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J.J. Ramos
Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge MA, U.S.A.

Abstract

A straightforward operator method is used to derive a form of the drift-kinetic equation for a col-
lisionless plasma species in the moving reference frame of its macroscopic flow. This equation is valid
for sonic time scales and flow velocities, with first-order finite-Larmor-radius (FLR) effects included.
It applies rigorously to far-from-Maxwellian distribution functions and to general space and time vari-
ations of the magnetic field. Its velocity moments are shown to reproduce exactly the corresponding

fluid equations obtained from moments of the full Vlasov equation.



I. Introduction.

The drift-kinetic equation' =%, i.e. the dimensionally reduced kinetic equation for the gyrophase
average of the distribution function of a magnetized plasma species whose Larmor gyroradius is much
smaller than any other characteristic length, is a valuable and widely used research tool in theoretical
plasma physics. In particular, it provides the means of closing the set of fluid equations in collisionless
or low-collisionality regimes, thus allowing a consistent fluid-kinetic plasma description when the
conventional high-collisionality fluid closure”® does not apply. Closure of the fluid moment equations

for a collisionless or low-collisionality magnetized plasma species requires the kinetic evaluation of some

components of the gyrotropic or Chew-Goldberger-Low (CGL) pressure and/or heat flux tensors”:
PSS = pidjw+ (p) — pL)bibi = p Gj+ (p) — o) (bjbe — 6x/3), (1)
and
Q5T = ar(Ojubi + Sabj + 61500) + (2am) — 3ar))bibrbi | (2)

where b; are the Cartesian components of the magnetic unit vector, p; and p) are respectively the
perpendicular and parallel pressures with the mean scalar pressure p = (2p; + p”) /3; qr| s the parallel
flux of perpendicular heat and gp| is the parallel flux of parallel heat, with the total parallel heat
flux ¢ = ¢p||+ ¢7||- In a finite-but-small-gyroradius collisionless analysis, knowledge of the gyrotropic
variables is sufficient to close the fluid system because the remaining, non-gyrotropic or ” perpendicu-
lar” parts of the stress and heat flux tensors can then be deduced from fluid theory alone!®''. On the
other hand, the fluid evolution equation for any component of the CGL tensors always involves some
yet unknown higher-rank gyrotropic moments. Since these are moments of the gyrophase-averaged
part of the distribution function, the kinetic information needed for the fluid closure can be obtained
from the drift-kinetic equation. However, for a consistent closure scheme, it is important that such
drift-kinetic equation be compatible with the companion set of fluid equations, in the way that both
fulfill the same validity conditions and retain the same level of accuracy in the high gyrofrequency and

small gyroradius asymptotic expansion.

Recent advances in the fluid description of collisionless and low-collisionality magnetized plasmas,

11-13

based on the moments of the full Vlasov-Boltzmann kinetic equation , provide improved sets of



FLR fluid equations, especially with regard their applicability to general magnetic geometries, fully
electromagnetic nonlinear dynamics with large fluctuation amplitudes, arbitrary density and temper-
ature gradients and far-from-Maxwellian distribution functions with large pressure anisotropies and
parallel heat fluxes. The purpose of this work is to derive a drift-kinetic equation, compatible with such
general fluid systems, that can serve as the basis for their consistent closure. The proposed approach
is conceptually straightforward and affords an alternative to other recently derived FLR drift-kinetic

14,15

equations . Like in these two related works, the collisionless case will be analyzed here, leaving the

collisional effects for future consideration.

The crucial observation is that the gyrotropic pressure and heat flux fluid variables are normally

defined relative to the macroscopic flow velocity of the species under consideration:

p = m/3) [dvv-u? ], Q
pp=m [ dviv—u-b2f, @
aj = (m/2) [ [(v=w) bl lv—uf T @
as) = (m/2) [V [(v=w-b ] (®
where
ux,) = n! / Py v f(v,x,1) (7)

n(x,t) = /dgv flv,x,t), (8)

and the barred distribution function f represents its gyrophase average in the moving frame of the
species macroscopic flow, which is the only part that contributes to the moments defined in Eqgs.(3-6).
Accordingly, it is deemed advantageous to express the drift-kinetic equation in the local reference
frame of the complete macroscopic flow velocity. In fact, the more traditional approach of deriving
the drift-kinetic equation either in the laboratory frame or in the frame of the electric drift velocity,
makes the task of taking the moments that yield the pressure and heat flux tensors cumbersome.
Another advantage of using the macroscopic flow velocity as reference is that, by guaranteeing a small

electric field in the working frame, it automatically makes possible to allow for the fast flows that



