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The extended guiding-centre Lagrangian equations of motion are derived by the
Lie-transform perturbation method under the assumption of time-dependent and
inhomogeneous electric and magnetic fields that satisfy the standard guiding-centre
space—time orderings. Polarization effects are introduced into the Lagrangian dynamics
by the inclusion of the polarization drift velocity in the guiding-centre velocity and the
appearance of finite-Larmor-radius corrections in the guiding-centre Hamiltonian and
guiding-centre Poisson bracket.
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1. Introduction

Polarization effects have a rich history in plasma physics (Pfirsch 1984; Pfirsch &
Morrison 1985; Cary & Brizard 2009). Their importance stems from the assumption
of quasineutrality in a strongly magnetized plasma and the dielectric properties of a
guiding-centre plasma (Hinton & Robertson 1984). While these effects are traditionally
associated with the presence of an electric field in a magnetized plasma (Itoh & Itoh 1996;
Hazeltine & Meiss 2003; Wang & Hahm 2009; Joseph 2021; Brizard 2023a), they are also
associated with magnetic drifts (Kaufman 1986; Brizard 2013; Tronko & Brizard 2015).

Recently, second-order terms in guiding-centre Hamiltonian theory (in the absence of
an electric field) were shown to be crucial (Brizard & Hodgeman 2023) in assessing the
validity of the guiding-centre representation in determining whether guiding-centre orbits
were numerically faithful to the particle orbits in axisymmetric magnetic geometries,
which partially confirmed earlier numerical studies in axisymmetric tokamak plasmas
(Belova, Gorelenkov & Cheng 2003). In particular, it was shown that a second-order
correction associated with guiding-centre polarization (Kaufman 1986; Brizard 2013;
Tronko & Brizard 2015) was needed in order to obtain faithful guiding-centre 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-centre orbit deviated noticeably from its associated particle orbit, while
a second-order guiding-centre orbit followed the particle orbit to a high degree of precision
(Brizard & Hodgeman 2023). In addition, as initially reported by Belova et al. (2003), the
guiding-centre Hamiltonian formulation is a faithful representation of the particle toroidal
angular momentum (Tronko & Brizard 2015; Brizard & Hodgeman 2023), which is an
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exact particle constant of motion in an axisymmetric magnetic field, only if second-order
effects are included.

1.1. Lagrangian dynamics in extended phase space

In the present work, we consider the motion of a charged particle (of mass m and
charge ¢) in time-dependent and inhomogeneous electric (E) and magnetic (B = B b)
fields (which still satisfy the guiding-centre space—time orderings |V|~! > pn = va/$2,
i.e., characteristic spatial scales are long compared to the thermal gyroradius py,, and
0/0t K §2 = eB/mc, i.e., time scales are long compared to the gyroperiod, where ¢
denotes the speed of light) and we assume that the E x B velocity uz = E x cb/B is
comparable to the particle’s thermal velocity vy,. Because of the explicit time dependence
of the electromagnetic fields, the Lagrangian charged-particle dynamics takes place in
an odd-dimensional space (g, p, t), where the non-autonomous Hamiltonian H(q, p, ?) is a
function of the canonical coordinates (g, p), from which the canonical Hamilton equations
dg/dt = 0H/dp and dp/dt = —0H /dq are derived, as well as time 7, from which we obtain
the energy equation dH /dr = dH/dt (i.e. energy is not conserved).

The use of an extended phase space is a well-known method in classical mechanics
(Lanczos 1970) used to deal with a time-dependent Hamiltonian system by transforming it
into an autonomous Hamiltonian system in an even-dimensional symplectic setting. Here,
the canonical time—energy coordinates (¢, w) are included in the extended phase-space
coordinates (g, t; p, w), where the space—time coordinates (g, f) are canonically conjugate
to the momentum—energy coordinates (p,w), with the extended Hamilton equations
dw/ds = 0H /0t = 0H /0t and dt/ds = —90'H /0w = 1, where H = H(q, p, t) — w is the
extended Hamiltonian and a particle orbit in extended phase space (parametrized by s)
takes place on the energy surface H = 0, i.e. w = H(q, p, 1).

