 2 M?*c1 0 _, .
IT = EQWC P; -y + %W%V </d3U fi(v - V)R (v - C)2>w
0¢ 5 M?c 5
e (egemanve ) 30 ( [eetipm o) . (1)

In equation (26), we are only interested in the evolution of the long wavelength toroidal
rotation on long transport time scales. Even if we average out the short wavelengths in
(31), there may still be uninteresting fast time scale variations over the long time scale
irreversible transport of momentum. Thus, we must average over both v and time,
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like we did in the “transport” or coarse grain averaging (...) from (18). Applying the
“transport” average to (31), we find

Mc 0 < 5 M?c1 0 .
e = g B -0+ gz grany' ([ it Toymee-07)

+ << g?an (Vi &)>w>T - ]2\/[;; </d3@ (Cil i) T R?(v - &)2>w- (32)

The first term contains a time derivative. Since the “transport” average (...)r includes

a time average over an intermediate time between the very fast turbulence time a/v;
and the slow transport time 0; %a/v;, only the slow transport time scale evolution of the
ion pressure is large enough to contribute to (32), giving

Me 0 Mc Op;

anzﬁ’ (Pi)r - Q)y = 57¢ —(R?)y BT

The second term in equation (32) only depends on the gyrophase dependent piece

~ 5 RIVY]. (33)

of the ion distribution function. For this reason, it can be evaluated by employing the
Mvvv moment of the Fokker-Planck equation, given by

Qi/dgv [iM[(v x b)vv 4+ v(v X b)v + vv(v x b)] = gt (/ d*v fZMvvv)
+V - (/ d®v fl-Mvvvv) + Ze/d% fi(Vovv + vVov + vvVe)

_/d3UOii{fi}MVVV. (34)

Multiplying every index in this tensor by R, employing R(f) X &’) = V¢/B, and flux
surface and “transport” averaging gives

M [ o (f)r(v- V)R (v - &)? =g§§% v (f)rR¥(v - ¢)?
P P

Mzc 1 0 R 0p 5,2 = 4
3Zevion” </d3v <f">T(V'W>RB(V'Q3>w+ <<C€9_CR (&P ‘O>¢>T

57 v o) (59

This equation has to be evaluated to order 6?p;v; R*| V1| to give terms of order §3p; R| V)|
n (32). We prove now that the first two terms are of higher order and hence negligible.

The first term has a time derivative and in addition vvv is composed of terms either
odd in v or v . With turbulence that has reached statistical equilibrium and after
“transport” averaging, the time derivative becomes of the order of the transport time
scale, L.e., 9/0t ~ Dyp/a® ~ §?v;/a, and the ion distribution function is even in v and
v, to lowest order. Consequently the contribution of the first term in (35) is negligible
since fi1 ~ &;furi gives a term of order §}p;v; R?|V|. In the second term of (35), only
the long wavelength gyrophase dependent piece of the distribution function contributes
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~ JR—

because (v - Vi)(v - ¢)3 = 0. Here (...) is the gyroaverage holding r, Ey, uo and ¢ fixed.
To order 6; fur;, the long wavelength gyrophase dependent piece of f; is given by

e = For= g vx By | T2 Zovoe (2 - ) 0 i (30

The integral over velocity of the first order piece of ({f;)r— (F,)1)(v-V4)(v-¢)? vanishes
because it is odd in v. Thus, the second term in (35) is of higher order than 6?p;v; R*| V|
and hence negligible. Finally, substituting relations (33) and (35) into equation (32),
and using that the first two terms in (35) are negligible gives

B 0 . ME1 9 ,]/06 4= 4
= <<Ca—<R”Z’M<VZ' | 4>>w>T *2z v <<a—cR2“' " ‘“)>w>T

M Op; M2 )
M3 2 1 a ) X
il </ P (Cal fhr B (v <>3>¢' (37)

There are five contributions to the transport of toroidal angular momentum in the low
flow or drift ordering. The first and second terms in (37) are turbulent contributions
where the short wavelength, turbulent pieces of the potential and the ion distribution
function beat together to give a long wavelength contribution. The third term
contributes if the energy transport has not reached steady state. In general it must
be kept. The fourth and fifth terms are collisional and account for the neoclassical
transport of momentum.
We now estimate the order of magnitude of the different terms in (37) in the limit
B,/B < 1. The third term in (37) scales as
Mec dp; B
2—Ze<Rz>w o~ B,

where we have used |V¢| = RB, to obtain the order of magnitude estimate. We

8, piRIVYI, (38)

can estimate the size of the neoclassical contributions by employing fi° = (fia)T ~
(B/By)difa: and [ = (fia)t ~ (B/B,)*62 fari (see subsection 2.3) to find

M?c 3 2 -\ 2 B qRvi; o
- 2Ze </d v (Cul fi}) TR (v - C) >w ~ B v 6; piR| VY| (39)
and

—Mgcz 19, 3 3 \3 B 2qRVii 3
62EV on </d v (Ci{ i) R (v - €) >w ~ (gp) " 5 iR V). (40)

The formal estimate in (39) would seem to indicate that the gyroBohm estimate in (1)
is incorrect. However, the zeroth order contribution to (39) is small by the collision
frequency, and in addition it exactly cancels to order (qRv;;/v;)02p;R|V1| in an up-
down symmetric tokamak (see appendix A). To next order and for B,/B < 1, we find



Turbulent transport of toroidal angular momentum in low flow gyrokinetics 16

that (39) becomes
Mz / dv (COLRE Y+ COOLRE, FiY) B (v - &)
27e v v

B 2qRVii
() “estnrvl (1)

P

where CZ(Z" 9 is the nonlinear, quadratic collision operator. In equation (41) we
have neglected the second order gyrophase dependent piece, obtained from Taylor
expanding the gyrokinetic solution f;(R, E,u,t) around r, Ey and po. The largest
contribution to the second order gyrophase dependent piece is Ry-V fi+E; (Of2¢ /OEy )+
w1 (0f5¢/Opo) ~ (B/By)o? fari and thus smaller than fj ~ (B/B,)?0? fari. According to
equations (40) and (41), in an up-down symmetric tokamak the neoclassical transport
of toroidal angular momentum is of order (B/B,)*(qRv;i/v;)83p;R| V).

