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ABSTRACT

Extended guiding-center Vlasov—-Maxwell equations are derived under the assumption of time-dependent and inhomogeneous electric and
magnetic fields that obey the standard guiding-center space-timescale orderings. The guiding-center Vlasov-Maxwell equations are derived
up to second order, which contains dipole and quadrupole contributions to the guiding-center polarization and magnetization that include
finite-Larmor-radius corrections. Exact energy-momentum conservation laws are derived from the variational formulation of these higher-

order guiding-center Vlasov—-Maxwell equations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161171

I. INTRODUCTION

The adiabatic invariance of the magnetic moment along a
charged-particle orbit (with mass m and charge e) in a nonuniform
magnetic field B = Bb plays a crucial role in our understanding of the
physical basis of the spatial confinement of a magnetized plasma over
long time scales.'”

In guiding-center theory,” the mathematical construction of the
magnetic moment relies on the space-time scales (Lg, ®™') of the con-
fining magnetic field to be long compared to the characteristic gyrora-
dius p and the gyroperiod Q' = mc/eB, respectively, leading to the
small dimensionless ordering parameter”

e =p/Llg~0/Q < 1. (1)

The traditional derivation of guiding-center theory relies on the exis-
tence of an ordering parameter defined by the dimensional mass-to-
charge ratio m/e”” so that the gyroperiod Q' o m/e is assumed to be
the shortest timescale. For practical applications in perturbation the-
ory,” however, it is convenient to replace the ratio m/e with em/e
= (em)/e = m/(¢ 'e) so that the dimensionless ordering parameter
€ < 1 can either be viewed as a renormalization of the particle’s mass
m — em or the particle’s charge e — e/e and it is quite common to
assume € ~ ep. It is noteworthy, however, that the guiding-center
approximation is still valid when the spatial ordering p/Lg <1 is not
extremely small (as recently demonstrated in Ref. 7).

In earlier derivations of the guiding-center Vlasov equation
(sometimes referred to as the drift-kinetic equation), a recursive solu-
tion of the Vlasov kinetic equation® ' led to the drift-kinetic equation

through an expansion of the Vlasov distribution function f = fy + € f;
+€ f, + - - -, which yielded functional solutions f,[ fo] (n > 1) in terms
of the lowest-order gyroangle-independent solution f,. It was later
shown that this recursive derivation is completely analogous to the
Lie-transform derivation of the guiding-center Vlasov equation'” in
the electrostatic limit. It is precisely because of their power and sim-
plicity that Lie-transform perturbation methods are used here to derive
higher-order guiding-center equations of motion. We also note that,
when Lie-transform perturbation methods are combined with varia-
tional formulations for the reduced Vlasov—Maxwell equations,U the
reduced Maxwell equations naturally incorporate reduced polarization
and magnetization effects while exact energy-momentum conservation
laws are derived by the Noether method."

A. Motivation

The inclusion of nonuniform, time-dependent electric fields in
guiding-center theory has a long and rich history in plasma physics.””
In the present work, we use the standard ordering'' for the electric
field E = E| + € Ej b, where the parallel component E| — ¢ E}| of the
electric field is considered small compared to the perpendicular com-
ponents E| . In addition, we assume that the E x B velocity ¢|E, | /B is
comparable to particle’s thermal velocity.

The ability of electric fields to fundamentally modify the magnetic
geometry that confines a laboratory plasma (e.g., by creating transport
barriers'” ' or in setting up rotating mirror magnetic geometries”’)
motivates the need to construct a guiding-center Vlasov-Maxwell the-
ory that includes self-consistent time-dependent electric and magnetic
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fields, in which the transfer of energy and momentum between the
electromagnetic fields and the confined plasma plays a crucial role.

In addition, for many situations of practical interest, the presence
of a strong electric field is associated with strong plasma flows with
steep sheared rotation profiles for which second-order effects (includ-
ing finite-Larmor-radius effects), which must be included in a self-
consistent guiding-center theory.'”"**" ** Guiding-center equations of
motion with second-order corrections in the presence of time-
independent electric and magnetic fields were derived using Lie-
transform perturbation method by Brizard”” and Hahm,'” following
the earlier work of Littlejohn.” More recently, these perturbation meth-
ods were also used by Miyato et al.”® and Madsen,”” who derived self-
consistent guiding-center Vlasov—Maxwell equations that included
guiding-center polarization and magnetization effects. Not all second-
order effects were included in these models, however, and it is the
purpose of the present work to derive a more complete higher-order
guiding-center Vlasov-Maxwell theory based on the Lie-transform
perturbation derivation of higher-order guiding-center Lagrangian
dynamicsl8 for the case of time-dependent, nonuniform electric and
magnetic fields that satisfy the guiding-center ordering (1).

We note that a key difference between guiding-center
Vlasov-Maxwell models considered here and gyrokinetic Vlasov—
Maxwell models considered elsewhere (see Ref. 29 for a review) is that
the electromagnetic fields (E,B) considered here are not separated
into time-independent weakly-nonuniform background fields and
time-dependent fluctuating (ie., turbulent) fields that may possibly
have short spatial scales (satisfying the gyrokinetic ordering™’). Hence,
the guiding-center Vlasov—Maxwell energy and momentum are exactly
conserved despite the fact that guiding-center Vlasov-Maxwell fields
are time-dependent and nonuniform, with space-time scales (1) that
satisfy the guiding-center orderings."

B. The need for higher-order guiding-center theory

The previous variational derivations of a self-consistent guiding-
center Vlasov—Maxwell model have been carried out up to first order in
the dimensionless ordering parameter €% In Ref. 35, for example,
the Hamiltonian structure of the first-order guiding-center Vlasov-
Maxwell equations was given in terms of a guiding-center Hamiltonian
functional and a functional bracket that satisfies the Jacobi property.
The variational and Hamiltonian structures of the guiding-center
Vlasov—-Maxwell equations may prove useful in the implementation of
structure-preserving numerical algorithms.”* "’

Recently, second-order terms in guiding-center Hamiltonian the-
ory (in the absence of an electric field) were shown to be crucial*’ in
assessing the validity of the guiding-center representation in determin-
ing whether guiding-center orbits were numerically faithful to the par-
ticle orbits in axisymmetric magnetic geometries, which partially
confirmed earlier numerical studies in axisymmetric tokamak plas-
mas.”” In particular, it was shown that a second-order correction asso-
ciated with guiding-center polarization’” ** was needed in order to
obtain faithful guiding-center orbits.