Using the dimensional ordering parameter € associated with the renormalized particle
mass m — em (Brizard 1995), instead of the standard ordering e — ¢/€ (Kulsrud 1983;
Littlejohn 1983), we begin with the extended phase-space particle Lagrangian one-form

e
y = <EA+€PO> cdx —wdf =y + €y, (L.T)
and the extended particle Hamiltonian

H=ed —w+elp,|*/2m = Hy + €H,, (1.2)

where p, denotes the local particle kinetic momentum at position x. In the present
work, we consider the standard ordering (Kulsrud 1983) for the parallel electric field:
E=FE, + 6E||6. In contrast to Madsen (2010) and Frei, Jorge & Ricci (2020), who used
the same mass ordering (m — em), we use extended (eight-dimensional) phase space in
(1.1)-(1.2), where the energy coordinate w is canonically conjugate to time ¢ (Littlejohn
1981; Cary & Brizard 2009). This extended phase-space formulation yields a simple form
for the extended Poisson bracket (see (4.5)), also adopted (without derivation) by Madsen
(2010), which plays an important role in the variational formulation of the guiding-centre
Vlasov—Maxwell equations (Brizard 2023b).
Here, the electric-field ordering implies that the local particle momentum

Po = PiobGe. 1) + Pr(x, 1) + q,0(Jo. 60: X, 1) (1.3)
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is decomposed into the gyroangle-independent parallel component pjy = p, - b and the
E x B momentum

eb
Pr=F x ) = mug, (1.4)

and the gyroangle-dependent perpendicular momentum g, , = |q, | 1, respectively, where
Jo = |q,,1*/(2m82) represents the lowest-order gyroaction and the gyroangle derivative

0q,,/96) = q 5 X b= —l|q Lolp introduces the rotating orthogonal unit-vector fields
(b, L, p).
1.2. Purpose of the present work

The purpose of the present work is motivated by the need to derive higher-order guiding-
centre equations that can accurately describe the magnetic confinement of charged
particles in regions with steep gradients (e.g. the pedestal region of advanced tokamak
plasmas). 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 (including finite-Larmor-radius effects) must be included in a
self-consistent guiding-centre theory (Hahm 1996; Chang, Ku & Weitzner 2004; Lanthaler
et al. 2019; Frei et al. 2020).

Guiding-centre 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 (1995) and Hahm (1996), following the earlier work
of Littlejohn (1981). These perturbation methods were also used by Miyato et al.
(2009), Madsen (2010) and Frei er al. (2020), who derived self-consistent guiding-centre
Vlasov—Maxwell equations that included guiding-centre 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-centre
Vlasov—Maxwell theory, with a full representation of guiding-centre polarization that can
be directly derived by the guiding-centre push-forward method (Brizard 2013; Tronko &
Brizard 2015).

2. Guiding-centre Lie-transform perturbation analysis

The derivation of the guiding-centre equations of motion by Lie-transform perturbation
method is based on a phase-space transformation from the (local) particle extended
(eight-dimensional) phase-space coordinates z{ = (x, pjo; Jo, 6o; wo, 1), where the
energy—time canonical coordinates (wy, f) are included, to the guiding-centre phase-space
coordinates Z* = (X, P; J, 6; W, 1) generated by the vector fields (G;, Ga, ...)

7 =75 +€G{ + € (G + 3G - dGY) + -+, 21

and its inverse
4 =2"—€G] — € (G5 — 3Gy - dG{) + - - . (2.2)

In order for the particle time to be invariant under the guiding-centre transformation
(2.1), we require that G/ =0 to all orders n > 1, i.e. the guiding-centre time is
identical to the particle time. From these generating vectors fields, the pull-back
and push-forward Lie-transform operators T, = exp(e$;) exp(e?$,) --- and T;CI =
- -exp(—€2$,) exp(—e$;) are constructed in terms of Lie derivatives ($;,$,,...)
generated by the vector fields (Gi, G»,...). More details about the Lie-transform
perturbation method used in guiding-centre theory can be found in Littlejohn (1982) (as
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well as the unpublished UCLA report Variational Principles for Guiding Center Motion
(PPG-611) written by Littlejohn in 1982), while the notation used here is taken from
Tronko & Brizard (2015) and Brizard & Tronko (2016).

We now wish to derive the extended guiding-centre phase-space Lagrangian one-form

e =Ty +0d0 = Foge + €lge + € g + -+ (2.3)
where the gauge scalar field o = €o| + €%0, + - - - is chosen at each order in order to
simplify the transformation, with

FNge = y1 — 11 » @ + doy, 2.4)
Dy = —1r - @ — %Ll « (@) + @gc) + doo, (2.5)
and the extended guiding-centre Hamiltonian
Hye = Ti!'H = Hoge + €Hige + € Hoge + -+ (2.6)
where
Hige = Hi — Gy - dHo, 2.7
Hage = —Gr - dHy — %G1 «d(Hi + Hige)- (2.8)

Here, we use the formulas ¢, « ® = Gy wus dZ? (for an arbitrary two-form w) and G, -
diC = G%9K/9Z* (for an arbitrary scalar field ), where the summation rule is used. We
note that the guiding-centre phase-space transformation considered in the present work
will contain all terms associated with first-order space—time derivatives of the electric and
magnetic fields, which will require us to consider some terms at third order in € in (2.3).