are becoming increasingly important in plasma research. Our use of the full macroscopic velocity to
define the moving frame differs from the analyses of Refs.2,14-16 that use the frame of the electric
drift velocity in order to allow for the fast flows, leading to more awkward calculations of the pressures
and heat fluxes and to difficulty in reproducing the conventional fluid equations. The adoption of a
reference frame tied to the magnetic field lines in Ref.3 and the method followed in Ref.17 of adding
and subtracting a term in Vlasov’s equation instead of performing a change of reference frames, suffer
from those same drawbacks. Macroscopic flow reference frames were used in Refs.18,19 (a center of
mass frame in Ref.18), but these works assume weak temporal variations of the magnetic field and lin-
earized distribution functions near a Maxwellian, the transport analysis of Ref.19 being further limited
to axisymmetric configurations. In the present work, no simplifications will be made with regard the
temporal or spatial variation of the magnetic field, and the electric field will be eliminated algebraically
by means of the exact momentum conservation equation. The results to be shown will apply to gen-
eral nonlinear dynamical systems under collisionless conditions and, accordingly, far-from-Maxwellian

distribution functions with large pressure anisotropies and parallel heat fluxes will be allowed.
I1. Derivation of the FLR drift-kinetic equation.

The starting point is the Vlasov kinetic equation for the distribution function f(v,x,t) of a colli-

sionless plasma species,

of of e of
§+v~&+%(E+va)-a—v—O, (9)

where E(x,t) and B(x,t) are the electric and magnetic fields, and m and e are the species mass and
electric charge respectively. The present collisionless analysis applies to each species independently
(without consideration of possibly small mass or charge ratios between species that might result in

additional simplifications) and the species index is omitted throughout.

Carrying out the space-time dependent Galilean transformation to moving reference frames with

local velocities u(x, t) relative to the laboratory!®:!9,

t=t, X=x, v=v +uxt), (10)



the kinetic equation (9) becomes

af(v/’ x,1) / af(V,7Xa t) / F / 8f(vla x, 1) _
where . = eB/m is the cyclotron frequency, b = B/B is the magnetic unit vector and
0
F(x,t) = en(E+uxB) — mn[a—? + (u- V)u} . (12)
Associated with this force density F, is the velocity
Fxb
t) = 1
uplet) = 27 (13)

that will appear in the final form of our drift-kinetic equation.

As discusssed in the Introduction, our main interest is to take u(x,t) as the macroscopic flow
velocity of the plasma species under consideration. Throughout this section however, u(x,t) can be
taken as any velocity field provided only F'/(mn) < Qcvyp,, with vy, the characteristic thermal speed,
so that, under strong magnetization conditions, (2.v' x b) - df/0v’ is the dominant term in (11) .
Thus, three possible choices for u(x,t) and its associated F(x,t) and up(x,t) are as follows:

1.) If the flow is subsonic, hence the electric field is E < vy, B, one can carry out the analysis in the
laboratory frame as is most traditionally done'*~%. In this case one just sets u = 0, F = enE and
ur = ug, the electric drift velocity.

2.) One can take u = ug = E x b/B as chosen in Refs.2,15,16 and (aside from an additional parallel
component) in Ref.14. In this case F = enE)b — mn[0ug/0t + (ug - V)ug| and up = uyyp, the
polarization drift velocity calculated with ug.

3.) Our preferred choice is to take u(x,t) as the complete macroscopic flow velocity (7). In this case,
by virtue of the momentum conservation equation, F = V - P where P = PC%L 4 P&V s the full
stress tensor made of its gyrotropic (CGL) and non-gyrotropic (gyroviscous) parts and up = —ugq,

the negative of the diamagnetic drift velocity calculated with the full V - P.

The next step is to perform the change of variables to cylindrical coordinate systems in velocity

space locally aligned with the magnetic field,

t=t, X=X, v = v"‘ b(x,t) + v/ [cosa ei(x,t) +sina ex(x,1)], (14)



where b(x,t), ei(x,t) and es(x,t) form right-handed sets of mutually orthogonal unit vectors. A
possible intrinsic choice would be to take e1(x,t) and ex(x,t) in the directions of the principal normal
and the binormal of the magnetic field. As it turns out however, the results do not depend on the
choice of e1(x,t) and ea(x,t), the only requirement being that they be well defined and differentiable,
something which is always possible if the magnetic field is sufficiently smooth locally. After carrying

out this change of variables, the kinetic equation becomes of the form,

Q. (15)

8f(’U|,|,’Uﬁ_,Oé,X, t) 2 6f}

_ il “J
dor = 122_226 [Al f + )\l B

where Al(8/8v|’|,3/avl, 0/0x,0/0t, vﬂ,vl, x,t) = A*, are gyrophase-independent operators and