The turbulent contribution given by the first and second terms in (37) is more
interesting. Considering that in steady state the pieces of the distribution function that

have 0/9¢ # 0 are of order §; fy;, we find that

(GERaM(Vi-0)) ) ~EnRIVY (12)
oC ¢/ ¢
and

M1 D )06 55 5 B

where we have used that (8¢/0¢) = RC-V¢ ~ R -k gy ~ R(B,/B)k, ¢y ~
(B,/B)(R/a)(T./e) because the component of ¢ perpendicular to b is |b x ¢| =
|\VY|/RB = B,/B. The term (42) is formally larger than the gyroBohm estimate
in (1). It is plausible that the Reynolds stress in (42) averaged over time is almost zero.
If this is the case, the turbulent contribution to order §?p;R|V1)| does not determine
the evolution of the long wavelength toroidal rotation on transport time scales. This
possibility does not conflict with fast growth and evolution of zonal flow structure, that
happens in relatively short times, but does not transport angular momentum through
large distances.

It is difficult to prove unarguably that the Reynolds stress in (42) must vanish
to order 0?p;R|Vy|. In §f flux tube codes [21, 22, 24], only the gradients of density
and temperature enter the equation for the turbulent correction to the Maxwellian

. The gradient of the toroidal rotation is ordered out because the average velocity
in the plasma is assumed to be small by ¢;. If in addition the tokamak is up-down
symmetric, the system does not have a preferred direction and it is unlikely that there
is any transport of angular momentum. Quasilinear calculations suggest that in up-
down symmetric tokamaks, Jf flux tube formulations must give zero transport [31]. If
the average velocity is ordered as large as the thermal velocity, the symmetry in the flux
tube is broken and there is a net radial momentum transport [32], but such a description
is not relevant in many tokamaks.
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[t seems reasonable to assume that, at least in a time averaged sense, the Reynolds
stress in (42) vanishes to order §2p; R|V1|. Consequently, we take

ok 3 th _ Z €¢tb 5 .
<< [ ( fMJ M(v o>w>T0, (449)

with f°/ fari ~ edt /T, ~ &;. To the next order, equation (42) becomes

C%ﬁ/ﬁ ﬂ)ZwﬂM Zed (Of | 10fi

th Ttb N
0 [ < _ 2z fMZ> M) ) ~ ol (19
v/ T

M(v ()

8( D

where we have used that according to subsection 2.3 f2/fy ~ edt/T. ~ (B/B,)d?.
Thus, according to (43) and (45), the fast time averaged turbulent contribution to the
transport of toroidal angular momentum in an up-down symmetric tokamak is of order
(B/B,)dp;R|V|. This estimate corresponds to the size of the gyroBohm transport
of toroidal angular momentum. To see this, recall (1) and the discussion below it. To
obtain the correct scaling with B/B,, notice that the estimate for the toroidal velocity
isV;- é’ ~ (B/B,)d;v; instead of V; - &' ~ 0;0;.

To summarize, equation (37) gives the transport of toroidal angular momentum in
the low flow ordering up to order (B/B,)d?p; R|[V|. In an up-down symmetric tokamak,
we have shown that the size of the different contributions is given by (38), (40), (41), (43)
and (45), i.e., the transport of toroidal angular momentum is indeed at the gyroBohm
level. To evaluate (37) we need to obtain the ion distribution function and the turbulent
electrostatic potential to order (B/B,)d2fy; and (B/B,)0T./e, respectively. These
small corrections enter in equations (41) and (45). In subsection 2.3 we already showed
that the lower order gyrokinetic equation (10) is good enough to obtain these higher
order corrections if B,/B < 1. In section 4 we discuss how these corrections can be
obtained in practice.

4. Distribution function and potential to second order

To evaluate (37), the ion distribution function and the potential have to be found to order
(B/B,)d? fus and (B/B,)07T. /e, respectively. In subsection 2.3 we argued that the first
order gyrokinetic equation (10) was enough to obtain the ion distribution function to this
order. In this section, we show that minor modifications to existing d f gyrokinetic codes
21, 22, 23, 24] provide the necessary higher order corrections to the ion distribution.
We also discuss briefly the implication for full f simulations.

To find the electrostatic potential to high enough order, we can either use a
gyrokinetic quasineutrality equation [25, 26] or employ a vorticity equation [16]. For
0f flux tube simulations both choices should give consistent results since the long
wavelength radial electric field is not retained in the equations for turbulence and can be
independently determined by the equations for transport of toroidal angular momentum
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(26) and (37), and the neoclassical relation (22). For global simulations, however, the
gyrokinetic quasineutrality equation becomes a problem. The long wavelength radial
electric field obtained from the lower order quasineutrality equation differs from the
radial electric field that corresponds to the toroidal rotation. This discrepancy can be
overcome by employing a consistent vorticity equation that ensures that the toroidal
rotation does not change with time at short time scales. Such a vorticity equation
was found in [16], but it was only valid to first order, giving e¢®/T, ~ ¢;. In this
section, we extend that calculation to obtain a vorticity equation accurate enough to
give egt? /T, ~ (B/B,)d?.

The rest of this section is organized as follows. In subsection 4.1, we extend
our conclusions of subsection 2.3 for B,/B < 1 to write df equations for the
short wavelength, turbulent pieces of distribution function, and we comment on the
requirements that a full f simulation must satisfy to obtain the ion distribution function
to order (B/B,)d? far;. We also discuss how the high flow limit can be explored in this
formalism. Finally, in subsection 4.2, we obtain two vorticity equations correct to order
(B/B,)d2en.v;/a. The details of the calculation are relegated to appendices B-F.

4.1. Higher order ion distribution function

In subsection 2.3 we argued that the first order gyrokinetic equation (10) is able to
provide the ion distribution function up to order (B/B,)d? far;. In this subsection we
streamline the procedure for ¢ f simulations and we comment on the implications for
full f codes.

For § f simulations, we modify slightly the arguments employed in subsection 2.3.
The Maxwellian distribution function fy;; is now slowly varying in space, and the
axisymmetric, short wavelength structure in density and temperature is absorbed into

the correction to the Maxwellian. This correction is written as § f; = fA+ fiP+ fA+ [P
where fi? and f contain the axisymmetric, short wavelength corrections to the

Maxwellian. We now proceed to describe how to find the pieces fi, fi and fi.

These are the only pieces needed to obtain the turbulent transport of toroidal angular
momentum, given by the first two terms in (37). The second order correction fj3° is not
necessary for turbulent transport of toroidal angular momentum. An explicit evaluation
requires some care in the low collisionality or banana regime, which we leave for future
work.

