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Abstract

A gyrokinetic reduction is based on a specific ordering of the different
small parameters characterizing the background magnetic field and the
fluctuating electromagnetic fields. In this tutorial, we consider the follow-
ing ordering of the small parameters: eg = €2 where ep is the small param-
eter associated with spatial inhomogeneities of the background magnetic
field and €5 characterizes the small amplitude of the fluctuating fields.
In particular, we do not make any assumption on the amplitude of the
background magnetic field. Given this choice of ordering, we describe a
self-contained and systematic derivation which is particularly well suited
for the gyrokinetic reduction, following a two-step procedure. We follow
the approach developed in [Sugama, Physics of Plasmas 7, 466 (2000)]:
In a first step, using a translation in velocity, we embed the transfor-
mation performed on the symplectic part of the gyrocentre reduction in
the guiding-centre one. In a second step, using a canonical Lie trans-
form, we eliminate the gyroangle dependence from the Hamiltonian. As
a consequence, we explicitly derive the fully electromagnetic gyrokinetic
equations at the second order in €s.

1 Introduction

A strongly magnetized plasma forms a complex multi-scaled system in space
and time. Building reduced models allows the identification of the main physical
mechanisms in different regimes and configurations.

After more than three decades of active development, gyrokinetic theory is
nowadays one of the important theoretical frameworks for the investigation of
strongly magnetized plasmas. The main idea behind the gyrokinetic dynamical
reduction consists of a systematic elimination of the smallest scales of motion,
which leads to a drastic reduction of computational time.



From a theoretical viewpoint, the gyrokinetic reduction provides access to
accurate predictions on long temporal and large spatial scale processes such as
transport which is one of the main issues for fusion plasma confinement [1]. In
astrophysical plasmas, the gyrokinetic theory is also of interest [2]: Gyrokinetic
simulations have been used to access small-scale spectra, in order to fill the gaps
when magnetohydrodynamics approximations fail.

The gyrokinetic dynamical reduction exploits the fact that the particle dy-
namics is decomposed into a fast rotation around the magnetic field lines and a
slow drift motion. The temporal scale of the gyromotion is set by the cyclotron
frequency Q = eB/mec, where e and m are, respectively, the charge and mass
of the particles, B is the magnetic field amplitude and ¢ the speed of light.
The gyromotion is described by a fast gyroangle variable 6 to which the slowly
varying magnetic moment p is canonically conjugate. At the lowest order,

2
muy
= 1
2B’ (1)

where v is the perpendicular velocity of the charged particle with respect to
the magnetic field lines. The magnetic moment is a measure of the magnetic flux
through the particle orbit. From this geometrical picture comes the idea of using
1 as an action variable, canonically conjugated to the fast gyromotion around
the magnetic field lines. In the case of a constant and uniform background
magnetic field, p is an exact dynamical invariant, regardless of the amplitude
of the magnetic field.

The sources for the violation of the conservation of the magnetic moment
come from two different origins: first, spatial variations of the background
quantities on the gyro-scales such as magnetic field non-uniformities and cur-
vature and, second, the presence of electromagnetic fluctuations generated by
the plasma. The goal of the gyrokinetic reduction is to reduce the dynamics
taking into account these two sources of perturbations, and restore a conserved
quantity, a modified magnetic moment.

A fundamental aspect of the gyrokinetic theory is the assumption on the
ordering of the various small parameters present in the system. To each choice
of ordering will correspond a different reduced system and hence a different set of
gyrokinetic equations to integrate numerically. The choice of ordering is driven
by the specific geometry to be considered and by experimental observations.
There are basically two groups of small parameters, each group associated with
the two sources of perturbations which break the conservation of the magnetic
moment: one group concerns the background magnetic field and another group
characterizes the fluctuating fields.

Roughly speaking, in the first group, ep is related to the background mag-
netic field inhomogeneities. The small parameter e is given by eg = pu/Lp,
where pyy, is the thermal Larmor radius and Lp = |[VB/B||~! defines the spatial
scale at which the magnetic field exhibits significant variations.