)\l(v"‘,v’l, x,t) = A*, are gyrophase-independent functions. Specifically,

. s 0 b-F v} 9
o /
+ 2 {b-[(b- V)u] = V-u—v{V-b} B (16)
A 0 . 1ob ]9
A1 = 7(91—Z€2)'6—X + 7(81—“32)'[E—F(U-V)b—(b'v)u_bxw"FU”R} 8—’0‘/‘—1_
1 . F / ab / 6
+ E(el—zeg)-{%—vu [E+(u-V)b+(b'V)u+U”F&}} R (17)
. /2 a
Ag = %(el —ieg) . [V X (e1 —ieg)} 7 —
Il
Uﬁ_ . . . . a
- I(el—zeg)-{[(el—zeg)-V]u+w” V X (el—zez)} o (18)
>\ o 1 892 v v / b v
0 = sler [+ Ves + (2 Vyutvf(b- Vyea| -
— ey - [% + (u-V)e; —|—(e1-V)u+v"‘(b-V)e1} — v‘/‘b'(v X b)} , (19)
o , F , 10b , v .
)\1 = E(el—zeg)-{%—v“ [E‘F(UV)b‘i‘(bV)u"Fv”K'}} - 7b [VX(el—ZGQ)} (20)



and
Yo = — (o1 —ies) - {[(er —iez) - VIu+in] V x (e1 —iea) . 21)

with w =V xuand k = (b-V)b. In (17) and (20), the time derivative of the magnetic unit vector
0b /0t is evaluated using Faraday’s law, with the electric field eliminated algebraically in favor of F

after (12). The resulting expressions for A; and A; are given in Appendix A.

A formal solution of Eq.(15) can be written as a Fourier series in harmonics of the gyrophase,

o0

f(vlll,vj_,a,x,t) = Z elle fl(v|'|,vi,x,t), (22)

l=—oc0

where the Fourier coefficients are determined by the following coupled system:

1
i

2
S [Avhiv + i =) fi] for 1#0 (23)

Cr==—2

fi =

and

22) (Mifa = ibnfa) = 0. (24)

l=-2

The | = 0 Fourier coefficient, i.e. the gyrophase average of the distribution function, will also be
denoted as fo = f. All the expressions given until now are exact, no approximations having been

made yet.

At this point we introduce the drift-kinetic asymptotic expansion for strong magnetization, assum-
ing small ratios between the Larmor gyration period and any other characteristic time 7', and between
the Larmor gyration radius p and any other characteristic length L. We will consider here dynamical
evolution on the sonic time scale, so that those two ratios can be taken as comparable and define one

basic expansion parameter:

“orT L QL

1
5 P_tth 1. (25)

Macroscopic flows as fast as sonic will be allowed and the analysis will be carried to the first FLR order

in §, so that the dynamical effects on the diamagnetic scale are also included: 9/9t = O(6Q.)+O(5642.)



and u = O(vy,) + O(dvy,). Under these orderings, a recursive asymptotic solution of (23,24) can be

constructed as
fo= 10+ £V + fa= 10+ fra= 19+, (26)
with fl(n) = O((S”féo)). In its lowest order, Eq.(24) yields
Aof” =0, (27)

which is the zero-Larmor-radius drift-kinetic equation. Then, Eq.(23) yields the first-order solutions

1

1) _ ) _ (0)
=140 = chAlfo (28)
and
. 1
1V = 15 = o hafi” (29)

The first-order correction to the gyrophase-independent Fourier component, fél), is determined by

Eq.(24) in its first order:
(Ao + 20A-2) 37 + (Aoy + ) A + AofdY + (A — id) £ + (A2 — 2i0) £ = 0 (30)

which, after substituting the solutions (28,29) for fj(tll) and fig) , becomes:

1 . . 1 . 1 .
Aofél) - = {[(Al — M)A — (A + Z)\—l)Al} + {(§A2 —iXg)A_g — (§A_2 + z)\_z)Az} _
/
_ %[(el —ies) - VInB Ay — (e +ies) - VIn B M| }f§” = 0. (31)

This is the first-order contribution to our sought after FLR drift-kinetic equation. Here, only the
operator commutators defined by the three terms inside square brackets need to be evaluated. The
results are given in Appendix B and do not depend on (e, e2), involving only the intrinsic geometry
of the magnetic field along with the velocity field u and the force density F. Adding (27) and (31)
and calling f = féo) + f(gl), collecting terms and using some standard vector identities, we obtain our

final drift-kinetic equation, accurate to the first order in the FLR asymptotic expansion:

af(”ﬁv”i) X, t) 8f / 8f / 8f
AR | SO v . Y W Zd ; — 2
ot X 0x Y 8v|’| Tt o', 0 (82)
with the coefficient functions:
12 12
. , Ul b b , p VT
X = u+ugp + ’UHb -+ TV X (Q_c) + Q_C X [Q’UH(b . V)u+ (UH — ?)K’:| s (33)