The first order neoclassical correction f5¢ is determined by equations (20) and
(21), and it depends on the particular collision operator. In the banana regime and for
a momentum-conserving pitch angle scattering operator

COLut =¥ [ T o) 0, (fa = 220 ) [ o)
i

with u; = [[ v vy (v)vful/[[ d®vvi(v)(Mvo?/3T;) fa)], the result may be approximated
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by [2]
Vy, (ME _\1 8Ti
+ Qio Fass ( T; 2) T, 0’ (47)

where u = ++/2[F — uB(R)] is the gyrokinetic parallel velocity, Qi = ZeBy/Mc and
By = /(B?), are some conveniently averaged gyrofrequency and magnetic field, and

[ dv vy (v)(Mv?/2T;)3 exp(—Mv? /2T;)

Y= 48
[ dv vy (v)(Mv?/2T;)? exp(—Mv? /2T;) (48)
is a constant calculated so that C<(< {fi1} conserves momentum. The function
- BO/Bmax d)\
V(6(R), E.o) = o (Bo/ Buws ~ B0/ EN 5 [ (19)
” ° ° wmse (/T AB[Ba),

goes smoothly from zero for trapped particles, B()/BmlX < uBy/E < By/Bmnin, to
u = £/2[E — uB(R)] for passing particles, 0 < uBy/E < By/Bmax. In equation (49),
o = u/|ul is the sign of the parallel velocity, H(x) is the Heaviside step function, and

Biax and By, are the maximum and minimum values of B in a flux surface, located
in the midplane in an up-down symmetric tokamak. Solution (47) is schematic, and
including other collisional effects like energy diffusion will modify the result, but it has
the advantage of showing the main features of the solution, in particular, its dependence
on v;. We use it here as an example.

For §f codes, we write equations for fi’ and f that differ slightly from (17) and
(24). There are two reasons for the dlfferences. On the one hand, we assume that fy;
is slowly varying in space, as already noted. On the other hand, we are going to split
the turbulent potential into two pieces, namely e¢t® /T, ~ §; and e¢t /T, ~ (B/B,)d?.
Taking these differences into consideration, the equation for f{ is the short wavelength

“tb
o - 2o sz}> _

%(VR@% X b) - Ve far — %sz’ [ub(R) + var] - Vr(¢t). (50)

contribution to (10) up to order d; fasv;/a, given by

8_}1b+ ub(R) + vas — = VR(4}") x } Vefi — ( CF
at B 1 zz

The equation for f ~ (B/B,)6fui can be found from the short wavelength
contribution to equation (10) of order (B,/B)d2 farvi/a that gives
b

Is ~
Z2 4 [ub(R) + v — SVR(61") x b| - Vaf

Zeqstb ZedtP [9fmc 1 9fne
_ (E) Fb 1 il - 71 _
<Cm { i2 sz M 8E0 + B aILLO

Z(VR(8") x b) - VS + = (T(of) x b) - Vafur

Z ofr 7
]\; aZEl - —esz[Ub(R) + V] 'VR<¢5b>. (51)

[ub(R) + v - Vr(¢")
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Here, we have neglected terms like C’glﬁ){ Y ~ (qRvi Jvi) 62 farivi/a < 62 farivi/a
because they are smaller than (B/B,)0? faivi/a. In equation (51), the neoclassical
correction fj° enters in the same place as the density and temperature gradients do in
the first order d f equation (50), and in the linearized collision operator, the 5 term from
w1 in (6) must be retained in the expansion of f; about ug. The neoclassical solution
(47) is a simplified example of possible input for fji°. The dependence of fi° on vy
breaks the symmetry in the parallel velocity.

Splitting the gyrokinetic equation into the two contributions (50) and (51) has
some advantages. Notice that equation (51) is now linear in fi, making it easy to
evolve the second order turbulent correction in time. Additionally, we can assume that
the O(62p; R|V]) contribution to the piece of transport of toroidal angular momentum
given in (44) vanishes, and use directly the expression in (45), of order (B/B,)d3p; R|V|.

Equations (50) and (51) are, however, not very flexible because they decouple

P and f. To avoid this, we can add both equations and define F; = fy; + f5,

fib = 4 fth and ¢t = ¢t 4+ ¢IP to obtain
of"
ot

+ [ub(R) + Vi — =Vr(9™) x b| - Vi f®

. ) tb Ze%tb OE i 8E .
<C“‘ {f" LY OE) * B O B
OF;

£ (TR(6") X b) - VaFi + SHub(R) + vyl Vr(o™) S (52

Then, to obtain the higher order correction to the ion distribution function in a df

simulation it is enough to replace fy; by F; = far + fi°! The replacement in the

collision operator is probably the most involved, but it is also the least important and
could be ignored in preliminary calculations.

Solving for ff* = fi + fi complicates somewhat the evaluation of the turbulent
transport of toroidal angular momentum. The term (42) is formally of order 6?p; R| V1|,
much larger than the gyroBohm estimate in (1). In section 3 we argued that the time
average contribution to that order, given by (44), vanishes, and only the higher order
piece (45) is important. However, to evaluate (45) we need to split ff* and ¢*® into their
first and second order pieces. When we use f* to evaluate (42), we must ensure that
the time average is over a period of time that is long enough for (44) to hold. Otherwise,
spurious transport of toroidal angular momentum is introduced. We believe that this
disadvantage of (52) is outweighed by its flexibility.

Importantly, equation (52) allows us to explore the high flow regime. The high
flow limit is characterized by Zen;(0¢p/0¢) > Op;/0,n;(0T;/0v). Employing this
ordering in equations (20) and (21) (or the particular solution (47)) we find that to
zeroth order f5° becomes (MUHViﬂf/ﬂ)fMi, with Vlﬂf = —(cI/B)(0¢/0) the ion parallel
velocity in the high flow limit. We now show that this correction is an adequate
approximation for moderate Mach numbers M; = V;/v; ~ 0.4 in the B,/B <« 1
limit. The derivation of the gyrokinetic equation (10) in [19] is valid if the electric
field satisfies |E| = |V¢| < T./ep;. The size of the electric field is estimated from
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Vi = —(cI/B)(06/00), giving E = —V6 ~ Viy[Vy|/cR ~ (B,/B)My(T./eps), with
M), = V;)/vi the parallel Mach number. Thus, the gyrokinetic equation is valid even for
M ~ 1if B,/B < 1. The only modification to the gyrokinetic formalism is then that
the zeroth order distribution function is no longer a stationary Maxwellian, but instead
has an average parallel velocity, i.e.,

Fo— M 3/2 M(V — ‘/;||B)2
i = Ny 27TT¢ exp QTZ- ~

M\ ME = MuVy MV
i\ 5 exp | —— + T " o7 |- (53)

In the second equality we have written the Maxwellian as a function of the gyrokinetic
variables. There has been already some work in this high flow limit with B,/B <« 1
[32]. Importantly, the first order term in an expansion in M, in (53) is equal to the
correction obtained by taking the limit Zen;(0¢/0vy) > Op; /0, n;(0T;/0v) in fi°, i.e.,
1¢ ~ (MwvVy/T;) fai- The next order term, of order MZ?H, is only a 10% correction for
M;); = 0.4, and it is irrelevant for the transport of toroidal angular momentum because
it is even in v) and does not break the symmetry of the parallel velocity. The next
correction odd in v)| is of order M, i3H’ clearly negligible for M;; = 0.4. Thus, equation
(52) is reasonably good even for moderate parallel Mach numbers in the B,/B < 1
limit.