Indeed, without the inclusion of second-order effects, it was shown
that, within a few bounce periods after leaving the same physical point
in particle phase space, a first-order guiding-center orbit deviated notice-
ably from its associated particle orbit, while a second-order guiding-
center orbit followed the particle orbit to a high degree of precision.”' In
addition, as initially reported by Belova et al,” the guiding-center
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Hamiltonian formulation”"" is a faithful representation of the particle
toroidal angular momentum, which is an exact particle constant of
motion in an axisymmetric magnetic field, only if second-order effects
are included. See additional comments included in Sec. II C regarding
the faithfulness of the guiding-center representation.

From a purely theoretical point of view, it is, therefore, interesting
to derive higher-order guiding-center Vlasov-Maxwell equations with
accurate expressions for the guiding-center polarization and magnetiza-
tion, which include finite-Larmor-radius (FLR) corrections. Through
the application of the Noether method,"* we will also be able to explore
how these higher-order effects modify the guiding-center energy-
momentum conservation laws, e.g., how the Chew-Goldberger-Low
(CGL) pressure tensor” ' is modified [see Eq. (99)].

C. Organization

The remainder of the present work is organized as follows. In Sec. I,
the extended guiding-center Hamilton equations of motion are derived in
terms of the extended guiding-center Hamiltonian and the extended
guiding-center Poisson bracket (derived by Lie-transform perturbation
method in Ref. 28), while the higher-order guiding-center Vlasov—Maxwell
equations are derived from an Eulerian variational principle'* in Sec. 111,
from which guiding-center polarization and magnetization are derived
with FLR corrections. Here, our guiding-center variational principle
expressly imposes plasma quasineutrality by omitting the electric energy
density from the guiding-center Lagrangian density,” ™ which also
removes the displacement current (¢! OE/0t) from Maxwell’s equation.

In Sec. IV, the exact energy-momentum conservation laws are
derived from the guiding-center Noether equation obtained from the
guiding-center Eulerian variational principle. The symmetry properties
of the guiding-center stress tensor are also briefly discussed, and the
guiding-center angular-momentum conservation law is derived at the
lowest order, while a more extensive discussion of the asymmetry of
the guiding-center stress tensor at higher order is left for future work.

Finally, in Appendix A, we present a brief discussion of the concept
of gyrogauge invariance,””"”* which states that our guiding-center equa-
tions of motion should not only be independent of the gyroangle but
also how the angle is measured. Gyrogauge terms appear at second order
in the guiding-center perturbation analysis and were shown to be crucial
in previous works.""** In Appendix B, we show how the standard linear
finite-beta electromagnetic gyrokinetic equations” form a subset of our
guiding-center Vlasov-Maxwell equations in the limit of a uniform
background magnetized plasma. In particular, we show how well-
known spurious high-frequency modes found in electrostatic gyrokinetic
models™ *° disappear when electromagnetic effects are included.

Il. GUIDING-CENTER HAMILTONIAN DYNAMICS

In this section, we make use of the results of the Lie-transform
perturbation analysis presented in Ref. 28 that yield the guiding-center
phase-space extended one-form (expanded in terms of the mass-
renormalization ordering m — € m)

Ty = (5 A+ engc) LdX — W dt
Cc
+J7(d0—R-dX — Sdt)
EgA*‘dX—kez]dO—W*da @)

where we introduced the definitions
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EA*E§A+EP0*€2]R*, (3)
W =W+¢eJS, (4)

where
P, =P /b +Exeb/Q 5)

is the lowest guiding-center momentum and R* =R+1V x 6
includes the second-order polarization correction I,y = -1 ] V xb
introduced by Tronko and Brizard"” in order to obtain an exact Lie-
transform derlvatlon of the guiding-center polarization derived by
Kaufman.”’ In addition, the presence of the gyrogauge fields (S, R) in
Egs. (2)-(4) guarantee gyrogauge invariance.”

The extended guiding-center Hamiltonian, on the other hand, is
expressed as

Hye =D+ €Kye + €S — W* = e @ — W*, (6)

where the guiding-center kinetic energy in the drifting frame is

m
gc—,uB+ 5|uE|27 (7)

S*:va-(gqu), (8)

which includes the second-order FLR correction to the electrostatic
potential energy e @. This FLR correction may be decomposed as

—V-(%]SXUE):—%(VXB'UE_B'quE)7

which includes the standard second-order guiding-center Hamiltonian
17 b -V x ug,”'"*"*! and the new guiding-center polarization correc-
t10n I, - ug, Wthh is ignored by these previous works.

In the remainder of the paper, we will remove the ordering param-
eter € and return to the physical mass e m — m, while we may occasion-
ally refer to this mass-renormalization ordering in what follows.

A. Extended guiding-center Poisson bracket

The extended guiding-center Poisson bracket {, }, is obtained
by first, constructing an 8 x 8 matrix out of the components of the
extended guiding-center Lagrange two-form g = dI'y. and, then,
invert this matrix to obtain the extended guiding-center Poisson
matrix, whose components are the fundamental brackets { 2%, Z#} -

From these components, we obtain the extended guiding-center
Poisson bracket””

B [_._0G OF _,
{]—',g}gc—B*~(V]-'aT—a—PIVQ>

CB . N OF 0G OF 0G
B‘*‘ fovgﬁ-(aea—]—a—]%)
<‘5‘_f@_@%) ©)
oW ot ot OW)’
where
EB*:§B+VxPo—IVxR*, (10)

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

and the guiding-center Jacobian is J g = (e/c) B}, where B| = b - B,
In addition, we introduced the definitions

o 9 0

a:a+3%7 (11)
; L 0 eOA* 0
VIS VAR oo (f o +]VS) T (12)

We note that the Poisson bracket (9) can be expressed in divergence
form as

0

{‘7: g}gc B* 820(

( F {2, g}gc) (13)

and that it automatically satisfies the Jacobi identity
{(FAGKH] +{G AL FH +{LA{F. G =0 (19

Next, we note that the operators (11) and (12) contain the gyrogauge-
invariant combinations 9/t + S 9/06 and V + R 9/00, while Egs.
(10) and (12) include the gyrogauge-independent vector fields (see
Appendix A)

1 . .
VxR = e b' VY x Vb, (15)
OR b
—Z-=_Vbxb- 16
Vo= =V o’ (16)

where ¢ denotes the completely antisymmetric Levi-Civita tensor.