. b-F v'? v'? b
b F / 2 2 b ’Uf

where o(x,t) is the scalar defined in (B.4), and
!/

o, = % {b-[(b-V)(u+up)| - V- (u+up)+vfb-VInB - o[V [Qﬁ x (2(b- Vyu+vjr)|+

c

+2[QB < (@ x b)] - [(b- V)u+ ] + 4] (QB < k) (b V)u] } . (35)

Cc

This compact form of the FLR drift-kinetic coefficient functions exhibits clearly the phase-space con-
servation property: ,
o 1 9 ))

Vik 4 o+ s =0, (36)

f v ov)

where V- represents the divergence operator in 3-dimensional x-space. According to our derivation,
Eqgs.(32-35) are valid for any velocity field u(x, t), upon substitution of the corresponding F(x,?) and
urp(x,t) defined in (12,13), provided F/(mn) < Q.vy,. In particular, the well known result® that
applies to the case of subsonic flows with E < vy, B can be recovered by setting u = 0, F = enE and
ur = ug as shown in Appendix C. For our present goal of calculating fluid moments including the

possibility of sonic macroscopic flows, we will choose to set u equal to the complete macroscopic flow

velocity.
ITI. Fluid moments of the FLR drift-kinetic equation.

In order to derive the fluid equations for the gyrotropic variables from the velocity moments of the
drift-kinetic equation, we find it most advantageous to work in the reference frame of the macroscopic
flow. So, in this section we willuseu =n"! [d3v v f, F = V-P and ur = (V-P)xb/(mnQ.) = —ugiq,.
The perpendicular components of F appear only in the first-order terms of the coefficient functions

(33-35), always divided by .. Therefore, only the zero-Larmor-radius CGL part needs to be retained



in the perpendicular components of V - P:

bxF  bx(V.-PCCL 1

e = o [P VoLt (o —p)(bx )] (37)

On the other hand, the term involving the parallel component of F in (34) does not have an inverse
gyrofrequency factor, therefore the first-order gyroviscous part of V - P must be included there. This
parallel component of the gyroviscous force can be obtained from ”perpendicular” (non-gyrotropic)

fluid theory alone, so we can use the result!!12:

b-F =b-[V-(P“L+PY)] = b-Vp —(py—pL)b-VInB +

b
+ V- {Q_ X [2p||(b V)u+pr X w+VqT|| +2(qBH — qTH)K}} +

b x k

+QC

. [2p“(b Vu+pibxw+ VqTH} + pio. (38)

Let M*? (with o a non-negative integer and 3 a non-negative even integer) denote a generic

gyrotropic moment of the distribution function,
MB(x,t) = 27r/dv"‘ dv', v v"‘a vj_ﬁ f(vl'l,vj_,x,t) , (39)

so that M9 = n, M =0, p| = mM?°, p, = mM"2/2, qB| = mM3°/2 and qr| = mM12/2. We
also define the following higher-rank moments:rp) = m2M0 /4, rg. = m2M?? /4, rp; = m2>M% /4,
sp| = m*M™/4, sp; = m*M*?/4 and sy, = m* M /4. Taking the v{lavl’g moment of the drift-

kinetic equation (32), we obtain after integration by parts:

MeB o _
88t + V. (27r/dv"‘ dv'| V') v"‘ vj_ﬁ X f) —
8,[}/ 8., ,l'}/ ./ 3
o g 3 . I vy Il vl _
—2ﬂ/dv||dvlev|| vy {V-x—i—aT—i-av,L—i—av—l,l—i-(ﬁ%—l)Z}f—O (40)

which, using the phase-space conservation property (36), reduces to:

OMP / rooroga g B F / roorooga g B 1‘)|,| bj_ 3
8t —|—V<27T/de dULULUH v Xf) — 27T/d’UH dULULUH (0 (a’[)l/l—i_ﬁ’ui)f =0. (41)

10



This is the generic evolution equation for the gyrotropic moments. After substituting the coefficient
functions X%, i}|’| and 0’| (33-35), assigning specific values to the exponents o and 3, and recalling the
definitions given after (39), it reproduces the corresponding macroscopic equations in terms of con-

ventional fluid variables, as will be shown next for the first six moments.