Finally, any analysis performed for d f formulations is valid in full f codes. However,
it is important to realize that the collision operator becomes crucial in full f simulations.
It is necessary because it drives the long wavelength piece of the distribution function
towards the solution F; = fyn;+ f5°. Thus, any full f simulation must run for longer than
the characteristic time for the relaxation to the neoclassical solution, given by 1/(y/ev;;)
[29]. Moreover, it is probably very convenient to initialize the simulation employing Fj;
plus some small short wavelength contributions as the initial condition.

4.2. Higher order electrostatic potential

We have already argued in [16] that having a gyrokinetic vorticity equation is desirable.
A vorticity equation shows explicitly the connection between the radial electric field and
the transport of toroidal angular momentum, and unlike the quasineutrality equation,
it can be modified to include higher order terms. In this subsection we construct a
higher order vorticity equation employing a technique similar to the method developed
in [16]. We find that the vorticity equations (77) and (85) of reference [16] become valid
to order (B/B,)d?en.v;/a by replacing the Maxwellian fy;; by the neoclassical solution
F; = fai + f]1° and slightly modifying the definition of the polarization density. This
similarity indicates that both vorticity equations have the desired properties, i.e., they
keep the long wavelength toroidal rotation constant for short time scales and could be
extended to higher order in the future.

The rest of the subsection is organized as follows. In section 4.2.1, we write the
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gyrokinetic equation in (10) as a function of the “physical” phase space, i.e., as a function
of the variables r, Ey, o, o and t. In these variables, the real space and the velocity
space are not mixed as they were in the gyrokinetic variables, and we can integrate
in velocity space to obtain moment equations. We write a general equation for the
moment [ d*v f;G(r,v,t) in section 4.2.2, and then use it to obtain the conservation of
ion number and ion perpendicular momentum in subsections 4.2.3 and 4.2.4. Finally
combining these equations and the conservation of electron number, we obtain two
equivalent vorticity equations valid up to order (B/B,)d?en.v;/a in subsection 4.2.5.

4.2.1. Gyrokinetics in “physical” phase space. We write the gyrokinetic equation (10)
as a function of the “physical” phase space variables r, Ey, o, @o and t. We loosely
follow the procedure in [16], but we present it in a more convenient form.

The gyrokinetic equation is valid to order (B/B,)d? farivi/a, and the expansions
are performed to that order. We expand f;(R, E, u,t) around R, = r + Qi_lv X B, Ey
and pg to obtain

OF; OF;

iR7E7 7t = Ji B —
f( lu) fg+ 18E0+,u18/,60

where E; and p; are given in (5) and (6), the function f;; = f;(Ry, Eo, po,t) is

+ O(62 fari), (54)

obtained by replacing R, E and p by Ry, Ey and pg in f;, and we have already defined

F; = far + f2°. Notice that we continue to neglect corrections of order 62 fys; as small

compared to f® ~ (B/B,)d2fai. The function f;, = f;(Ry, Eo, to, t) is convenient to

obtain moment equations from the gyrokinetic equation (10). Replacing R, E and p by

R,, Ey and f in (10) gives

Ofig
ot

{ugBR) +vasy v - (Vi iy~ 2oV (5 ) = (Cal e (59

Here ug, vy, Viy and (Cyi{ fi}), are obtained by replacing R, E and p by Ry, Ey and
o in u = £/2[E — uB(R)], vy, vip and (C;;{fi}). Notice that the time derivative
holding R, Ey, 1o and ¢y fixed is equivalent to the time derivative holding r and v

because the magnetic field is constant in time.

In steady state b - VRr,fig ~ 0ifui/a and b - V¢ ~ §;T./ea. This is true even
for the neoclassical piece since b - Vr, ~ 1/qR and f5° ~ (B/B,)difui, giving
b - Vr, [ii* ~ 6ifui/a. Using that b - VRr,fig ~ 6ifui/a and b- Vo ~ §T./ea, we

can show (see appendix B) that equation (55) is to the order of interest

afz ~ ~ = Ze— 6E
atg . + [yb + Vo + VEo + V4] - (sz‘g - MV@» 8E0> = (Cii{ fi})g; (56)
with
U2 ~ U2 ~
L bx VB+ b xk, (57)

VMO = 5B0). Q,

~

Vi = — V(@) x b (58)
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and

V)| —
Vi = ﬁ‘lv X V). (59)

Here, the gradient V is with respect to r holding Ey, ft0, wo and ¢ fixed.

4.2.2. General gyrokinetic moment equation. The integral over velocity space
{Eo, 1o, po} of equation (56) multiplied by the general function G(r,v,t) will help us
obtain the transport of density and momentum. However, equation (56) must be first
written in conservative form. To do so, we use

' (UEVGK) - %c‘%o (%VGK 'V<¢>> =0, (60)

<

with

iO

2
VGK:<’U ‘f) VXB>B+VM0+VE0+\~/1:
v“6+§”Vx (’UHB)—FVEO—O—\N’L (61)

To obtain the second equality we use V x b=bb-V xb+b x k. With the second
equality of (61) and the fact that d{(¢)/0FE, = 0, proving (60) becomes trivial.
Equation (60) is useful because equation (56) is to order (B/B,)d%v;/a

o + vgk - (szg V<¢> OE, ) = <Cu{fz}>g, (62)

where the contribution of (’Uﬁ /Q:)bb-V xb ~ §v; in (61) is negligible because in steady
state b - Vfi, ~ & fai/a and b - V(@) ~ 6,T./ea. Combining equations (60) and (62)
gives

0

B — B Ze 0O B — B
at (U_fig) +V- (afigVGK) - M@Eo ( fngGK V<¢>) = U_H<Cii{fi}>g’ (63)

Where we have employed that Jf;,/0E, ~ OF;/0E).
Equation (63) is in conservative form and can be used to obtain moment equations.

Multiplying by a general function G(r,v,t) and integrating in velocity space gives
0
E)t (/ d3?} fzg > + V . (/ dgv figVGKG> = /d3?} fZgK{G} + /dgv G<Cu{fz}>g, (64)

where

oG

Kiey = Ot |,

+ VEK - (VG - —v<¢> gg)) (65)
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4.2.3. Gyrokinetic conservation of number. In this section, we find the time derivatives
of the ion and electron densities up to order (B/B,)d?n.v;/a. In section 4.2.5, we will
use these derivatives to calculate 9(Zn; — n.)/0t, and by imposing that this derivative
vanishes we find the turbulent, short wavelength piece of the electric field.