In order to construct the extended guiding-centre Lagrangian one-form (2.3), we will
need to evaluate the contractions ¢, - @y generated by the vector fields (G;, G, . ..) on the
zeroth-order two-form

e (0A; , 04 ,
@wy=dyy = - —dx'+ —dr | Adx/ —dw A dt, (2.9)
c \ 0x at
so that we obtain the nth-order expression
e . e . 04 i
thewy=-BxG,-dX — | -G, - — + G | dt, (2.10)
c c at

where G} and G} denote the spatial and energy components of the nth-order generating
vector field G,. Similarly, we will need to evaluate the contractions ¢, - @, generated
by the vector fields (Gj, G,, ...) on the first-order two-form @, = dy;, which yields the
(n + 1)th-order expression

ap

Ln'wlan(p0)°dX_Gz'(¥

n 9910 9919
dr 4+ bdpjo + dJo + dé, |, 2.11
Pio + 75700t g ~dt (2.11)
where p, is defined in (1.3) and the spatial components are expressed in terms of the
operator (Tronko & Brizard 2015)
aC aC aC
D,(C) = (Gf;l— +G — + Gﬁ—) - G*xVxC, (2.12)
ap“() 8.]() 390
where C is an arbitrary vector function on the guiding-centre phase space. In what follows,
unless it is necessary, we will omit writing the subscript 0 on local particle phase-space
coordinates (i.e. pjo is written as p).
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The purpose of the Lie-transform expressions (2.3) and (2.6) is to construct a
gyroangle-independent extended guiding-centre phase-space Lagrangian one-form [
and extended guiding-centre Hamiltonian H,. in terms of which guiding-centre equations
are derived. The generic forms considered for the extended guiding-centre phase-space
Lagrangian one-form (2.3) and the extended guiding-centre Hamiltonian (2.6) in the
present work are

[e=SA-dX — Wdt+ ePy - dX + €2J(d0 — R - dX — Sdr), (2.13)
C
Hye = e® + eKye — W, (2.14)

where the gyroangle-independent guiding-centre Kinetic momentum P, and guiding-
centre kinetic energy K, are expressed as asymptotic series in powers of €, while the vector

fielldR=V1. 0 and the scalar field S = (9 1 /0t) « p are required to preserve gyrogauge
invariance. See appendix A of the recent paper by Brizard (2023b) for an updated
discussion on gyrogauge invariance introduced by Littlejohn (1981, 1983, 1988). We note
that the separation of the guiding-centre transformations of the extended guiding-centre
phase-space Lagrangian one-form (2.3) and the extended guiding-centre Hamiltonian (2.6)
might enable the application of computer algorithms previously used by Burby, Squire &
Qin (2013), but this consideration falls outside the scope of the present work.

3. Symplectic polarization guiding-centre theory

In the present work, we will consider the symplectic polarization guiding-centre theory,
where the guiding-centre kinetic momentum Py retains the contribution from the E x B
momentum (1.4), which will then introduce the polarization drift velocity explicitly in the
guiding-centre equations of motion.

In the alternate Hamiltonian polarization guiding-centre theory, on the other hand,
E x B momentum (1.4) is removed from the guiding-centre kinetic momentum and
polarization effects enter solely through the guiding-centre Hamiltonian. The Hamiltonian
case generally requires a different ordering for the electric field (because it produces
a polarization displacement that must be compared with the characteristic lowest-order
particle gyroradius) and will be considered in a future publication. This dual representation
is analogous to the treatment of the perturbed magnetic field in nonlinear gyrokinetic
theory (Brizard & Hahm 2007).

The reader interested in results of the guiding-centre Lie-transform perturbation analysis
can skip §3 and go to §4, where we present the extended guiding-centre Hamiltonian
structure as well as the (regular) guiding-centre Lagrangian, from which guiding-centre
polarization and magnetization can be derived by functional derivatives with respect to
the electric field £ and magnetic field B, respectively.