i) Density moment and continuity equation.
Setting o = 5 = 0, Eq.(41) becomes
0 _
8—7; + V- (ZW/dv"‘ v v % f) =0 (42)

where, bringing in our expression (33) for X, the velocity-space integral can be written in terms of the

gyrotropic moments as

- pL b (p) —p1)(bx k)
27r/dv|'| df o) % f = nutup) + PRV x (Q—) L s . (43)
From (13) and (37) we get
1
upr = — p—cl {bXVpJ_—‘r(p”—pJ_)(bXK,)} , (44)
so that
o [ dvf dv/, | % f = +V><(pr) (45)
™ 7}” UV, U = nu mQC
and (42) becomes identical to the continuity equation
0
6—7;+V-(nu):0. (46)
ii) Parallel relative velocity moment.
Setting @ = 1 and 8 = 0, and multiplying by the mass, Eq.(41) becomes
V. (27Tm/dv"‘ dv'| v, v"‘ x f) - ZWm/dv"‘ dv'| v i)"‘ f=0, (47)

where, recalling (33,34), the velocity-space integrals are again written in terms of the gyrotropic

moments as

.z b b
27rm/dv"‘ dv', v v"‘ xf =pb + gV x (Q_> + a = {Zp”(b‘V)u—i— (2gp —qTH)m} (48)

11



and
_ b
27rm/dv"‘ dv', v\ o f =b-F — pib-VInB + pLV-{Q—x(wxb)} +

b x k
Qe

+ qr| V- (b;;f) + [Q% X (w x b)} (F—pk) — QPH(

) lb-V)u] = pro.  (49)
Substituting the expressions (37,38) for the perpendicular and parallel components of F, and using
some vector identities, (49) reduces to

- b
27Tm/dv"‘ dv'| v v"‘ f =V {p”b + O X [VCITH +2py(b- V)u+ (2¢p) — qTH)K,H (50)

and, combining (50) with the divergence of (48), we verify that (47) is satisfied identically. Thus
our drift-kinetic equation is compatible with the required condition that the parallel relative velocity

moment of f, i.e. M9 be equal to zero.

iii) Parallel pressure.
Setting a = 2 and [ = 0, multiplying by half the mass and following a procedure analogous to the

previous two cases, we get

16}?“ p) Bl b b
3ot + V-{—(u—i—up) + qBHb + WVX (—) + Q_c X [2qB”(b-V)u+

(2rgy —rpB1)
{ o B| — TBL m” .

m

+ b (b V)(utup)| + b VinB — gnV- [QB x (w>xb)] - Q?V' (b;z(f) i

+ Q{QB X (w x b)] [py(b-V)u+gpk] + 4qBII<bg>2<—cH> [(b-V)u] + grjo = 0 (51)

c

which, substituting for ugr (44) and using vector identities, becomes

1

dp
5 [a—t” + V- (pHu)} + p”b . [(b . V)U] + V. (qB”b) + qT”(b -VInB + 0‘) +
b P p(p) —pL)
+V- {ch X [_%VPJ_ - TKB + quB”(b -V)u+ qu”b Xw+Vrg + (27“3” — 37’BJ_)I€] }+

+2(:’n>;2:’) {- %Vm +map) [2(b-V)utbxw|+Vrpg, |- [;; x (bxw)| - [2p)(b-V)u+Vazy] = 0.
(52)

12



It is useful to make explicit the contribution of a two-temperature Maxwellian fo M(v"‘ .V, X, t) to the
fourth-rank gyrotropic moments, separating it from the contribution of the difference between the

actual distribution function and the two-temperature Maxwellian:

3p?
rp| = — +7 (53)
Bl = 4, B >
ppL _
rBlL = g—n +rBL (54)
and
Qpi 5
T’TJ_:T—FT’TJ_, (55)

where 7|, g1 and 77 are the corresponding moments of (f = fonr) and

I (B

/ /
oM\, U ,X,t = \5_

2
pL
In terms of these, (52) is rewritten as:

;{(?;”—FV'(]?U)} + p||b~[(b'V)u] + V'(qB”b) + qT||(b-VlnB+O') +

b pL /PN PP —pL) 5 _ _
+V- {ch X {EV(E) + K +2mgp|(b - V)u+mgp b x w+ Vig, + (27p) — 3TBJ_)K{| }+

1222 (BLG (") g 200 putbxw] 4 91 )~ [0 x (bxw)] 29 (b-V)ut Var] = 0

mle 2 n Qc
(57)
From ”perpendicular” (non-gyrotropic) fluid theory!'!, the perpendicular flux of parallel heat is known
to be
aBlL = mtglc X [Z)—;V(%) +Mg+2mq3”(b-V)u+qubxw+VfBl+(2FBII —3773¢)m} (58)
and also

b
b-PCY = q = [2p||(b -V)u+pib xw+ Vap +2(gp) — QT||)""'] : (59)

C

Using these expressions, the compact form of the parallel pressure evolution equation (57) is

110p
§[a—t“+v‘(19||u)} + pb-[(b-V)u] + V- (gpb+asL) + gpy(b-VInB+o) +

+b-PYV . (bxw) — 2qp, -k = 0, (60)

identical to the result derived from moments of the Vlasov equation'®:!!.