B. Guiding-center Hamilton equations

The guiding-center Hamilton equations include the guiding-
center velocity

_ P B b
X:{X,ch}gcz—§+E R
I I

17)

where
6 . X = Bch/aPH = P”/m, (18)

defines the parallel guiding-center velocity, the guiding-center parallel
force

. B*
Py = {P), Hg}y = €¢E"- (19)

B’
I

where the modified electric field is represented as

CE = _evar COA
c Ot

—eE—%—VKch(aR —VS*) (20)

and the gyroangle angular velocity

. 0Ky
0= 10, Heche =,

:Q—EV-(BXuE)+5+X'R*~ (1)

+X-R
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We note that the guiding-center Hamilton equatlons (17)and (19) can
also be derived from the guiding-center Lagrangian”*

Lie=SA"X+70—cd" (22)
c
as the guiding-center Euler-Lagrange equation
PHBZEE*+EXXB*, (23)
c

together with Eq. (18). If we omit the terms (R*, S*) in Egs. (10) and
(20), we also note that the guiding-center velocity can be expressed as

. P D P
x:—°+6b*><(m+uVB), (24)
m eBH

where Py = P b + E x eb/Q denotes the lowest-order guiding-cen-
ter momentum and dy/dt = 0/0t + (Py/m) - V, while the higher-
order corrections to the guiding-center velocity include the standard
magnetic-drift velocity (cb/eB*) [( /m)b Vb + 1 VB, as well
as the total polarization drift (mcb /eB H) X dyug/dt.

Finally, we note that the guiding-center Jacobian J 4 = (e/c) B
satisfies the guiding-center Liouville equation

% =-V. (B‘*‘ ) 88” <B”PH> (25)
where
V-( I ) V xE"- cB—eE*EVxB
and

; ap (B P1) = cE"- o e

OB ob
— E* . _mr .
T o

where we made wuse of the modified Faradays law
OB* [0t = —cV x E*.

C. Guiding-center canonical toroidal angular
momentum

By applying Noether's method”” on the guiding-center
Lagrangian (22), we immediately find that, in the case of an axisym-
metric magnetized plasma (i.e, OLy/0¢ = 0), the guiding-center
canonical toroidal angular momentum

_ Ol _€,. X
9 ¢ 09
e
;(Aqg*pE VA¢)+PH b(/)
- 0X
—](b—i— Vxb- 8¢) (26)

is a constant of the guiding-center motion, where (A4, by) denote
covariant  toroidal components and we used the identity
R-0X/0¢ =b,,”" which makes P, gyrogauge invariant. Here, we

pubs.aip.org/aip/pop

used the identity B x 9X/0¢ = —V A, and we introduced the elec-
tric polarization displacement py = (¢/BQ) E, in writing Il - 90X/
0p = —(e/c) pg - VAyp.

We note that the issue of the faithfulness of the guiding-center
representation, which was initiated by Belova et al.* in their numerical
studies of particle and guiding-center orbits of energetic ions in axi-
symmetric tokamak geometry (in the absence of an electric field),
focused on whether the guiding-center pull-back of the guiding-center
canonical toroidal angular momentum Ty Py accurately describes the
particle canonical toroidal angular momentum py = 0L/J¢ defined
in terms of the particle Lagrangian L.

Belova et al.”” noted that the numerical plot of TyPy for ener-
getic ions (with e =< 0.2) shows excellent invariance properties equal
to the true particle invariant p, (within numerical accuracy) only
when second-order (€?) corrections are included in the guiding-center
canonical toroidal angular momentum (26) and the guiding-center
pull-back operator Ty (defined in terms of generators of the guiding-
center phase-space transformation). These results were recently
confirmed analytically by Brizard and Hodgeman®' for general axi-
symmetric magnetic geometry.

lll. VARIATIONAL FORMULATION OF THE
GUIDING-CENTER VLASOV-MAXWELL EQUATIONS

In this section, we present the variational formulation of the
guiding-center Vlasov-Maxwell equations based on the Eulerian
guiding-center action functional* "

Age = — JfgCch d*z — J|§| d'X, 27)
where the electric-field Lagrangian density |E|*/87 has been
removed,* which explicitly imposes quasineutrality and eliminates the
displacement current density ¢ 'OE/0t from the guiding-center
Maxwell equations, while the negative signs in Eq. (27) are consistent
with the energy-momentum conservation laws. Here, the extended
guiding-center Vlasov phase-space density

Foe = Tg FO(W — Hg), (28)

includes the guiding-center Vlasov function F and the guiding-
center Jacobian [Jg, while the delta-function ensures that the
extended guiding-center Hamiltonian motion takes place on the
energy surface H,. = Hge — W = 0. This expression leads to the
integral constraint

|Furerz =0 29)

where G is an arbitrary extended phase-space function.
The variation of the guiding-center action functional (27) is
expressed as

5Agc - — J(éfgc ch + ]:gc 5’ch)dSZ — J% - 0B d‘t)(7 (30)

where the Eulerian variation of the extended guiding-center Vlasov
phase-space density is expressed as

0F g =— 0 (Fge 02%), (31)

o7+
where the virtual phase-space displacement
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02" = {21,65), — S OA" - {X, 2"} (32)
C

is generated by the virtual canonical generating function 6S, while the
Eulerian variation of the extended guiding-center Hamiltonian is
expressed as

SHye = €5D + 0Ky +J 38, (33)
while
e e

Here, the variations 6K, and 011, are expressed as

OKge = pb - 0B +ug - Ml — V - E(éﬁqu—HA)X(SuE)} (35)

Sy = P 3b + oIl — V x G 56), (36)
which contain the Eulerian variations
oTIg = OB x (eb/Q) + mcE x 5(b/B)