3.1. First-order perturbation analysis

3.1.1. First-order symplectic structure

We begin our perturbation analysis by considering the first-order guiding-centre
symplectic one-form (2.4), which is now explicitly written in the symplectic polarization
representation as

R e e 0A4 i
Flgcz(Pb+PE+qL)'dX—;BxG’f-dX+(EGT-§+G]”>dt
= (Pjb+ Pg) - dX = P, - dX, (3.1)
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where the first-order gauge scalar field oy is not needed and the gyroangle-dependent terms
on the right of (3.1) are eliminated by selecting

o cb 1 dq, (3.2)
= X —=—""= — .
1 =491 B m 90 Pos

and

" e . 04 edA4
Gl =—EG ==

= . p,, 3.3
[ c ot Py (3.3)

where the gyroangle-dependent vector p, represents the lowest-order particle gyroradius.
With G} defined by (3.2), the resulting first-order guiding-centre phase-space
Lagrangian I'i, = P, - dX yields the (n + 1)th-order contraction

[ 0P,
by * Wge) = D,(Py) -dX — Gn . deH + Wdt R (3.4)
where, using the operator (2.12), the spatial components in (3.4) are

D,(Py) = G’'bo — G* x V x Py, (3.5)

which contain gyroangle-dependent and -independent contributions.

3.1.2. First-order Hamiltonian
The first-order guiding-centre Hamiltonian is determined from (2.7) as

|I,0|2 q. x w
Hige = uB + + P —= —eG{- VO + G|
m m
P 2
Pl e, E (3.6)
2m m

where the components (3.2)—(3.3) were substituted, and the electric field is defined as
E=—-V® — ¢'94/9t. By using the identity

Pr-q /m=FEXx

cb
B 1= epy - E, (3.7

the first-order guiding-centre Hamiltonian is automatically gyroangle independent

Hige = 1B + |Po*/(2m) = uB + P}/(2m) + (m/2)|E x cb/BJ, (3.8)

which corresponds to the kinetic energy in the frame drifting with the £ x B velocity.
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3.2. Second-order perturbation analysis

3.2.1. Second-order symplectic structure
We now proceed with the second-order guiding-centre symplectic one-form (2.5), which
is explicitly expressed as

Ioge = — [EB x Gy +DI(P2)] <dX + lG’f . (aﬂdj 4 E%Ld(g)
¢ 2 aJ 06
+ (G"-&+GW+fo.%>dt
! ot 2 c 2 ot

=1II,-dX+J(dd —R-dX — Sdr), (3.9)

where the second-order gauge scalar field o, is not needed, and, using the definition (2.12)
with P, = Py + 14, we find

1 aq aq 1 A
Di(P)=D\Py) + =g ==+ == )+J|R— (= b, 3.10
1(P) 1( 0)+2<81 Y, + 8 50 + 2T+051 (3.10)

where g/ = G/ —Jp,-VInBand g/ =G| + p,- R, while t =b-V xband o, = a, :
Vb is defined in terms of the gyroangle-dependent dyadic tensor a; = —%(JA_,@ +p1)
(Tronko & Brizard 2015). The first-order guiding-centre symplectic momentum IT; in
(3.9), which is assumed to be gyroangle independent, will be determined based on the
consistency of the Lie-transform perturbation analysis at the third order (see § 3.3) as well
as the guiding-centre push-forward derivation of the guiding-centre polarization in the
absence of a background electric field (Brizard 2013; Tronko & Brizard 2015).

Substituting these expressions into (3.9), we obtain the vector equation

e A 1 aq dq
IO,=--BxG;—g'b- VxPi—-|g——=+g¢—), 3.11
1 - X G; =8 Py XV X L5 2(8181 +g139 (3.11)
where gi' = G' —J (%r + o), while we choose the second-order energy component
0P, e0dA
G =py— — —— -G, 3.12
A P PR 12)
where we used
8P2 aPz a})()
Gl —=—pyg—=—py-— —JS. 3.13
[ Po 3z Po 91 (3.13)
Next, from the parallel component of (3.11), we obtain the first-order component
0 1
G zﬁ.v xP0+J<§r+a1> — Iy, (3.14)

where T, = b IT, is the parallel component of the first-order symplectic momentum
IT,. From the perpendicular components of (3.11), on the other hand, we find

x x N 6 1 Jap() 93/00 6
GZ:G2b+(E'VXP())pO—{_E(ng—{_gl% —HIXE, (315)

where G} = b G3. The interpretation of the first-order guiding-centre symplectic
momentum IT; will be given in § 3.3.2.
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3.2.2. Second-order Hamiltonian
The second-order guiding-centre Hamiltonian is determined from (2.8) as