The electrons are drift kinetic in our model and the electron number conservation
can be written as

One ~ e
eV (neVab 4V = TV6 x b) =0, (66)
where the parallel flow is n. V)| = [ 3o fey), and the magnetie drifts give
_ CPel 1 L CPel 1 . CPe|| 1
NeVeq = 3 bb -V x b 5 b x VB i —Db x k. (67)

To obtain these expressions, we have kept the electron pressure anisotropy pe —
Per ~ (B/Bp)depe ~ (B/B,)\/m/Mé;p. because it gives a contribution of order
(B/B,)d2n.v;/a for \/m/M ~ ;.

For the ion number conservation equation, we use equation (64) with G =1 up to
order (B/B,)d?n.v;/a (see appendix C) to find

b) . -
a(nz — nip) +V- (ni‘/;g||b + niVZ-gd + TLiVZ'gE +n;V; + niVZ-c) =0, (68)

where the ion polarization density is given by

OF; OF; Zed (OF, 1 0F,
p= | &v | Ei—— )~ | @B LAl
v / ’ ( 18Eo aMo) / ! M <3E0 * Baﬂo) ’ (69)

the ion gyrokinetic parallel flow is

n:Vig|) = / d*v figu), (70)
finite gyroradius effects lead to the flow

n;V; = /dBU figV1 = /d3 flg HV XV, (71)
and the E x B and magnetic drifts give the ﬂows

N Vigr = / & fi,vio = —% / & £,V (6) x b. (72)

and

v .
N Viga = /d% Fig <§bb 'V xb+ vM0> ~

CPigl ¢ CPig L CPig|| ¢
B
ZeBbb be+ZBb><V +ZBb><n (73)

Here, pig1 = [ d®v fiuMv? /2 and pyg = [ d? ’UfigMUH. The flow n; V¢ is due to finite
gyroradius effects on ion-ion collisions. It is calculated in appendix D to be

N 1 N
szC = —ﬁ d3 (<F22> X b — —2<Fu . Vl>V X b) s (74)
Q; v
with v;; = 2rZ%*In A/M? and
Fii - /dgv’ nggg : (fz’lvvfi - fivv’fz{)' (75)

—

Here, f; = fi(v), [l = f;(v)),g=v —V', g =|g| and V,V, 9 = (¢° T —gg)/q".
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4.2.4. Gyrokinetic conservation of momentum. Employing G = Mv, in equation (64)
and using appendix E, we find that the conservation of ion perpendicular momentum
is, up to order (B/B,)d?p;/a,

0 o
57 (M Vig1) + V- mig= Fip | + Fip, + Fiol, (76)

where n; Vi, = [ d®v fi;v, is the perpendicular gyrocenter flow; the tensor ;igx gives
the transport of perpendicular momentum due to the parallel velocity and the drifts,

;igxz /d3v fig(v\\B+VM0 + Ve + Vi) Mvy; (77)

the vectors F2$, and F'  account for the change in perpendicular velocity as the
particle drifts in a spatially varying magnetic field,

FS =M / d*v Fyvy - Vv, (78)
and
Fb =M / dv fig(quB + Vo) - VVi; (79)

and the force F;c, is due to finite gyroradius effects on the ion-ion collisions. It is
calculated in appendix D and is given by

1
Fic1 = —M~; / d*v—v (T - vy)
vy

4V {MTj“/d% {(rm b~ - (v x b)(T - m] VL} | (80)

4.2.5. Gyrokinetic vorticity equations. Finally, we use equations (66), (68) and (76) to
obtain two equivalent vorticity equations. These vorticity equations are the extension
to order (B/B,)dZen.v;/a of the equations found in [16].

The first vorticity equation is obtained by subtracting (66) from Z times (68) to
find

0 . - .
a(Z@nip) =V -(Jgb+Jga+JIp+Zen;V; + Zen;Vie) = 0, (81)

with n;, the polarization density given in (69), nz\~/'Z the finite gyroradius correction in
(71), and n;V,c the collisional drift from (74). The parallel gyrocenter current is

Jo| = Zen;Vig — en Ve = Ze/d3v figv) — e/d3v fevy; (82)
the current due to the magnetic drifts is
oo = ZeniVigg — eneVeg = ngl bb-V x b+ C];Q;B x VB + %B X K; (83)
with pg1 = pig1 + per and py| = pig| + pe; and finally, there is a polarization current

density due to the difference between the E x B drifts of ions and electrons given by
v [£(96 % b) = £,(T(6) x )] (84)

_ Zec

Jp 5
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The second vorticity equation can be found by adding V-[(¢/B)b x (equation (76))]
to equation (81). Since equation (76) is zero for any solution of (10), the new vorticity
equation is equivalent to (81). Adding V - [(¢/B)b x (equation (76))] to equation (81)
gives
aLTJG
ot
where we have neglected (¢c/B)b x F25 | | and combined J,,, Zen;V, (¢/B)b x (V- g5
and (¢/B)bxF% | to obtain J4, (¢/B)bx (V- 7;¢) and a term with vanishing divergence.
The details of the derivation are in appendix F. We have defined a new gyrokinetic

=V | Jyb+ T+ T+ %B X (V- Tic) + Zen;Vie — %B x Fic| | (85)

vorticity
Ze -

W = Z@?’Lz‘p + V- (ﬁanlg X b> s (86)
a new polarization current

. - e _

J, =3, ﬁeb x ( / 4 Frvp - VVJ_) (87)
and a new viscosity
;igz;igx —f‘M/ng fz‘gVLUHB =

M / AP figlo)(bVL 4+ vib) + (Varo + Vo + V1) v]. (88)

Notice that the vorticity equations (81) and (85) are very similar to their lower
order versions, equations (77) and (85) of reference [16]. The differences are that fy;
has been replaced by F; = far; + f}1°, and that the polarization density, n;,, is now given
by the higher order expression (69), and not by — [ d®v (Zeg/T}) fari. The similarities
between the new vorticity equations (81) and (85), and the lower order equations (77)
and (85) of reference [16] make obvious that the same properties hold for both of them.
Moreover, these equations are equivalent to each other to order §;en.v;/a. In particular,
it is possible to prove, as was done in [16], that the flux surface averages of both (81)
and (85) give, at long wavelengths, O( Rn; M Vif)w /Ot ~ d;k) pip;, and consequently the
time derivative of the toroidal rotation becomes smaller as we go to longer wavelengths.
Thus, for the typical short time scales of turbulence, equations (81) and (85) keep the
global toroidal rotation constant. The physical evolution of the long wavelength toroidal
rotation can only be obtained from (26).