= 0B x (eb/Q) — (b Mg + Iz b) - 5B/B (37)

and
ob = 6(B/B) = (I —bb) - 6B/B, (38)
while the gyrogauge-field variations
(6S,0R) = <—% X — - 0B, VDb x — 5B) (39)

are included in Eqs. (33) and (34).
When Egs. (31) and (33) are inserted in Eq. (30), we obtain

8(F e Hye) = —Foe OLgc + B] 08 Fie/Bj. M }

9 .
oz (Fe 08 {2 M}, (40)
where the variation of the guiding-center Lagrangian (22) is expressed
as
Ly = ( oA+ 5ngc> - X — (e0® + 0Ky ) — J(6S + X - 6R),
(41)
with the effective gyrogauge variation
. b . _-)_b
0 X-(3R:—<— X- ) —-0B 42
S + Br +X-Vb | x 3 0B, (42)
~db b
—-0B. 43
~ B (43)

Finally, when Eq. (40) is inserted in Eq. (30), the variation of the
guiding-center ~ action functional may be expressed as
0Age = [ 0Ly dXdt, where the variation of the guiding-center
Lagrangian density is expressed as

pubs.aip.org/aip/pop

5Ly = J(}'gc Oy — 5] 08{ F /Bﬁ7ch}gc) ip

B
oo 0B+ oAy, (44)

where d*P =2ndPjd]dW (which excludes the guiding-center
Jacobian 7 g), the guiding-center position X is now the location where
the electromagnetic fields E and B are evaluated, and the last term in
Eq. (44) represents the space-time derivative of the guiding-center
Vlasov action-density variation

SAgey = % (J Fye0S d4P) +V- (Jfgc 5SX d4P) . (45)

generated by 6S.

A. Guiding-center Vlasov equation

Variation of the guiding-center action functional 0.4, with
respect to 0S yields the extended guiding-center Vlasov equation

073*{ gc/B”ﬂgc}gc ag (fgc {2 Hy} ) (46)

When this extended Vlasov equation is integrated over the guiding-
center energy coordinate W, using Eq. (28), we obtain the phase-space
divergence form of the guiding-center Vlasov equation

OFg . 0 .

V~(FCX) = (R.Py) =0, 47
a =) T op, ( ¢ ”) 7)
which yields the guiding-center Vlasov equation

OF . . OF
E-ﬁ-X‘VF-f—PHa—PH—O, (48)

when we substitute the definition of the guiding-center Vlasov density
Fge = J o F and make use of the guiding-center Liouville equation (25).

B. Guiding-center Maxwell equations

Variations of the guiding-center action functional 0.4, with
respect to 0@ and JA in Eq. (41), respectively, yield the guiding-center
charge and current densities

(qu Igc) = JPFgC (E, EX), (49)

where we use the notation [,(---) = [(---) 2 dPjdJ. We note that, in
Eq. (41), the guiding-center Lagrangian (22) also depends on the electric
and magnetic fields (E, B), which introduces guiding-center polariza-
tion and magnetization charge and current densities in the guiding-
center Maxwell equations."”

1. Guiding-center polarization

When a virtual electric variation dgLg. of the guiding-center
Lagrangian (22) associated with OE is considered in Eq. (41), we find
OpLge = Mg - SE+ V- (QgC . (SE)7 (50)

where the guiding-center electric dipole moment™"
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b .
Ty = 5 X (X —ug), (51)
which, when Eq. (24) is substituted, is approximated as
Cc d()P() >
c=——=|— VB| , 52
S ( a V) (52)

and the guiding-center electric quadrupole moment is defined by the
symmetric dyadic tensor

e Jc ~ o~
Qg =5 (popo) = 2 (I-bb). (53)
We can, thus, define the guiding-center polarization as
ch = J (Fgc Tge — Qgc : VFgC)7 (54)
P

which includes a finite-Larmor-radius (FLR) correction on the guiding-
center Vlasov phase-space density Fy.. Hence, in Eq. (44), we find

J Fy 0pLgc = Pgc - OE + 0Aqep, (55)
P

with the polarization spatial divergence defined as
OAgp = V- (J Fye Qg - 5E). (56)
P

2. Guiding-center magnetization

When a virtual magnetic variation gLy of the guiding-center
Lagrangian (22) associated with 0B is considered in Eq. (41), we find

Py
oLy = ([lgc + Mg X %) - 0B

+V- {Qgc~ﬁx OB + (Qy - IB) XE:|
c c

1.
_X. . OB

c V x (Qgc 0 )7 (57)

where the intrinsic magnetic dipole moment
- 1db -
”gc Eﬂ<—b+§EXb)7 (58)

includes the effective gyrogauge contribution (43), and the moving
electric-dipole contribution™

P, [b .
Ty x%: [E X (X —uE)] x Py (59)

is defined in terms of the guiding-center electric dipole moment (51),

which can be approximated with Eq. (52). We can, thus, define the
guiding-center magnetization as

M, = J Fyc (ygc + Mg X Po/mc)
P

- JPVFgC . (Qgc X u—CE — u—CE X Qgc>
,J O x (FeX/e), (60)
P

which also includes FLR corrections. Hence, in Eq. (44), we find

pubs.aip.org/aip/pop

J Fgc 5BLgc - Mgc - 0B + 6/\ch7 (61)
P

where the magnetization spatial divergence 6 Agqy is defined as
Ug
A = V- U Fy (Qgc x 7) 6B
P
1.
_ J Foe(QOge  9B) x (X - uE)} . (62)
P

3. Guiding-center Maxwell equations

By substituting the variations (55) and (61) into Eq. (44), we find

3Lge = SAgev + SAgerrt — (ggc 50 — ]% : 6A)

H,,
+ Py - OE — 4i - OB, (63)

where the guiding-center displacement field Dy is replaced with
47 Py, which follows from the removal of the electric-field Lagrangian
density in Eq. (27), and the guiding-center magnetic field is defined as

H,. = B —4n M, (64)

while the quadrupole contributions yield an additional polarization—
magnetization spatial divergence

SAgern =V - U Fye Ope - (613 L 63)
P

,Jppgc (Qy - 9B) x % (x — uﬁ)} ) (65)

If we now introduce the constrained variations 0E = —VJ®
— ¢ '95A /0t and 6B = V x JA into Eq. (63), we obtain the guiding-
center Lagrangian variation