_ x_l ¢ _ﬂ Pl J
Hooe = €eE - | G5 2Gl-dp0 + =p,- VE - p, mGl G,

2
P
+po | uVB+ Vug - mugp + =) (3.16)
where G}' is given by (3.14).
Next, we introduce the particle gyroradius
p=x—TeX =€py—€ (G5 — 3Gy -dpy) +---=epy+€p,+---, (317

which is defined as the difference between the particle position x and the pull-back T,.X
of the guiding-centre position X, where p, = —G; + %Gl - dp, is the first-order particle
gyroradius, where

ap ap J ~ N

J 0 (2] 0

o Loy (v.pb—4 )b. 3.18
18]+8180+m.{2( @ (3.18)

Hence, using (3.15) and (3.18), we obtain the first-order particle gyroradius vector

b . J (1 . .
,01=H]xm—9— Gzll_m_g EV'b—Q,O(z b

1 b
+1=zpg:VInB— — -V x Py | p, (3.19)
2 ms?2

G -dp, =g

where 4o, = —dw;/90. N
We now note that the gyroangle-dependent part G| = G — (G/) can be defined such
that the right side of (3.16) only contains terms that are gyroangle independent. Hence, we

find
_ ) 27
QG = -L2G _ep, E— "ca,: VE
m mS2
oP,
+po ,U«VB—FVPE‘UE%-W ) (3.20)

where a, = i(il —pp) = —iaal /06 and the gyroangle-dependent part of (3.14) is

. 9
G =G — (G = % .V x Py + Jay. (3.21)

The second-order guiding-centre Hamiltonian is, thus, defined as

P 1 Jc ~n
Hch = E” (Hlll — EJT) — Q(G{) + E(H— bb) :VE — <p1> -eE
P 1 e 1 N
=y - ~ut —Q(G{)+V-(—<pop0>-E)+ I, — -JV xb) - ug,
m 2 2 2

(3.22)
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where (G)') = %J T — [T, and the gyroangle-averaged first-order particle gyroradius is

A

J ~n A b
= —— [ —bb)- VInB+ (V -b)b] + I, x —
(o)) = 7SI )+ VInB+ (V-0)o]+ Iy x -5

1 Jo b
=-V. (E(Popo)) + (Hl — EV X b) xS (3.23)

where (p,p0,) = (J/m$2)[I — bb). Hence, we now need expressions for (G]) and I, in
order to obtain an explicit expression for the second-order guiding-centre Hamiltonian
(3.22), which are determined at third order in our perturbation analysis.

3.3. Third-order perturbation analysis

The third-order term in the guiding-centre phase-space Lagrangian one-form (2.3) is
expressed as

L L
Fie ==t 00 = - @ + 5 - (4o + 5 ©yer) + dor. (3.24)

In what follows, the gauge function o; will play an important role in completing
the guiding-centre phase-space transformation, while the third-order guiding-centre
Hamiltonian will not be needed in the present guiding-centre formulation.

3.3.1. Third-order symplectic structure

The remaining components (G, (G),GY) and the first-order guiding-centre
momentum IT; will now be determined from the momentum components of the third-order
guiding-centre symplectic one-form (3.24)

3D, (P3) 30, 2,  OD(Ps) 3o,
I, =G+ ——. + —|dp+ |-G + ——. + —|dJ
3p |: 21 8PH Py 3PH :| D) |:3 1 97 Py 9

2 0D, (P5) 003
-G+ —=. do, 3.25
+ |: 37 + 50 P+ 50 ] ( )

where P; = %Po + %ql, so that

1 ,r 1 aq q
D, (P3) = 5G’l’"b +3 (G{ a; +GY ael> + 0o X V x Ps. (3.26)
Since dp,/dp; = 0, the p;-component of (3.25) suggests that we define the new gauge
function
- 2
63 =03+ D(P3) - py =03 — 5JG?, (3.27)

where the last expression follows from (3.26). Using the new gauge function (3.27), the
momentum components (3.25), therefore, become

ry= (65 + 2% Y ap, + G9+3_ dJ
3p = 2|l apu P 57

.V x .
89 m.Q ’

https://doi.org/10.1017/50022377824000096 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000096