In the second group of parameters, €5 is related to the amplitude of the
fluctuating fields, ¢ to the parallel gradients of these fields, and €, to their
temporal variations: €5 = (kL ptn)ed1/T;, where ¢ is the amplitude of the




fluctuating electrostatic potential, k; are perpendicular wavevectors of the fluc-
tuation spectrum and T; the ion temperature. Furthermore, we assume that
|A 1]l is of the same order as ¢1¢/vt, where vy, is a characteristic thermal veloc-
ity. The gyrokinetic theory assumes that €5 is small. In addition, experimental
observations report that the most dangerous instabilities occur in the plane per-
pendicular to the background magnetic field for strongly magnetized plasmas.
A small parameter takes this into account: € = ElH/Eu ~ k”/kJ_. A usual
assumption is that the temporal variations of the fluctuating fields is small, so
€w = w/Q is taken into account in the expansion, where w is a characteristic
frequency in the spectrum of the fluctuating fields and €2 is the ion cyclotron
frequency. Other parameters for the fluctuating fields can be defined and we
refer to [3] for a more complete discussion.

The main assumption on the small parameters which sustain the derivation
of the gyrokinetic model is an assumption which links both groups of parameters,
the ones of the background magnetic field and the ones of the fluctuating fields,
namely, eg ~ eg. This assumption is sustained by the majority of global gyroki-
netic codes, e.g., ORB5 [4], GKW [B], GENE [6], GYSELA [7] and GYRO [g].
The main constraint behind this choice of ordering is to have simplified models
suitable for their numerical implementation. It should be noted that recent ex-
perimental results for Tore Supra [J] as well as numerical results obtained with
ORBS5 for large systems like ITER and DIII-D [I0] indicate the necessity of
retaining the maximal ordering eg ~ €5 for typical turbulence scales in the core
of the plasma. The situation is different at the plasma edge, where the differ-
ence between both small parameters become more important, i.e., €5 ~ 100¢pg,
for typical edge turbulence scales. As a consequence, our reduction applies to
systems where the magnetic field is not so strong, which is of interest, e.g.,
in astrophysical plasmas. Concerning the parameters within the group of the
fluctuating field parameters, we consider two usual assumptions: ¢ ~ €5 and
€y "~ €5,

Given a particular choice of ordering, there exist several techniques to derive
the gyrokinetic theory: direct ones and structural ones. A direct approach akin
to [111, 12} [13] performs an asymptotic expansion on the Vlasov equation, making
the control of orderings and consistency rather cumbersome, for an alternative
direct approach, see [I4]. Structural derivations of gyrokinetic reductions follow
Littlejohn’s seminal work by using the Hamiltonian/Lagrangian framework.
The implementation of the Hamiltonian formalism for the particle dynamical
reduction towards the guiding-centre motion began with the works of Littlejohn
in the Hamiltonian framework [I5, [T6] and in the Lagrangian one [I7]. The
main advantage of these approaches is the consistency of the reduced particle
model. An additional step towards gyrokinetic equations considers the coupling
between the reduced particle dynamics with electromagnetic fields within the
field-particle Lagrangian, providing a framework for the consistent derivation
of the gyrokinetic models [I8, [19]; see also [20} 21] for a Hamiltonian field
formulation. Nowadays this framework is widely used for the derivation of
consistently reduced models suitable for the numerical implementation [3, 22]
23).



The goal of the systematic gyrokinetic dynamical reduction consists in build-
ing a new set of phase-space variables, such that the #-dependence is completely
decoupled from the other variables, and that the magnetic moment yp has trivial
dynamics, i.e., it = 0. Therefore, the reduced particle dynamics is described in
the 5-dimensional phase space with variables (X, v, u) where X represents the
reduced particle position (the gyrocentre), v| is a variable which mirrors the
parallel velocity of the particle and u is the conserved magnetic moment. This
change of coordinates is constructed via a perturbative series of phase-space
transformations. The main advantage of this approach is that these transfor-
mations are invertible at each step of the perturbative procedure, allowing one
to recover information on the particle dynamics from the averaged one.

The phase-space Lagrangian is the starting point of the gyrokinetic deriva-
tion. It is given by

Lo(x,v;t) = (zA(X) + mv) -x — H(x,v,t), (2)

where x and v are the position and velocity of the charged particle. The first
term, proportional to %, represents the symplectic (or Liouville) part and the
second term the Hamiltonian part.

Electromagnetic perturbations are introduced via the phase-space Lagrangian
perturbation:

Li(x,vit) = 5 (%Al(x, est) - % — e (%, 6515)) , (3)

where we notice that the perturbation associated with the magnetic potential
only affects the symplectic part of the phase-space Lagrangian and the electro-
static potential, its Hamiltonian part.