Lge = OAge +0D(V - Py — g)

1 OPg ¢
+E(SA(]gC+ ot —EVXHgC), (66)
where the total guiding-center space-time divergence is
_9 ap 1
0Age =5 Foc0Sd P—; 0A - Py

+V. (J}'gcést4P— 0D Py —i—A x ch)
7
+V- U Foe O - <5E+“—fx 5B>
P

fLFgc(@gc - 0B) x % (X - uE)} : (67)

Variations of the guiding-center action functional JAg
= [ 0Ly d*X dt with respect to 6@ and JA yield, respectively, the
guiding-center quasineutrality condition

0 =04~V Py (68)

and the guiding-center Maxwell equation
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4 Py
V x Hy = 7” (Igc +5 ) (69)

which excludes the displacement current density ¢ 9E/dt following
the removal of the electric-field Lagrangian density in Eq. (27). In addi-
tion, the electromagnetic fields (E, B) satisfy Faraday’s law

OB/Ot = —cV x E (70)

and Gauss’s law V - B = 0. Finally, the guiding-center charge-current
densities (49) satisfy the charge conservation law
00,
ot
which can be obtained directly from Egs. (68) and (69).

+V Je =0, (71)

IV. GUIDING-CENTER NOETHER EQUATION
AND EXACT CONSERVATION LAWS

Once the guiding-center Vlasov—Maxwell equations (47) and
(68) and (69) are derived from the action functional (27), we are left
with the guiding-center Noether equation

0Ly = % <J Fo 6Sd'P - % A - ch)
. SA
+V- (Jfgcasx d*P — 5O Py — R ch>
+ V- U Fye Oy - <5E+“—CE x 5B>
P

_LFgc(Qgc - OB) x %(x — uE)}, (72)

from which exact energy-momentum conservation laws are derived.
For this purpose, we use the expressions

0S = (e/c) A" - 0X + ] O — W™ 6t, (73)
0D =E 06X — ¢ 'ddp/ot, (74)
0A = Ecot + 0X x B+ Vi, (75)

where S is gyrogauge-independent, with the virtual gauge variations
0@ =R 06X+ St and ¢ = Dcot — A - 0X. The gauge terms
associated with d¢ can be used to obtain the identity

0 (900 cHg
—a(V&(f)"ch) + V- <7’ch—v&pxﬁ>
0
= & (5(r/)Qgc) +V- (5@Igc)a (76)

where we have used the guiding-center Maxwell equations (68) and
(69) in order to obtain the last equality.

A. Guiding-center Noether equation
By substituting the gauge identity (76) into Eq. (72), the guiding-
center Noether equation becomes

0Ly = DON g/t +V - 0Fy, 77)

where the guiding-center action-density variation is defined as

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

_% (Bcot + X x B) Py (78)

N = J Fye (53 +2 5(p>
p c
and the guiding-center action-density-flux variation is defined as
OFy = J Fye (53 +2 5(/)) X — 6X - (EPy)
P 9
Hg
— (Ecdt+ 60X x B) x —=
47
+J Fye Qe - (6E+% x 6B>
P
1,.
- LFgC(QgC - OB) x - (X —ug). (79)
Here, the electric and magnetic variations are
JE —0tJE/0t — 60X - VE (80)
oB) \ —6toB/ot—6X - VB )’
while the combination

5S+50p = My - 6X — Ky ot 1)
Cc

is gauge invariant, where the guiding-center momentum P, and the
guiding-center kinetic energy Ky are defined in Eqgs. (5) and (7), respec-
tively. Finally, the constrained Lagrangian variation is expressed as

_ st |B|2) (|B|2)
SLg = ot 6t(8n +0X-V - ), (82)

while the Vlasov contribution in Eq. (27) vanishes because of the con-
straint (29).

B. Exact guiding-center energy-momentum
conservation laws

By considering a virtual time displacement of in the guiding-
center Noether equation (77), we obtain the guiding-center
Vlasov-Maxwell energy conservation law

DE4qc /Ot +V - Sy = 0, (83)

which is expressed in terms of the guiding-center Vlasov-Maxwell
energy density Eg = —0Ny /0t — Ly and the guiding-center
Vlasov—Maxwell energy density-flux So. = —dF,/0t, where

Ege = J Fy Kge + E- Py + |B|* /87 (84)
P
and

. cE
Sg = LFgc Kye X+~ x He

OE Uug 0B
[ ow (G- 5)
OB 1.
- Jngc (Qgc : E) X E (X - uE)a (85)

which includes FLR corrections involving Qgc. We note that, in the
case of static electric and magnetic fields, only the terms on the first
line on the right side of Eq. (85) remain.
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Next, by considering a virtual spatial displacement 6X* in the
guiding-center Noether equation (77), we obtain the guiding-center
Vlasov-Maxwell momentum conservation law

6chk/3t + V- Tek =0 (86)

in the X*-direction is expressed in terms of the guiding-center
Vlasov—Maxwell momentum density

1
Py = J Fge Mg + Py x p B, (87)
P

where Py = ON, g / oxk = Py - 0iX, ar_ld the_ guiding-center
Vﬁsov—Maxwell momentum-density flux Tg = 6F, / XK + 8¢ L,
where

Tgck = Tgc . 6kX

. B
= J Fch chk - (ch Ey + E chk>
P

1 1.,
+Eakx(B-ch —5 [B] )
= J Fye [Qgc : (6kE +2E akB)
P Cc
1,.
—(Qg - B) x - (x - uE)} , (88)

with the notation J; = (9X/9X¥) - V. We note that guiding-
center Vlasov-Maxwell stress tensor Ty defined in Eq. (88) is
manifestly not symmetric, which is quite common in reduced
Vlasov-Maxwell systems.’””' The symmetry properties of the
lowest-order guiding-center Vlasov-Maxwell stress tensor are
briefly discussed in Sec. IV C.