10 A.J. Brizard

where, using (3.26), we introduced the identities

ap, 1

Di(P3) - — = —=G",
I( 3) 9J 3 1
N (3.29)
Dy 2P Lo 20 g p
YUY %0 T3 T e >
so that we can also introduce yet another gauge function
= _ 1 9p,
O’3EO’3-5 2Jp0'R+J%°V1HB (330)

in the 6-component of (3.25). By requiring that the momentum components (3.28) vanish,
we now obtain the definitions

Jb 907

Gl=-"2.VxPy+ -2, 331
1 ms2 x Py + 90 ( )

.
Gi = -2, (3.32)

apy

95,
G =-22 3.33
1 57 (3.33)

Hence, the components G35 and G' are determined from the third-order gauge function
&3, which is determined from (3.30), while &3 is determined from the gyroangle-dependent

part G{ = 903/00 obtained from (3.20). Since these gyroangle-dependent components are
not needed in what follows, however, they will not be derived here.

3.3.2. Second-order guiding-centre Hamiltonian
From (3.31), we immediately conclude that (G{) must be defined as

G))=——— -V x Py, 3.34
(G) =——5VxPy (3.34)

which was obtained in previous derivations (Brizard 1995; Madsen 2010; Frei et al. 2020),
so that the second-order guiding-centre Hamiltonian (3.22) becomes

e 1 A PO
Hoge = —V - (—<p0p0> E) +(m +=-svxb). 2 (3.35)

2 2 m

where we used the identity
J An e 1 .

M(H — bb) ceE = §<p0p0) . = EJb X Ug. (336)
In previous works (Littlejohn 1981; Hahm 1996; Miyato et al. 2009; Madsen 2010;
Frei et al. 2020), the choice for the first-order symplectic momentum I, = —%th

was used to eliminate the Bafios drift (Bafios 1967; Northrop & Rome 1978) from the
guiding-centre velocity (i.e. 9H,./0P) = 0), which is instead added to the definition
of the guiding-centre parallel momentum (3.14). This choice, therefore, yields the
second-order guiding-centre Hamiltonian Hy,. = (Jb/2) - V X ug.
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A different choice adopted by Tronko & Brizard (2015) for the first-order symplectic
momentum

1 A
Hlpol = —EJV X b, (337)

on the other hand, was previously shown to yield an exact Lie-transform perturbation
derivation of the standard guiding-centre polarization derived by Kaufman (1986) in the
absence of an electric field. While this choice still eliminates the Bafios drift from the
guiding-centre velocity, it also yields an expression for the second-order guiding-centre
Hamiltonian (3.35) that exactly represents the guiding-centre finite-Larmor-radius (FLR)
correction to the electrostatic potential energy e® (Brizard 2023a):

Hage ==V - (5(pop0) - E) . (3.38)

Finally, we note that recent numerical studies of particle and guiding-centre orbits in
axisymmetric magnetic fields (Brizard & Hodgeman 2023) have shown that guiding-centre
orbits are faithful (i.e. remain close) to particle orbits only if second-order effects,
including the correction (3.37), are included, which confirms earlier results by Belova
et al. (2003).

4. Guiding-centre Hamiltonian dynamics

In this section, we summarize the results of the Lie-transform perturbation analysis
of the guiding-centre Lagrangian dynamics presented in § 3, and we remove the explicit
€ scaling by restoring the physical mass em — m. Hence, we find the guiding-centre
phase-space extended one-form

Ie=(SA+My)-dX +J (@0~ R-dX — Sdi) — Wb, 4.1)
c
where the guiding-centre symplectic momentum
~ J ~
HgC=P||b+PE—§V X b 4.2)

includes the higher-order polarization correction (3.37). The extended guiding-centre
Hamiltonian, on the other hand, is expressed as

Hoye =@ + Ky — W, (4.3)
where the guiding-centre kinetic energy in the drifting frame is
2

P o Jo
Kgc=u3+ﬁ+5|u5|2—V- (? qu>, (4.4)

which includes the FLR correction (3.38) to the electrostatic potential energy e®. We note
that the presence of the gyrogauge fields (S, R) in (4.1) guarantees gyrogauge invariance
of the guiding-centre equations of motion derived from them.
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4.1. Extended guiding-centre Poisson bracket

The extended guiding-centre Poisson bracket {, },. is obtained by, first, constructing an
8x8 matrix out of the components of the extended guiding-centre Lagrange two-form
w,. = dl,. and, then, inverting this matrix to obtain the extended guiding-centre
Poisson matrix, whose components are the fundamental brackets {Z, Zﬁ}gc. From these
components, we obtain the extended guiding-centre Poisson bracket