In [24] 28] ], the standard gyrokinetic dynamical reduction is organized
in two consecutive steps: the guiding-centre reduction, where the new set of
phase-space variables is constructed to evidence the conservation of the magnetic
moment p with respect to the background magnetic field nonlinearities, and
the subsequent gyrocentre reduction which builds a modified set of variables to
restore the magnetic moment conservation broken by the introduction of the
electromagnetic fluctuations. This gyrokinetic dynamical reduction splits the
difficulties in two steps with respect to the small parameter of the system: ep
for the guiding-centre step and €5 for the gyrocentre step. Each of these steps
consists in eliminating the gyrophase dependence from the symplectic and the
Hamiltonian part, simultaneously.

In this tutorial, we follow an alternative two-step derivation of the gyroki-
netic equations, as proposed in [26, 18], which allows treating the symplectic
and the Hamiltonian part of the Lagrangian in two consecutive steps. This is
achieved by an apt shift of the velocity, followed by a modified guiding-centre
reduction to move the 6-dependence of the symplectic part of the Lagrangian
to the Hamiltonian part. Subsequently, the #-dependence of the Hamiltonian
is removed by some canonical Lie transforms. This approach has also been the
one followed in [23] in the particular case where the electromagnetic potential



does not have any perpendicular component. This method is very well suited
for our choice of ordering.

This tutorial is organised as follows: In Sec. [2] we introduce the velocity
shift which allows the application of the guiding-centre theory following [I7].
In Sec. [3] we recall the general procedure of canonical Lie transforms and we
apply this perturbative procedure to derive the reduced Hamiltonian dynamics
at the second order in €5, explicitly providing the new set of variables at order
€s. Finally, in Sec. [} we present the gyrocentre characteristics, from which
the gyrokinetic Vlasov equation is reconstructed, and we briefly remind the
variational method to derive the reduced Maxwell equations. For completeness,
we add an appendix containing a slightly revisited guiding-centre derivation,
with the full details of the derivation, which is suited for our choice of ordering.
As a result, the derivation of the gyrokinetic model proposed in this tutorial is
self-consistent, and does not rely on previous knowledge of the guiding-centre
theory.

2 Gyrocentre as a modified guiding-centre

The perturbed one-form associated with the perturbed Lagrangian (2)-(3) is
given by
Ypert = (EA(X) + €5EA1(X, est) + mv) -dx — Hdt, (4)
c c

where L
H = imv2 + esedr(x, est). (5)

The part in dt is referred to as the Hamiltonian part of the one-form, whereas the
part in dx is its symplectic (Liouville) part. We translate the particle velocity
v:
e
v=v+e—A(x,¢€5t). 6
5 Ai(x,est) (6)

This velocity shift [26], [18] allows us to apply directly and readily Littlejohn’s
guiding-centre theory [I7] without performing the reduction calculations twice
(first, the guiding-centre reduction without the perturbation A; and ¢;, and
then the gyrocentre reduction) in the symplectic part of the one-form. Here we
can now apply the guiding-centre results on Yper¢ in the variables (x,v). We
decompose Vv into . .

v =7,b(x) +v.1(0,%), (7)

where b = B/B. The above-relation defines the two vectors L and p of the
orthonormal basis (L, p,b). Given an orthonormal basis (b (x), bs(x), b(x)),
the following vectors
1(8,x) = —by(x)sind — by(x) cos b, (8)
p(0,%) = by (x) cos§ — by(x) sind, (9)



define the angle 6. The crucial step in the guiding-centre theory is a shift of the
particle position, i.e., x = X 4 p with

p=—=p(0,X) + p1+ O(cp), (10)

where the explicit expression of p; which is of order ep is given in Appendix
[for more details on the guiding-centre theory, we refer to [I7) 27], 28]]. Here the
expression for p; is not explicitly needed since we only provide the change of
coordinates at order €5 (see Sec. . After the modified guiding-centre reduction,
the one-form becomes