The proofs of the energy-momentum conservation laws (83) and
(86) proceed by taking the partial time derivative of the guiding-center
Vlasov-Maxwell energy density (84) and the guiding-center
Vlasov-Maxwell momentum density (87) which, after substituting the
guiding-center Vlasov—-Maxwell equations (47) and (68) and (69),
yield

0 . ¢cE
= V(| FeKeX +5= x Hy,
ot Vv (L g8 +47z>< g)

dKye \ | OE OB
+Jngc( dt _EE'X>+E"PgC+E'MgC7 (89)

OPgek
o Y

. B
J Fch chk - <ch E+— chk)
P 47

B |B\2>
s (i.H L
k 4g F 8n

dl'[gck e -
+Jngc |:dt—akx <6E+EX X B):|

— (E - Py + OB - My.). (90)

The last steps in deriving the energy-momentum conservation
laws (83) and (86) involve wusing the guiding-center
Euler-Lagrange equation (23) and substituting the expressions
(54) and (60) for the guiding-center polarization and magnetiza-
tion, respectively.

pubs.aip.org/aip/pop

Finally, we note that the definitions [(84) and (85)] and [(87) and
(88)] associated with the guiding-center energy and momentum con-
servation laws (83) and (86), respectively, are not uniquely defined.
Indeed, under the following transformations ngc = €gc +V-C and

S’gc =S, — JC/0t 4 V x K, the guiding-center energy conservation

law (83) remains invariant, where the fields (C,K) are arbitrary.
Likewise, under the transformations Péck = Py + V-G and
T’gck = Tgex — 0G /0t 4+ V - Ky, the guiding-center momentum con-
servation law (86) remains invariant, where the fields Gy = G - 0, X
are defined in terms of an arbitrary second-rank tensor G, while the
third-rank tensor K has the following antisymmetry property:

Kf: = —KZ (so that 6$KZ = 0). Here, we note that the vector fields

C= prgc Qg -Eand Gy = (% prgc ]6) x X = G - X completely
remove the FLR corrections in the definitions (84) and (87).

C. Symmetry properties of the guiding-center stress
tensor

We now make a few remarks about the symmetry properties of
the guiding-center stress tensor (88). These symmetry properties are
most relevant when considering the conservation law of guiding-
center toroidal angular momentum, where the guiding-center toroidal
angular momentum density

X 1 10).8
Pyp = | Paellye - —— += Py - B X ~— 91
gch JP gc Hlgc 8¢ c gc 8¢ ( )
is defined as the covariant component of the guiding-center momen-
tum density Py associated with the toroidal angle ¢.
First, we derive the guiding-center angular momentum
transport equation from the guiding-center momentum conservation
law

0Py oxX\ 7 X
T'FV'(Tgc'%)—TgC-V 2%

where TTC denotes the transpose of Ty. Since the dyadic tensor
V(0X/0¢) is anti-symmetric, with the rotation axis directed along
the z-axis, the anti-symmetric part of the guiding-center stress tensor
(88) generates the guiding-center Vlasov-Maxwell torque 7 ,.. We
note that this equation can also be derived by substituting the virtual
displacement 0X = d¢ 9X/d¢ in Eq. (77).

At the lowest order (i.e., keeping terms only up to gyrogauge cor-
rections), the guiding-center Vlasov-Maxwell torque is defined as
T g = [,Fyc Tge, where, using the dyadic identity (for two arbitrary
vector fields F and G)

z-T,, (92)

F-V(0X/0¢) - G=2(F xG),
we find
rgc:Xngc+E><7tgc+BX (ﬂgc+ngc XPo/mC>7 (93)

which is calculated below in the dipole approximation. First, each term
is expressed as
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XngC:Xx <PH6+E><%>

. ~ cE . ¢eE\ ~
—PH (XXb—FE)—(XE)b,

eb . . eE\ -
E x g = E x [EX(X—UE)] :(X~§)b

and
1.db db
BX"gc—BX“( b+ g <P )—157
B x (nch&) =PH6>< (X*UE)ZPH (E)XX*@),
mc B

where we used B - my = 0. Next, by combining these terms in Eq.
(93), several cancelations occur and the lowest-order torque density is

rgC:]db ]( +X- Vb) (94)

which recovers a result derived by Ye and Kaufman.”” Hence,
substituting Eq. (94) into the right-hand side of Eq. (92), we obtain

2. Ty= % (Lpgc ]bz) +V. (LFgCX th), (95)

which adds a gyrogauge-independent contribution
—Jb, = —JR-0X/0¢ (96)

to the guiding-center toroidal angular momentum density (91). Hence,
we note that, in the presence of an axisymmetric magnetic field, we
can use the definition (5) and the identity B x 0X/0¢ = —VAy; the
guiding-center toroidal angular momentum density (91) can then be
written as

e 1
ch¢ = JPFgC (P¢ - E A¢ +]bz) - E ch N VA¢

—-Vv. (% Ay 'ch) , (97)

where we used the definition (26) for the guiding-center canonical
toroidal angular momentum and the guiding-center quasineutrality
condition (68). By using the guiding-center torque correction (95) and
the transformation P ; = Py + V - Gy, where Gy = (Ay/c) Pge,
we obtain the exact guiding-center toroidal angular momentum con-
servation law

(f;)t (J F, p¢> -V (J Xpd,) +LFgCP¢
=-V. (JPFgCXP¢), (98)

which follows from applying the Noether theorem to the guiding-
center Euler-Lagrange equation dPy/dt = OL,./0¢ =0 associated
with magnetic axisymmetry.

Finally, returning to the case of a general magnetic field, and
omitting the gyrogauge terms and FLR corrections, the guiding-center
stress tensor (88) can be expressed in symmetric form as

[
P

pubs.aip.org/aip/pop

Tgc = PCGL+J FchH(BXL'f'XLB)

|B| _g)
+(87‘EH 1 +ng(E><b)(E><b)

+ (I —bb)Py -E+ Py xbEx b —PgE, (99

where P, denotes the Chew-Goldberger-Low (CGL) pressure tensor”
P .
PCGL = J Fgc [Jbb + (H - bb),uB
P m

which appears naturally in lowest-order guiding-center Vlasov-Maxwell
theory' and several kinetic-magnetohydrodynamic models,”" " while
Yoe = JpFoc(mc?/B?) denotes the guiding-center electric susceptibility.’
The remaining terms in Eq. (99) involve the off diagonal terms
Py (bX, + X b), which have appeared in previous works,”*" and
contributions from the guiding-center polarization (54). Future work
will explore the symmetry properties of the remaining higher-order
terms in the guiding-center stress tensor defined in Eq. (88).