13



iv) Perpendicular pressure and energy conservation.
Setting o = 0 and 3 = 2, and multiplying by half the mass in Eq.(41), we get

Ip.1 rTL b b (2rpL —r71)
ot + V'{pL(u—l—uF) + qrb + WV X (Q—C) + o X {2qT‘|(b-V)u+Tm}} +

+pi{V-(+up)~b-[(b-V)(u+tup)} - grb-VInB + QqT”v-{QR x [(b-V)u]} +

C

. 272lv' (b;z:n) B 2{(% o (wxb)} [pL(b-V)u+gp k] — 4QT(bch

Next we trace the steps of the previous parallel pressure calculation, substituting for up (44) and

)-1(b-V)u] = 0. (61)

using vector identities and the relations (54,55), to arrive at

P
%—FV'(pLu) + pu{V-u—b-[(b-V)ul} + V- (gyb) — gryb-VInB +

+V - { X [2pLV(%> + 4qu||(b . V)u + Vrr, + (47ZBL — fTL)K} }—

mS.

() () oy ot T ] -2 [ (O] <) =0
(62)

The perpendicular flux of perpendicular heat, as derived from ”perpendicular” (non-gyrotropic) fluid

theory!'!, is

b pL N N _
ari = o {2PJ_V(7) +4mgr)(b - V)u + Vit + (47pL — TTL)’{} (63)
hence, using this result along with (58,59), we obtain the compact form of the perpendicular pressure
evolution equation:

0
%—FV'(pLu) + pL{V-u—b-[(b-V)u]} + V-(qT”b—i—qTL) — qT”b-VlnB—i-

+2b-PSY . [(b-V)u] + 2qp. -k = 0. (64)

Finally, adding (60) and (64), defining the total perpendicular heat flux q; = qp; + qr) and

recalling the ”perpendicular” (non-gyrotropic) fluid theory result!!
PV (Vu) = b- P 2(b-V)u+bxw] + qr0, (65)

14



we recover exactly the well known evolution equation for the mean scalar pressure, which combined
with the component on the momentum conservation equation along u is also the expression of energy
conservation:

310p
5[5 +V-(pu)| + (PCCL+PY)(Vu) + V- (gb+ai) = 0. (66)

v) Parallel flux of parallel heat.
The dynamic evolution equation for the parallel flux of parallel heat, gp|, is obtained from the
a = 3, f = 0 moment of the drift-kinetic equation. Following the by now familiar procedure, but

omitting the details, we get

94 3P| il L -
ot + V- (qB”u) + 3gqpb- [(b-V)u] + %b . V(g) + EV- (QT’B”b +tBJ_) +

37 3 3
+ Bl Y InB+o) + Eb-PGV.[v(ﬂ)—]ﬂn} = Ztpiok + 3ap-(bxw) = 0, (67)

m 2n n
where the perpendicular vector tg is:

_ b ] 3p)
tpL = o X {VSBJ_ - TVPJ_ - %VQTH +

c

3p|

n

ap||

+ |2sp| —4spL — — (p| —p1)

- (g —qTH)}a + 475 (b-V)u + 3Fpib xw} . (68)

This equation coincides with the one derived from moments of the Vlasov equation'! after identifying

the scalar §p, defined but not evaluated explicitly in Ref.11, as

5p/2 = V-tp, — 3t -k + 3rgio. (69)

vi) Parallel flux of perpendicular heat.
The last moment of the drift-kinetic equation to be considered here is the dynamic evolution
equation for the parallel flux of perpendicular heat g7, which is similarly derived taking o = 1 and

B = 2. Omitting again the details, the result is
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g7

Pl w(PL) + Ly (27 _
5 T V(e +oanVou £ Db V(5) 4+ v (20b + tr)