Finally, equation (85) is a perfect candidate to be extended to even higher order to
retain the long wavelength terms of (37). It is written in a form that makes the relation
with the transport of momentum more transparent than the gyrokinetic quasineutrality
or the vorticity equation (81). Thus, one could employ the transport of toroidal angular
momentum given in (37), accurate enough to calculate the radial electric field, substitute
it into the exact vorticity equation (22) of reference [16], and compare the result with
the long wavelength limit of (85). Then, the differences between both equations are the
higher order terms that equation (85) is missing to obtain the long wavelength radial
electric field. As a result, it is possible that we could correct for these differences.
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5. Discussion

We have obtained expression (37) for the transport of toroidal angular momentum. This
expression is valid up to order (B/B,)d2p; R|V1|, and it only requires the ion distribution
function and the non-axisymmetric piece of the electric field up to order (B/B,)d? fas
and (B/B,)0?T./ea, respectively. Equation (37) is then enough to self-consistently
calculate the toroidal rotation profile in the low flow ordering if the turbulent, short
wavelength piece of the ion distribution function is obtained from the ion gyrokinetic
Fokker-Planck equation (10) (or its 6 f version (52)), and the turbulent, short wavelength
piece of the electrostatic potential is calculated using either one of the vorticity equations
(81) and (85) (in flux tube Jf simulations, it is also acceptable to use the gyrokinetic
quasineutrality equation to solve for the short wavelength pieces of the potential). Once
the toroidal rotation profile is obtained, the long wavelength, radial electric field is solved
from the neoclassical relation (22) that we have shown to hold at long wavelengths in
our ordering.

The other options to calculate the long wavelength, radial electric field are direct
integration of the lower order expression for the toroidal angular momentum (1) or
solving directly for the radial electric field using quasineutrality. Integrating (1) requires
a third order ion distribution function. On the other hand, using the quasineutrality
condition to obtain the radial electric field is equivalent to forcing the radial current to
vanish. Multiplying equation (25) by R¢ and flux surface averaging, we find that the
radial current is

(- V0 = o | SRV, - &y + -2 (%9)

ot V' oy

(Notice that we have used this equation and (J- V1), = 0 to obtain (26)). This relation
implies that for transport time scales, the average radial current density (J- V), /| V|
is identically zero up to order c¢(9I1/dv)/|Vy| ~ (B/B,)*0}en.v;. Then, the current
density must be obtained self-consistently to that order, and we would need a gyrokinetic
equation good to fourth order! Using equations (26) and (37) to obtain the toroidal
rotation and (22) to solve for the radial electric field is clearly the most convenient
method because it requires the lowest order gyrokinetic equation.

We have exploited the extra expansion parameter B,/B < 1 because by doing so
the lowest order gyrokinetic equation (10) is able to provide the ion distribution function
up to order (B/B,)d2 fari. In subsection 4.1 we explain how current 6 f codes should be
modified to achieve the higher accuracy, and we propose a simple §f equation (52) in
which the long wavelength, background Maxwellian f,; is replaced by the distribution
function F; = fu; + f5° that contains the first order neoclassical correction. This
modification should be relatively simple to implement, and in a first approach to the
problem the simplified neoclassical solution in (47) is probably enough. Importantly,
equation (52) allows us to explore the high flow limit even for Mach numbers around
0.4.

Finally, to determine the non-axisymmetric pieces of the potential we need to
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solve for it from either a vorticity equation or the quasineutrality condition. The
quasineutrality condition works for local, flux tube codes in which the problematic
long wavelength components of the potential are intentionally ignored. In global
simulation, however, the long wavelength components of the potential are included in the
simulation. In [16, 19] we argued that the long wavelength radial electric field cannot be
determined self-consistently from the lower order quasineutrality equations typically
used in gyrokinetic simulations. A promising alternative is a gyrokinetic vorticity
equation. We presented two of them in [16] and we proved that they have very desirable
properties, namely they keep the toroidal rotation constant at short time scales and they
could be extended to higher order. Here, we have extended both gyrokinetic vorticity
equations to order (B/B,)d?en.v;/a to obtain the short wavelength, turbulent potential
up to order (B/B,)d?T,/e self-consistently. The new higher order vorticity equations
are given in (81) and (85). They are obviously equivalent to the equations found in
[16] to order &;en.v;/a and they have the same properties. Both of these vorticity
equations can be used in global simulations for short time scales. The transport time
scale evolution of the radial electric field must be obtained from the transport of toroidal
angular momentum given by (26) and (37). It might be possible to extend equation (85)
to even higher order to obtain the physical long wavelength radial electric field.
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Appendix A. Collisional contribution (39) in up-down symmetric tokamaks

The pieces of order (B/B,)(qRv;;/v;)0?p;R|V| and (qRv;;/v;)0piR|V| of integral
(39) vanish for up-down symmetric tokamaks. To lowest order, the long wavelength,

axisymmetric piece of the distribution function is f; ~ far + f5°+ ((fi)r — (f;)1), with
¢ ~ (B/B,)Sifui and (fi)r — (fi)r ~ &ifumi given in (36). The Maxwellian piece
fari does not contribute because makes the collision operator vanish. The gyrophase

dependent piece (f;)r — (f;)r also vanishes because the integrand of (39) becomes a
summation of terms that are either odd in v or v . Employing the function Ajy,
related to the first order neoclassical piece f}i° by equation (21), we find that the
difference f]° — hl¥ vanishes because some of the terms make the collision operator

zero and others are odd in v). Thus, equation (39) becomes

M?c N
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M < 3 (®) r3nc ( oV 2 2)>
- o Py (19 41 , (A1)
2BQ; / 1 bl .

where we have used the gyroaverage vv = (vl/2)( —bb) + vzbf).

Finally, to prove that integral (A.l) vanishes, we employ the neoclassical drift
kinetic equation (20) for AY. In equation (20) replacing 6 by —0, v by —v| and hjf by
—hiy¥ does not change the equation since b- V6 does not change sign. Thus, Ay changes
sign if both 6 and v do. Due to this property, the collisional integral in (A.1) vanishes.
In the contributions to this integral, the piece of the distribution function with positive
v)| in the upper half (6 > 0) of the tokamak cancels the piece of the distribution function
with negative v in the lower half (¢ < 0). Similarly, the piece with negative v in the
upper half cancels the piece with positive v in the lower half.

Appendix B. Gyrokinetic equation in “physical” phase space

In this appendix we explain how to obtain equation (56) from equation (55). To do so,
we neglect terms that are of order 62 fy;v;/a in equation (56) because it is enough to
obtain the equation up to order (B/B,)d2 farivi/a.