V. SUMMARY

The results of the Lie-transform analysis leading to higher-order
guiding-center Hamiltonian dynamics yield the guiding-center
Hamiltonian

Hye = J(Q+8) + |Po|*/2m + e® — V - (O - E) (100)

and the guiding-center Lagrangian
1 -
Ly = FA—;—PO —](R+— V x b)} X +70—Hg, (101)
c 2

where Py = P| b+Exeb /Q and the symmetric dyadic tensor (53)
generates a finite-Larmor-radius (FLR) correction to the electrostatic
potential energy e ® in Eq. (100). The presence of the gyrogauge fields
(S,R) guarantees that the guiding-center Hamiltonian dynamics
derived from the guiding-center Lagrangian (101) are gyrogauge
invariant (i.e., these equations are not only gyroangle-independent but
also independent of how the gyroangle is measured).

Next, the explicit dependence of the guiding-center Lagrangian
(101) on the electric and magnetic fields (E, B) yields guiding-center
polarization and magnetization effects, represented by the vector fields
(Pgc, Myc), in the guiding-center Maxwell equations (68) and (69).
The guiding-center Vlasov-Maxwell equations are, then, derived by an
Eulerian variational principle from which exact energy-momentum con-
servation laws are derived. Here, the guiding-center variational principle
(27) omitted the electric energy density from the guiding-center
Lagrangian density, which explicitly guaranteed quasineutrality (68) and
removed the displacement current density from the guiding-center
Maxwell equation (69). In particular, the explicit guiding-center quasi-
neutrality condition removes spurious high-frequency plasma oscilla-
tions that violate the guiding-center ordering » < Q, while additional
spurious high-frequency modes are discussed in Appendix B.

Future work will explore the invariance properties of the energy-
momentum conservation laws as well as the symmetry properties of
the guiding-center stress tensor Ty defined in Eq. (88). In addition,
the Hamiltonian formulation of the guiding-center Vlasov—Maxwell
equatiogs will be constructed that generalizes the work of Brizard and
Tronci.™
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APPENDIX A: TIME-DEPENDENT GYROGAUGE
INVARIANCE

By introducing the fixed unit-vectors (1,2,b =1 x 2), we
write the definitions for the rotating unit-vectors

p=cosfl —sinh2
1 =—sin01—cos02, (A1)

where the gyroangle 0 is measured clockwise from the 1-axis (for a
positively charged particle) so that "= dp/960. We note that, while
the choice of the fixed unit-vectors (1,2) can be made arbitrary in
the plane locally perpendicular to b, we must ensure that the result-
ing guiding-center equations of motion do not depend on a specific
choice. Hence, our guiding-center Hamiltonian theory must be
gyrogauge-invariant in the following sense.

First, we allow thg rotation of the unit-vectors (1,
magnetic unit-vector b by an arbitrary angle y(x, t
on the field position x at time ¢ so that

" . .
L) = (cosy sinv)) (1) (A2)
2 —sinyy  cosy 2

Second, we require that the rotating unit-vectors (A1) be invariant

under this rotation, i.e, p’ = p and * =", which implies that the
gyroangle 0 must transform as

0'(0,x,t) = 0+ y(x,1), (A3)

1,2) about the
) that depends

under the gyrogauge rotation (A2).
Third, we introduce the gyrogauge vector field

R=VLl.p=Vi-2 (A4)
and the gyrogauge scalar field

pubs.aip.org/aip/pop
oL . ol |
SZE p:§~2, (A5)

which transform as R = R+ Vi) and &' = S + 9y /0t under the
gyrogauge rotation (A2). We, therefore, readily see that a gyrogauge-
invariant guiding-center theory can only include the gyrogauge fields
(R,S) as the one-form df — R-dx — Sdt, the gradient operator
V + R 3J/00, or the partial time derivative 9/0t + S 9/00, which are
all gyrogauge invariant. Finally, we note that the vector fields”

1 . .
VxR =2 ¢bl Vb x vk,

- (A6)
OR -~ 0b
o VS=-Vb. (b XE)

are manifestly gyrogauge independent, since they are expressed
entirely in terms of b, Vb, and 0b/0t.

Finally, we note that since the magnetic unit vector b = dx /0s
is defined as the rate of change of the position x of a point as
it moves along a magnetic-field line (with s defining distance
along that line), we may choose the perpendicular unit vectors

Kﬁlab/ Os (where x denotes the Frenet-Serret curvature’’) and
3=x"oxdb /O0s. Hence, the parallel component of the gyro-
gauge vector field

. ol . L, (. 0b
b-R= s 2 =K2 rE (be):r (A7)

is expressed in terms of the Frenet-Serret torsion 7.

APPENDIX B: LINEARIZED GUIDING-CENTER
VLASOV-MAXWELL EQUATIONS

In this Appendix, we show how the standard linear finite-beta
electromagnetic gyrokinetic equations””*” appear as a subset of our
guiding-center Vlasov—-Maxwell equations. For this purpose, we
consider the linearized guiding-center Vlasov-Maxwell equations
derived for a uniform background magnetic field By = ByZ and a
uniform background Maxwellian distribution F, (with density Ny
= [,Fo and temperatures NoT)o = [,Fo mvH and NoT 1o = [,Fo uBo)
for each particle species. Consistent with previous gyrokinetic mod-

els,””*" a vanishing background electric field is considered so that the
electric and magnetic fields are expressed as

E=—¢ <V5®+267135A“/8t>, (B1)
B=DByZ +es V(sA” X Z, (B2)

where || and L refer to parallel and perpendicular directions with
respect to the z-axis and €; is a dimensionless ordering parameter
associated with the perturbation potentials (6®@, dA|). The guiding-
center Vlasov—Maxwell equations (48) and [(68) and (69)] will now
be linearized up to first order in €5 and the gyrogauge contributions
are unimportant in what follows since they are not irrelevant in the
case of a uniform magnetic field.
First, the guiding-center momentum is expressed as

Py = PH Z+es E x VoY, (B3)
Qo

where 0¥ = 0@ — (v /c) A is the standard electromagnetic effec-
tive potential® so that the guiding-center velocity (24) becomes
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. ~ €EsC [ . 1 d()
X=vyz+—|(2 ¥ — ——V, ¥ B4
v)| +BO< x V QodtVL >7 ( )
where dy/dt = 0/0t + v”ﬁ - V. Here, we note that, whenever a
term is multiplied by the factor 1/, its contribution comes mainly
from ions because of their larger masses compared to electrons. The
parallel guiding-center force equation (19), on the other hand, is

by = —cre(2- Vo + 1004 /0t), (BS)
while the guiding-center Jacobian is
e ., e €C
c=-B =-By(1+—— Y, B
jg c H c 0< +BOQO VJ_5 ) ( 6)

which guarantees that the guiding-center Liouville equation is satis-
fied up to €}. Using Egs. (B4) and (B5), the linearized guiding-
center Vlasov equation (48) is

dyoF

= 6(2 - Voo + 671(95AH/51'> %7 (B7)
I

which follows from the assumption of a uniform background mag-
netized plasma.