Fpert = (SA(X) +mob(X) — %MR*) AX + %ﬂdé — Hdt+0(e%), (11)

where i = mo? /(2B(X)), and R* = Vb, - by + (b - V x b)b/2. We notice
that the symplectic part of Apert has no explicit dependence on 6, which was the
objective of the guiding-centre reduction. The Poisson bracket associated with
the symplectic part of et is given by

e (OFOG OFIG\ B* oG OF cb
FGl,=— (222 227V 2 (vl _Zyra ) -2
o (12)
for observables F' and G, functions of (X, 6, fi,v)), and where
0
* VvV - R* — 1
V*=V 50" (13)
. 2
B* =B+ =gV x b— =iV x R*, (14)
e e

and Bﬂ‘ = b - B*. After the translation in velocity, Hamiltonian becomes

e2

1 o _ _
H= 5mvﬁ+,uB(X)+6561/11(X, ,u,vu,t)+eﬁm||A1(x+p, est)||?, (15)

where there is an explicit #-dependence at order ¢5 and 6(2; through the potentials
11 and A;. The modified potential v is given by

_ _ V|| ~  — _
wl(xaoaﬂaﬁﬂat) - ¢1(X + P, €5t) - %b(X + P) ’ Al(X+ p7€5t)
2uB(X) » = < -
- %L(G,X+p)-A1(X+p,egt). (16)

It is important to note that all the fluctuating part has been removed from
the symplectic part of the one-form and moved to the Hamiltonian part. In
this way, the averaging over the fast variable # has to be performed only on
the Hamiltonian and not on the symplectic part of the one-form. By using
canonical transformations, the symplectic part of the one-form is not affected



(up to an exact one-form). We notice that Hamiltonian has an explicit
time-dependence, through the fluctuating potentials ¢; and A;. Therefore in
order to perform canonical transformations, it is more convenient to autonomize
the system, i.e., by considering that t is an additional dynamical variable and
introducing k its canonically conjugate variable. The extended Hamiltonian
becomes

1 - - 2 -
H = im@ﬁ—&—ﬂB(X)—kege@[Jl(Xﬁﬂ,@||,t)+e§ﬁ||A1(X+p, est) |2+, (17)
and the extended Poisson bracket becomes
OF 0G  OF 0G

where {-, -}g is given by Eq. . In what follows, the observables in the
extended phase space, i.e., functions of (X, 0, ii, )|, t, k), are denoted with a cal-
ligraphic lettering, whereas functions of (X, 0, fi, ||, t) will be denoted in roman
lettering.

As a final remark, we notice that the shift in the position [see Eq. (10)]
contains the Larmor radius from the guiding centre and also the displacement
generated by the perturbation field A, and explicitly depends on A;. At the
leading order we have:

_ mcs, — mcax 1
x=X+e—Bbxv:x+e—Bbxv+65§be1+c’)(e§). (19)

Furthermore, the averaging procedure performed in the Hamiltonian will modify
the position X into the position of the gyrocenter X4,. We will come back to the
expressions of the new coordinates after performing the averaging procedure.

3 Averaging procedure of the Hamiltonian

3.1 Canonical Lie transforms

In order to perform the averaging with respect to the fast variable @ in the Hamil-
tonian, we use canonical Lie transforms. These transforms are near-identity
canonical changes of coordinates which do not modify the expression of the
symplectic part of the one-form (up to an exact one form), or equivalently, do
not change the expression of the Poisson bracket. A canonical Lie transform
only affects the Hamiltonian, and with an apt choice of generating function elim-
inates the unwanted part of the Hamiltonian, in our case, its fast-varying part.
For more details on Lie transforms, we refer to [29]. The invertible change of
coordinates from the old variables Z = (X, 0, fi, 7, t, k) to the new (gyrokinetic)
ones Zgy, = (Xgy, Ogy, Vjjgy, t, kgy) is defined as

Zyy = c*5Z, (20)

where S is the scalar generating function of the transformation which is chosen as
a function of (X, 0, i, v)|,t), and the operator £g is defined as £5 = {5,-}. The



bracket {-,-} is given by Egs. —. This change of coordinates transforms
any observable F(Z) into F(Zgy,) according to

F(Zy) = 5 F(Zg) = F~ (S, F}+ 3 {SAS FN+0(5Y), (1)

which is obtained from the scalar invariance F(Zgy,) = F(Z) (and the fact that
the Poisson bracket satisfies the Leibniz rule) and where the right-hand-side of
Eq. is evaluated at Zgy.