In equation (55), the magnetic and E x B drifts vy, and v, are to lowest order
Vg = Vo + O(07v;) and v, = v + O(62v;), with vy and vgg given in (57) and
(58). Since any term of order 62 fys;v;/a is negligible, the drifts can be approximated
by varg ~ vmo and vg, ~ vgg. Moreover, considering that in steady state the
parallel gradients of f;, and (¢) must be of order §;fy;;/a and 6,1, /ea, the difference
ug — v = O(6;v;) is also neglected, giving
9 fig

ot |,y

where we have also used that Vg, fiy = VRgr Vi, and VRr,(¢) = Vg,r - V().
Employing that Vg, r ~1 —Vg, (2 'v x b) ~1 —V(Q7'v x b) + O(62), we can write

+ [ub(Ry) + Varo + Vo] - Vi x (vfl-g - T o ) — (Clfihe (B)

N ~ — (1 ~
yb(Ry) - Vr,r = v;b + Q“ (vxb)-Vb—ub-V <§v x b) =

{fu - ﬁv (v x b)} b+ QH V xvy, (B.2)

xb)-Vb=V-[(v
xb)b]—-V [b(vxb)] =
1) and neglecting terms

where we have neglected terms of order §?v; and we have used (v
b)b]—[V-(vxb)]b, b-V(Q: 'vxb) = Q7 'V [b(vxb)] and V-[(v
V x [bx (vxb)] =V xv,. Substituting relation (B.2) into (B.
of order 2 fy;v;/a finally gives (56).

Appendix C. Gyrokinetic conservation of ion number

In this appendix we show how to obtain (68) from (64) with G = 1. The integral
[ v (Cy{f;})y gives =V - (n;V;c), as show in appendix D. The rest of the terms are
almost trivial.
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We have to comment on two terms in which we have neglected terms of order
62n.v;/a as small compared to terms of order (B/B,)d?n.v;/a. First we treat the ion
polarization density, given by

OF; OF;
Njp = Ny — /dgv fig = /d3v (ElaEO 18M0) , (C].)

where we have employed equation (54). In equation (C.1), several terms in p from (6)

gyroaverage to zero, giving

Zegb 1 OF; - OF;
LA 3 i 3
v = /d M (an * Bé’uo) /d BQ 8,uo (C.Q)

The last term in (C.2) is also small. The integral over the neoclassical piece f5i° ~

(B/By)6; fari would seem to be large enough to contribute, but n;, only enters through
its time derivative, and the time derivative can only be of order O3 /0t ~ v -V fars ~
8; farivi/a, making the time derivative of the last term in (C.2) of order §?n.v;/a and
hence negligible.

The other term that needs some explanation is the parallel flow [ d®v fi,(v/ Q;)bb
V xbin V- ([d fiyvak), with vax from (61). We find that the divergence of this
parallel flow is

v . v R
V-(/d%figﬁbb-be) :v-(/d?’vfMﬁbb-va), (C.3)

where we have neglected the integrals over fA¢and f{P because they are of order §2n.v;/a.
For the integral over ~ (B/B, )5 fori 1t is important to realize that b -V ~ 1/¢R ~
(B,/B)(1/a), giving V [ v fh /Q )bb - V x b] ~ 62n,.v;/a. Since the integral in
(C.3) is over the stationary Maxwelhan fami we have that py = p; = piL =~ pig1. We
choose to write it as p;;; so that it is similar to the more familiar form of the parallel

drift [16].

Appendix D. Gyrokinetic collision operator

In this appendix we extend the work on the gyrokinetic collision operator presented in
appendix D of [16]. The gyroaveraged collision operator is now calculated up to order

(B/B,)(qRv;;/v;)02 farivi/a in the B,/B < 1 limit.
The ion-ion collision operator is
Ci{fi} =7V - Tii, (D.1)
where v; = 2rZ%*In A/M? and T;; is given by (75). In appendix D of [16] we used the
usual expression for the divergence in a new reference system {y,},

V., T = Jza (J,T - V,y,) = Zayj ,Ty,) (D.2)
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with V, the gradient in the reference system {z;}, J, = 9(z;)/9(y;) the Jacobian of
the transformation between {z;} and {y;}, and I'y, = T' - V,y;. Employing (D.2), we
showed that the gyroaveraged of Cj;{f;} holding R, E, p and ¢ fixed is

s =% | 5 b g U Vo) + V- (0 TR)| L (D)

where J = J(r,v)/0(R, E, , ¢) is the Jacobian of the gyrokinetic transformation. To

(J(Tii - Vo E)) +

write (D.3) in “physical” phase space, we use rule (D.2) to transform divergences from
one reference system {y;} to another {z;}, given by

1 0 aZk
Ty;@—yj(Jy Yi) Zazk ( ; yy3y> (D.4)

with J, = 0(x;)/0(z) the Jacobian of the transformation between {x;} and {z}. Using
this relation, equation (D.3) becomes

Cuttd =5 (2 ) 4 g (210 5 (210 ) +9- (21 [0

where B/v = 0(v)/0(Eo, 1w, ¢o),

0Ey 0Ey
g, T, E T, T, E D.
< i v > aE < i vUN) au < i v R> VR 05 ( 6)
Dy = (T - Vo B) 229 4 (- v 220 4 (T VuR) - Vito (D.7)
2 aE X a//L 11 )
D= (T - VoE) 220 4 (T Vud 220 4 (T4 - VuR) - Vo, (D.8)
ZZ aE ZZ au A2 v
and
I, =(Ty VE>a +(T';; -V >8 +(I';; - V,R) - Vgr (D.9)
r — i1 v aE i1 ol a,u i1 Rt .

To zeroth order, we can use E ~ Ep, it =~ g, ¢ ~ ¢o and R ~ r + Q; v x b to find
that the functions (D.6), (D.7), (D.8) and (D.9) are

1
FH«O ~ E(I‘“ . VJ_>, (Dll)
Iy >~ 0. (D.12)
and
T~ —— (v x B) (T - v1) + —(Tu) x b (D.13)
r — Uin i 1 Qz i 9 .

where to obtain (D.13) we have used V,R ~ V,R; = Q' T xb and or/op ~
—0R, /Oy = —(2u0€%) v x b. Notice that we have kept the higher order correction
R; only in (D.13) because the large perpendicular gradients make this small correction
important.
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The zeroth order functions (D.10), (D.11), (D.12) and (D.13) are of the order of
the largest term in (D.5), given by <ngf){fﬁc ) ~ (qRv;;/v;)0; farivi/a. The next order
corrections to this term have two origins. On the one hand, we must keep higher order
corrections to f; in I';; in (75), finding linear and nonlinear terms like (Cz(f ){ fi°}) or
(C’Z-(Z-M){ ke fhe}), both of order (B/B,)(qRvii/v;)02 farivi/a. On the other hand, we must
consider the hlgher order corrections to the gyrokinetic variables R = r+Q;'v x b+.. .
E=FEy+..,u=p+...and ¢ = ¢y + .... According to (D.6), (D.7), (D.8) and
(D.9), these corrections give contributions of order (qRuv;;/v;)0? farivi/a, and hence, are
negligible for us. Then, we can use the lower order expressions (D.10), (D.11), (D.12)
and (D.13), but inside I';; we must keep the higher order corrections to the distribution
function.