Second, taking into account the guiding-center Jacobian (B6),
the guiding-center charge density is

Oge = €5 Xge Viéfb + e,sJ eJF, (B8)
P

where [,v) Fy =0, and the background Jacobian eBy/c is incorpo-
rated into [,. Here, the dominant contribution from the first term
(with 47 . = ¢ /v} = 4nNom;c* /Bj) comes from ions (because of
their larger masses compared to electrons) while the dominant con-
tribution from the second term will come from electrons. In what
follows, we will also need the parallel component of the guiding-
center current density

]ch = —€5 % Vi(SAH + €5J ev) OF, (B9)
4 P

where we assume equal background temperatures Ty = T o, with
B = 4nNyTy/B}, and the dominant contribution from the second
term will once again come from electrons. The perpendicular
guiding-center current density, on the other hand, is expressed as

000  cp

W_Ei'V(SA")’ (B10)

IJ_gc =—6V1 (ch
which has no contribution from the perturbed Vlasov distribution
OF at first order in €5 in a uniform magnetized plasma so that the
guiding-center charge conservation law yields

004
ot

dyoF _o

i ; (B11)

-+ V . Igc = €5 eJ
P
where the right side vanishes because of Eq. (B7).
Third, up to first order in €5, the guiding-center polarization
(54) is expressed as

7 ( 9D cfp

z ~
ch = —€5 Q_O x V /(gc 7 — E Z - V5A||>7 (B12)

while the guiding-center magnetization (60) is expressed as

pubs.aip.org/aip/pop

ﬂ ~ €5C ~
Mgc = — E |:Z (BO + Q_o Vié‘b) + €5 V&AH X Z]

€ 4;00 v, (2-V<Df;—). (B13)
Here, only ions contribute to the guiding-center polarization (512),
while both ions and electrons contribute to the finite-beta term
—fB/4n in the guiding-center magnetization, with the remaining
magnetization is contributed by ions.

From Egs. (B12) and (B13), we now construct the guiding-
center electromagnetic fields Dy = E+4nPyg and Hg = B
— 41 M. to be substituted into the guiding-center Maxwell equa-
tions (68) and (69). First, we see that the guiding-center polarization
charge density —V - Py vanishes in a uniform background magne-
tized plasma so that the guiding-center quasineutrality condition
(68) becomes

V- Py =0=g,. (B14)

The parallel component of the guiding-center Maxwell equation
(69), on the other hand, yields

z-V x H, = (4m/c) Jjges (B15)

where the parallel component of the guiding-center polarization
(B12) is zero so that to the parallel guiding-center polarization cur-
rent vanishes Z - 9Py /0t = 0.

Finally, using the Fourier representation dy = 67 exp (ik - x
—iwt), we now derive the linear dispersion relation for the linear-
ized guiding-center Vlasov—-Maxwell equations (B7) and (B14) and
(B15) derived for a uniform magnetized plasma. If we assume that
only the electron contributions are dominant for the guiding-center
charge and parallel current densities (in the limit w = wp./v
> kjUthe), we find

SF, 2 . -
—4neJ ( ‘ > - (k” ”2> (kH 5@ —faAH). (B16)
p\ v OF, v c

Hence, the guiding-center quasineutrality condition (B14) becomes

2 - k -
(k2L S8 u2> 5B = — (”—w"> VoA, (B17)
v c
A
while the paralle] component of the guiding-center Maxwell equa-
tion (B15) becomes
o2\ - ki wpe N
(kj + Pe) SAy = (2) 1 5, (B18)
c c

where finite-beta effects coming from the parallel magnetization
and guiding-center current densities have canceled out under the
assumption of temperature isotropy.

Next, we introduce the normalization K2 = ki pg, K= kH Jki,
and (kjw/c)p? =\/okK/v, where =1} /1] =B, (mi/m,)
denotes a finite-beta parameter and p? = T,/(m;Q}) so that the
coupled equations (B17) and (B18) for (3D, 5;1“) become

Kz(cj—Kzllz)é(i) = —\/EKKV(SAH,

2 (B19)

(K2 + G)(SAH = \/EKKllé&).
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In the electrostatic limit ¢ — 0 (i.e., 513” — 0), we obtain the elec-
trostatic dispersion relation x*v? = ¢?/v%, which yields the well-
known electrostatic H-mode frequency w = K (vawpe/c) = (kj/
ki) (m;/m.)*Q;, discovered in electrostatic gyrokinetic mod-
els.””7*°" While this potentially high-frequency mode may violate
the fundamental ordering (1) used to derive the guiding-center
Vlasov-Maxwell - equations, depending on the magnitude of
(Kky/ky)(m;/m,)?, we will now show that this spurious mode disap-
pears when finite-beta electromagnetic gyrokinetic effects are
included (see, for example, Lee et al.®% or Belli and Hammett®”).
Indeed, when finite-beta (¢ > 1) electromagnetic effects are
retained, the coupled equations (B19) yield the dispersion relation

L, G K* 2 K?
TZKV 1-— ) = > s
Vi K> +o K> +o

which yields the low-frequency gyrokinetically modified shear
Alfvén wave®” **

W= k” VA
L+ K p? (me/mif,)’

where k% p2 (m./mip,) ~ K2 p? (me/m;) < k3 p; for typical of elec-
tromagnetic gyrokinetic models”’ with finite beta 8, ~ (1m,/m;)".

(B20)
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