AF 0*G 9"'GaG\ B 3G  AF
Gle=\m7 7 7 | T | VF oy — 5V
(7 Gl (aw ot dt aw) + B ( “Tap,, oP, g)
cb AF G  OF oG
- — .V'FxV* R e I 4.5
eB] x g+(ae Y, ajae) *+3)
where

e e
-B*=-B+V xI, —JV xR, (4.6)
C C

and the guiding-centre Jacobian is Jy = (e/c)B} = (e/c)f) - B*. In addition, we have
introduced the definitions

Tt s 4.7)
ar ot 90’ '
0 e 0A* 0
Vi=V4+R"— — | - JV e 4.8
TR 5 (c ar 5) aw (48)

where R* = R + %V x b. We note that the Poisson bracket (4.5) can be expressed in
divergence form as

1 9
{(F,Glee =

B—Wﬁ(Bﬁf{Z“, Gleo), (4.9)

and that it automatically satisfies the Jacobi identity

{f, {gv ]C}gc}gc + {gv {IC, f}gc}gc + {IC’ {-7:’ g}gc}gc =0, (410)

since the extended guiding-centre Lagrange two-form w,. = dI. is exact (i.e. dwy. =
d? Iy = 0) provided V - B* = 0.

Next, we note that the operators (4.7) and (4.8) contain the gyrogauge-invariant
combinations /37 + S9/360 and V + Rd/96, while (4.6) and (4.8) include the
gyrogauge-independent vector fields (Ye & Kaufman 1992; Brizard 2023b)

OR | . . b

VXRVS——|=|—z€ub' Vb x Vb, ~Vb xb- — |, (4.11)
ot 2 ot

where €;; denotes the completely antisymmetric Levi-Civita tensor.
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4.2. Guiding-centre Hamilton equations
The guiding-centre Hamilton equations Z* = {Z%, Hgc}oe include the guiding-centre
velocity
. PH Bﬂ< « C6
X=—"— X —, (4.12)
m By B

where b - X = P\ /m defines the parallel guiding-centre velocity, and the guiding-centre
parallel force

b =ee . B (4.13)
=e . —, .
I BW
where the modified electric field is represented as
ol 5 oR
eE" = ¢E — — VK, +J Frie VS|, (4.14)

and the gyroangle angular velocity

. 0Ky o b o

05W+S+X-R=.Q—V- 5 X U +S+X- R (4.15)

We note that the reduced guiding-centre equations of motion (4.12)—(4.13) satisfy the
guiding-centre Liouville equation

0B . 0 .
II % *
— =-V.BX)— —(BP), 4.16
9t ( I ) 8PH( I H) ( )
where
. N ., C o .~ 0B* ., OB
V-BX)=VxE"-cb—eE*--Vxb=-b- —eE" . 4.17)
| e dt P,
and
0 s . 0B" . OE" . 0B* ., ob
—(BHP”) =ceE*. + B .e =¢eE" . — B —, (4.18)

where we made use of the modified Faraday’s law 0B*/dr = —cV x E*.

4.3. Eulerian variations of the guiding-centre Lagrangian

The results of the Lie-transform perturbation analysis carried out in § 3.3 can also be used
to construct the following (regular) guiding-centre Lagrangian:

L= (SA+ g —JR) - X +J6 — (ed + Ky +JS)
C

= (e/c)A" - X +J60 — H, (4.19)

where IT,. and K, are defined in (4.2) and (4.4), respectively. The guiding-centre
Euler—Lagrange equations are derived from this Lagrangian as

Pjb = eE* + (e/c)X x B, (4.20)
b-X =P/m, 4.21)

which are associated with virtual displacements §X and &P, respectively. From
these equations, we easily recover the guiding-centre Hamilton equations (4.12) and
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(4.13). Likewise, the guiding-centre Euler-Lagrange equation associated with the virtual
displacement §J yields (4.15), while the virtual displacement 86 yields J = 0 as a result
of Noether’s theorem.