In the main text there are two integrals of the gyroaveraged collision
operator, namely V - (n;V; = — [dv(Cu{fi})y given in (74), and Fic, =
M [ dPvv i (Cy{fi})y, given in (80). To obtain the final expressions in equations (74)
and (80), we use (D.5) and the lower order results (D.10), (D.11), (D.12) and (D.13). In
addition, in equation (80) we employ dv, /OFy = 0 and dv /Ouy = (B/v})v,, and we
neglect M~;; [ d*v Ty - Vv ~ (qRv;i/vi)02pi/a < (B/B,)(qRv;i/v;)02pi/a. Notice that
inV-(n;Vic) = — [ Pv{(Ci{fi})y and FicL = M [ dPvv  (Cyi{fi}),, we have neglected
the difference between (Cii{ f;}) and (Cii{fi})g4, where the subindex g indicates that the
gyrokinetic variables R, E and p have been replaced by Ry, Ey and py. Since we have
shown that to order (B/B,)(qRv;;/v;)02 farivi/a the difference due to replacing R, F
and p by Ry, Ey and po is negligible, we can safely use (Cii{fi})s =~ (Cii{ fi}).

Appendix E. Gyrokinetic conservation of ion momentum

In this appendix we show how to obtain equation (76) from (64) with G = Mv,.
We only keep terms up to order (B/B,)d?p;/a. The term F;o, is obtained from
M [ d*vv (Ci{fi}), as show in appendix D. Equation (64) becomes

9
ot
where the integrals V- [M [ d*v fi (v /Q )(b-V xb)bv,]and M [ d*v f;, UH/QZ-)(B'VX

B)f) - Vv, have been neglected because the integrals over the gyrophase independent

(niMVigL) + V- ;igX: M/d3U fig(UHf) + Vyo+ VEo + \N/'l) . vVJ_, (El)

nc

piece F; = fa + fA vanish, leaving only the contribution of fi, of order §2p;/a
and hence negligible. To obtain (76) from (E.1), we use the definitions F' =
M [ d*v fl'g(’UHf) +vpo) - Vv and F5, = M [ d®v fiy(vao + V1) - Vvi. The integral
Fi¢| =M [ d® fiy(varo+V1)- Vv, gives the result in (78) because only the neoclassical
piece of the distribution function fji¢ is large enough to be important. Since f3°
is gyrophase independent to the requisite order, the integral in velocity space of

Fyvyo - Vv, vanishes anszBL_Mfd vFv,-Vv,.
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Appendix F. Gyrokinetic vorticity equation (85)

In this appendix we show how to obtain (85) by adding V - [(¢/B)b x (equation (76))]
to equation (81). This operation gives

9 . - o Co =
;G =V | g+ Jya+ T, + ZenVi+ b x (V- i) = Bb < B
—Eb X F2 + Zen, Ve — %B % Fio | (F.1)

In this equation we will only keep terms up to order (B/B,)d?en.v;/a. The term
V- [(¢/B)b x F2 | is of order (B/B,)d%en.v;/a because the function F2, from (78) is
slowly varying in space and its gradient is of order 1/a.

To simplify equation (F.1) we employ the same procedure as in appendix F of
[16]. We combine J,, Zen;Vy, (¢/B)b x (V- miyx) and (¢/B)b x F% | to obtain J,,
(¢/B)b x (V- ;) and a term with vanishing divergence. First, we rewrite in the
perpendlcular Component of Zen;V; in a convenient form. Using that (V xvy) x b=
b-Vv, -Vv,-band Vv, -b=-Vb-v, = —v, -Vb—v, X (V ><b) the perpendicular
component of v; from (59) is written as

Y11= %6 % [(V x v.) x b] = %B x (b Vv, + vy - Vb)+ %mb V xb), (F2)

where we have used b x [v, x (V x b)] = v, (b-V x b). Integrating in velocity space
gives the perpendicular component of Zen;V;,

. Me - L .
Zen;V;| = Fcb X (/ d*v fiqub- Vv + /d% figoyvi - Vb)
Mc ~ ~
—|—Fcb -V x b/dBU figO VL (F.3)

One of the terms in this expression cancels one of the terms in (¢/B)b x F, | with
Fi2 | given by (79). Then, we obtain

N Mc - . _
Zen;V;| — Eb X FzBl = Fcb X (/ d*v figvve - Vb — /d% Fvgo - Vvl)
M
+—b-V x b/d% Figl VL. (F.4)

The integral (Mc/B)b x ([ d*v Fivig - Vv.) is included in the definition of J,, given
by (87). Moreover, we can write (Mc/B)b x (J v figuvy - Vb) as (c/B)E) x V-

Mfd ’UfZgVJ_’UHf)) where Mfd vflgvlvnb is part of the definition of 7TZG in (88).
Considering this, we add J, and (¢/B)b x (V- Tigx) to equation (F.4) to obtain

Zen Vi + 3, + Eb x <V- Tiox —FzBL) —J,+ Bb x (V- i)

Mec - A
—|—Fcb -V x b/dBU figO VL (F.5)

Substituting this expression into (F.1) we recover (85). It is important to realize
that the divergence of the flows Zenif/inf) and (MC/B)B -V x E)fd% figv) v vanish
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to the order of interest. The divergence of Zenif/iuf) is negligible because the
integral over the gyrophase independent piece F; = fy; + fi¢ vanishes and only f5
contributes, giving V - (Zenif/iuf)) ~ 02encv;/a < (B/By)dZencv;/a. The divergence of
(Mc/B)b -V x b [ d* fio v, is given by

Mc - Mec : Vi
A (Fcb-v x b/d% figvnvl) = Fcb-v x b/d% figuive -V fig
M — ~ A
—i——BC d*v figvHV : [VJ_(b -V x b)] (FG)

The only contribution that could give a term of order (B/B),)d?en.v;/a in the second
term of (F.6) is the integral over the neoclassical piece f}i°, but this integral vanishes

nc

because f1i° is gyrophase independent. The first integral in (F.6) vanishes because the
only gyrophase dependence of f;, is through Ry, giving v, - Vfi, = v, - VR, fig +
O(82 fari) = Qu(0fiy/0p0) + O(6% far:). Using this form for vy - Vfi,, it is obvious that
the first term in (F.6) vanishes to the order of interest due to the integration over
gyrophase.
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