N [pi(pﬂ —py) 2fm_f“}b-va + (iJjT—L)a + Lp.pov, [V(&) +%n} +
mn m mn m m n n

1 1
+ B0 (b PWY) o —(2tp1 — b)) K+ A [(b-V)u] 4 qru-(bxw) = 0, (70)
m n m
where

b 2qr 2py
tr, = o X {VSTJ_ - Ay, - —Vap +
c n n

297

4 5 -
+ [45& =257 — — (P —pL) - %(QBH - CIT||)]’9 + 87pi(b-V)u + Frib x w} Y

The sum of (67) and (70) gives the evolution equation for the total parallel heat flux ¢;. This equation
coincides again with the one derived from moments of the Vlasov equation!! after identifying the

scalar §, defined but not evaluated explicitly in Ref.11, as

5/2 = V-(tpL+tr1) — (tprL+trL) -k + 3(FrL —TBL)O . (72)

IV. Summary.

A form of the collisionless drift-kinetic equation in a moving reference frame (32-35), accurate to
the first order in the FLR expansion and valid for fully electromagnetic nonlinear dynamics, sonic
macroscopic flows and far-from-Maxwellian distribution functions has been put forward. The expres-
sion of its coefficient functions (34-35) is rather compact and makes the phase-space conservation (36)
clearly manifest. Taking the complete macroscopic flow velocity of the species under consideration
as the velocity of the moving reference frame where this drift-kinetic equation applies, it has been
shown that its fluid moments reproduce exactly the corresponding FLR macroscopic equations for the
gyrotropic fluid variables as previously derived from moments of the Vlasov equation. When work-

ing in this reference frame of the macroscopic flow, the electric field is eliminated algebraically and

16



the functions of space-time involved in the coefficient functions of the drift-kinetic equation are the
magnetic field B, the flow velocity u and the five lowest gyrotropic scalars n, py, p1, gp| and g7,
which are also the variables needed to specify the complete stress tensor P = PCCGL L PGV Of these,
B and u must be obtained from Maxwell’s equations and from the fluid momentum conservation
equations for each species, so that the result is a hybrid fluid-kinetic closed plasma description. For
the five gyrotropic scalars, one has the choice of either evaluating them as moments of the drift-kinetic
distribution function solution (which requires an implicit solution scheme since these low moments
are themselves part of the drift-kinetic coefficient functions), or from their fluid evolution equations
(46,60,64,68,70) which involve the additional fourth and fifth rank gyrotropic moments to be deter-
mined by the drift-kinetic solution (hence an explicit scheme since these higher moments are not part

of the drift-kinetic coefficient functions).

The present form of the drift-kinetic equation can also be used in the traditional way, whereby
the working reference frame is taken as either the laboratory (provided the flows are subsonic) or the
frame of the electric drift. In these cases, the drift-kinetic coefficient functions involve explicitly the
electric field that has to be determined separatetly and whose sufficiently accurate evaluation becomes

the trickier part of the problem.
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Appendix A: Elimination of the time derivative of the magnetic unit vector.

The operators A+; (17) and the functions A+; (20) involve the components of db/0t along e; and
ey which, according to Faraday’s law, are

(e1 + iey) - %‘: _ —%(e1 +ies) - (V x E) . (A1)

Using (12) we can eliminate E in favor of F:

F m ou
E——HXB—F;*F;[E—F(U'V)H], (AQ)
whence
1 . ‘ 1 F Ou
_E(el tieg)  (VXE)= (e Lieg)- {(b -Vju—(u-V)b— o V x [% + 5t + (u-V)u}}. (A.3)
Bringing this expression to (17) and (20), we can write
VT . 0 v , 9 1 , F , o
Al = A—l = ?(el —’Lez) . 8_X + 7(@1 —Zez) . Z 8—’[)|/| + 5(81 —282) . <% —’UH Y) m (A4)
and
s _ F , V') _
A= N, = o (el—zeQ).(%—v”Y) - &b |V x (e —ies)] , (A.5)
where
, B , 1 F Ou
and
1 F Ou
Y (v),x,t) = 2(b-V)u + vk — o V x [ +tg T (u-V)u} (A.7)

For our present purpose of deriving a first-order FLR drift-kinetic equation valid for sonic flows, it is
sufficient to keep Ay; and Ay; within the accuracy of Ayq ~ Ayy ~ vy, /L, therefore it is sufficient to
keep

Z(U‘/‘,X,t) = —bxw + ’U‘/‘K, + O(dvy/L) (A.8)

and

Y (v, x,t) = 2(b-V)u + vk + O(6v/L) . (A.9)
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Appendix B: Operator commutations.