In addition to variations with respect to guiding-centre phase-space coordinates, the
guiding-centre Lagrangian (4.19) can also be varied with respect to the electric and
magnetic fields (§E, 6B), which respectively yield expressions for the guiding-centre
polarization and magnetization (Brizard 2008). Here, the Eulerian variation of the
guiding-centre Lagrangian (4.19) is expressed as (Brizard 2023b)

SLy = (faA + 3ngc) X — (80 + 8Ky) — J(5S + X - 6R)
C
e . PO
- (—8A X - eacp) + Ty - SE + (g + oo x —2 ) -8B+ (FLR),  (4.22)
C mc

where the FLR corrections, which are ignored in (4.22), are calculated to first order in
a recent paper (Brizard 2023b). Here, the guiding-centre electric-dipole moment 7 is
defined as (Pfirsch 1984; Pfirsch & Morrison 1985)

eb .
Noe = — X (X — ug), 4.23
o= X E) (4.23)
while the guiding-centre magnetic dipole moment f,, + T, X Py/(mc) is defined as the
sum of the intrinsic magnetic dipole moment

b+ 1 db b (4.24)
= — —— X .
”l'gC I'L Q dt ’

which includes the gyrogauge correction associated with S + X - SR (Brizard 2023b),
and the moving electric-dipole contribution (Jackson 1975), expressed in terms of
the lowest-order guiding-centre momentum Py = P||6—|-PE. By ignoring these FLR
corrections, the guiding-centre polarization and magnetization are defined as moments
of the guiding-centre electric and magnetic dipole moments

P = / Foe My, (4.25)
P

P
M, = PFgc ([Lgc + T X m—‘é) , (4.26)
where the guiding-centre phase-space density Fy. = J,F includes the guiding-centre
Jacobian J,. and the notation |, » includes an integral over guiding-centre momentum space
as well as a sum over particle species.

Finally, we note that, in the absence of an electric field, the classical expression
(Kaufman 1986) for the guiding-centre electric-dipole moment 7, = (eB/.Q) x X is
derived by Lie-transform perturbation method (Tronko & Brizard 2015) only if the
first-order polarization correction (3.37) is used.

5. Summary

In the present work, a set of higher-order guiding-centre Hamilton equations was
derived by Lie-transform perturbation method for the case of time-dependent electric
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and magnetic fields that satisfy the standard guiding-centre space—time orderings. The
second-order corrections in the guiding-centre Hamiltonian represented FLR corrections
of the lowest-order electrostatic potential energy e®. Additional second-order corrections
in the guiding-centre Lagrangian (4.19) included gyrogauge-invariance contributions to
the guiding-centre Hamiltonian and Poisson bracket as well as corrections leading to the
correct guiding-centre polarization.

When we turn our attention to the self-consistent interactions of the charged-particle
guiding centres and the electromagnetic fields associated with plasma confinement,
we need to derive a set of higher-order guiding-centre Vlasov—Maxwell equations.
Work presented elsewhere (Brizard 2023b) considered the variational formulation of the
higher-order guiding-centre Vlasov—Maxwell equations derived from the guiding-centre
Lagrangian (4.19) and the Maxwell Lagrangian density.

According to this variational principle, using the guiding-centre Liouville equation
(4.16), the guiding-centre Vlasov equation for the guiding-centre phase-space density
Fyoo = JuF is written in divergence form as

8Fg°+v (XF,) + 4 (P Fy) =0 (5.1)
8t & 8P|| 1™ e/ = 5 '

while the Maxwell equations with particle sources are expressed as

V.E=4np= 4Tf(Qgc -V. ch), (5.2)
10E 4 4 0P o
VxB_ -2 _ 2, 1 Joe + —= 4+ ¢V x Mg |, (5.3)
c ot c c ot

where the guiding-centre charge and current densities are Qg = fP ely. and J,. =
fP eX Fy. Here, the guiding-centre polarization charge density gy = —V « Py and
current density Jpo = 0P, /0t are derived from the guiding-centre polarization (4.25),
while the guiding-centre magnetization current density Jp,, = cV x M, is derived
from the guiding-centre magnetization (4.26). The remaining source-free Maxwell
equations are Faraday’s law 0B/dt = —cV x E and Gauss’s law V-B=0. We
note that the guiding-centre Vlasov—Maxwell variational principle also guarantees
the existence of exact energy-momentum conservation laws, derived by the Noether
method (Brizard 2008). Our recent work (Brizard 2023b) has considered the set of
higher-order guiding-centre Vlasov—Maxwell equations obtained by explicitly imposing
the quasineutrality constraint ggc = V + Plc.

Future work will explore the Hamiltonian structure of the guiding-centre
Vlasov—Maxwell equations, when guiding-centre polarization and magnetization are
included, which will generalize our previous work (Brizard 2021), and its development is
motivated by the desire to construct structure-preserving numerical algorithms (Morrison
2017) using an important set of reduced Vlasov—-Maxwell equations.
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