Our derivation of the FLR drift-kinetic equation bypasses the explicit calculation of the gyrophase
dependent part (i.e. I # 0 harmonics) of the first-order distribution function and requires only the
calculation of the three operator commutators defined by the three terms inside square brackets in

Eq.(31). Using the expressions (A.4,A.5) for A1 and Ay, and (18,21) for Aye and Ao, the result is

iSl)c [(A1 —iA)A L — (A + i)\_l)Al] = Qic{b > (% _ vlllY) _ g[b (V x b)] b} . % n

+i{[bx(%—ul’lY)].ZJr%v-(sz}iJr

Q. (%"‘
V') F , F , , 0
v , ) v'? 0
T [(e1 —iey)-VInB A_j — (e +ies)-VInB Al} = 5o (bxVInB): oo+
2 /
vy 7] 2 L J(E _uv)l
+ 20 [(bx VinB)-Z o + 20 (b x VinB) (mn UHY)L%l (B.2)
and
(2 Ay — M)A s — (Ao +iA )A}—U—,f 9 (B.3)
i, (A2 —iAe)A = (GA- 2—22—2060‘,‘, .
where o(x,t) is the scalar introduced in Ref.11:
- 1 Oby, oby, oy Oun

As can be seen, the outcome of these commutations does not depend on (e, es) and involves only
the intrinsic geometry of the magnetic field along with the velocity field u and the force density F.
Substituting the expressions (A.8,A.9) for Z and Y, bringing the result to Eq.(31) and carrying some
straightforward algebra, one obtains the final form of the first-order contribution to the drift-kinetic

equation.
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Appendix C: Drift-kinetic equation in the laboratory frame.

If the flow is sufficiently slow so that ' < v, B, the drift-kinetic analysis can be carried out in
the laboratory frame. Then, the slow flow, first-order FLR drift-kinetic equation derived in Ref.6, is
recovered as a special case of the present results. Setting u =0, v/ = v, F = enE and ur = ug, our

drift-kinetic equation (32-35) becomes

of (v, v1,x,t) of . of . of

.22 —_J = 1
o T T ey T By 0, (C.1)
with
2 2
. U_J_ B Q_U_J_ b x k
x = up + yb + 2V><(QC> + (U” 2) Q. (C.2)
‘ e Ui UHUi b x k
B = —b-E — ub-[(b-V)ug] — Lb-VinB + L v ( o ) (C.3)
and
b
b= "5 {b-[(b-Vyug] ~ Voug + yb-VinB — ofv- (25} (G4)

In the traditional literature, it is customary to use as phase-space variables the kinetic energy
e(v,v1) = m(vﬁ + v%)/2 and the magnetic moment u(vy,x,t) = mv? /(2B). Making the change of

variables from (t,x,v),v1) to (¢,%,¢, 1), Egs.(C.1-C.4) become

oftemxt) | o O . of . of _

o "X ax Tea THha T (C.5)
with
) 2 1/2 b b Xk
X = ug + {%(5—u3)} b + uBV X (mQ> + (26 —3uB) 0 (C.6)
2 1/2
€ = [E(E—,U,B)} eb-E — pBV-ug + (26 —3uB) ug -k (C.7)
and
. 1 T
po= [Tb-(eE—WB) + z(e—uB)B.v(E)} , (C.8)
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where 7 = b - (V x b). The advantage of using the (e, ) variables is clear if one does not go beyond
the zero-Larmor-radius approximation where [ vanishes. The first-order FLR contribution to & (C.8)
would also vanish if the magnetic twist function 7(x,t¢) (or equivalently the parallel current) were
equal to zero, but this is seldom of interest. The (e, ) variables become less attractive if we consider
the FLR equations with non-zero parallel current. This situation worsens when we include the fast
inhomogeneous flows, in which case the form of the FLR drift-kinetic equation in terms of (e, u)
becomes much more unwieldly than our form (32-35) in terms of (v, v ), besides adding the compli-
cation of a B-dependent Jacobian. It is possible to obtain a more accurate adiabatic invariant than p,
that is conserved to any desired order in the FLR expansion, thus making its associated drift-kinetic
coefficient function vanish. However, the expression of this adiabatic invariant and the corresponding
Jacobian in our required first order already turn out to be quite unappealing. This was the reason for

our favoring the (v),v, ) variables in this work.

Introducing the magnetic gradient drift velocity

Vys(e, p,x,t) = {b X [uVB +2(e — uB)k] + /UB} (C.9)

1
mS.
and using Faraday’s law and some vector identities, the coefficient functions (C.6-C.8) can be cast in

a form equivalent to the one given in Ref.6 in its first order:

. 2 1/2
X = ug + [*(8*HB)} b + Vys, (C.10)
m
ézeE-)’(+,uaa—? (C.11)
and
. T T
j = “{E b-E + 2(c — uB)/? b-V[(s—uB)l/Qm—Q” : (C.12)

where the gradient operator V = 9/9x now acts at constant ¢ and u.
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