We recall that the guiding-centre Poisson bracket is decomposed into

{F,G}gc = {F,G}_1+{F,G}0+{F,G}1, (22)

and the Hamiltonian H = Hy + €5 H1 + €2 H> [see Eq. } In order to remove
the A-dependence from H, we consider a generating function of the type S =
€551 + 6§S2. The purpose of S; is to eliminate the fluctuating part of the
Hamiltonian H at order €5 (i.e., present in H;) and Sy eliminates the fluctuating
terms at order 6(%. In order to illustrate the method, we first consider the order

€s. We decompose H; in a fluctuating and an averaged part: H; = I?l + (Hy),
where (H;) = (2m)~! 0277 dfH,. At order ¢, it leads to

H=H-{S, H}g — % + 0(5?), (23)
ie.,
] _ 05, ,
H = Hy+es <H1> + H, — {Sl,Ho}_l — {S1,H0}0 — {S17H0}1 — W +O(65).

(24)
By inspecting the various terms in the above-equation, we notice that {S1, Ho }1
is of order €p since it involves VB. This term is thus neglected even at the next
order since, according to our ordering, eg ~ eg. The term {5'1,H0}0 involves
a term proportional to B* - VS;. Up to order ep, this term is the parallel
gradient of the generating function. Since the generating function is a function
of the fluctuating fields, this term will be of order of the parallel gradients of the
fluctuating fields ¢; and A;, which are assumed to be of order €5, so the term
{S1, Ho}, is moved to order €%. In addition, we assume that 957/t is of order
€5 which comes from the ordering €, ~ €s. Therefore the resulting equation
which determines the generating function S is

S1,Ho}-1 = —— = H;. 25
{1 Hoor = S L — H, (25)
At the leading order, the new Hamiltonian becomes

H:H0+65<H1> +O(€§) (26)

We extend this analysis to the second order, where the expansion of the Hamil-
tonian is given by Eq. as

- 95 1 1{, 08
H=H (S, Hyge = 5 + {548, H}schue + 5 {S, (%} +0(5%).  (27)
gc



The terms containing 9.S/0t comes from the fact that the transformation is
time-dependent [and is taken care by the extended bracket (I8)]. The term
{S5,05/0t}qc in Eq. is neglected since it is of order €} given that €, ~ €5.
The expansion of the Hamiltonian at the order €2 becomes

05,

_ a5
H = Ho+e(Hi)—¢5 ( + {SlaHO}o) + €5 <H2 - =2

ot ot

—{S1,H1}gc — {52, Ho}gc + 5{517 {51, HO}gc}gC) +0(€3). (28)

We eliminate the term €20S2/0t since it is of order €} given that €, ~ €. In
the term {S2, Ho}ge, only the term {S2, Ho}_1 matters since {S2, Hp}o and
{Sq, Ho}1 are higher order using the same argument as above for S;. Using the
same argument, in the term {S1, {S1, Ho}gc } g, only the terms {1, {S1, Ho} -1} -1
and {S1,{S1, Ho}-1}1 remain, since the term {S1,{S1, Ho}-1}o = {51,1/171}0
involves parallel gradients of Sy or Hy (of order €5). This leads to

_ a5 _
H = Hoy + es(Hy) — €5 (atl + {517H0}0> +€ (<H2> + Hy — {S2, Ho} | — {S1,H1} 1

SORAREIEREN. SIR IS SEREN SN RN TR

We choose Sy such that it eliminates the fluctuating part of H at order €2. The
equation which determines Sy is then

—_— /—/
{527H0}_1 = Hy—{S,(Hi)}-1— = {51,H1} 1—€5 (8651 + {517H0}0>
1f—N’
_{Sl’<H1>}1 _5{517H1}17 (30)

where we have used Eq. . Consequently, the new Hamiltonian becomes

7 = ot () + (1) = 50081 Fi)0) = 50080 i) ) + 0L 31)

3.2 Application to Hamiltonian ({15))

We rewrite the Poisson bracket {7, IZ},l as
—~ e 0 (=05 e 0 (=051
Si,Hi} 1=——\H—)|—-——=|Hi— |. 32
{51, My mc@ﬂ( 189) mcae( 16@) (32)
From the expression of S;, we conclude that the averaged Hamiltonian H ob-

tained from H = Hy + es Hy + €§H2 is

_ 1 0 /—~2 A —~
= Hyvestit)+6 ({1 - 5o 2 (M) + 556+ (950 % V) ) +0(),
(33)



where we have used Eq. and where we notice the presence of two additional
second order terms, compared to the naive average of the Hamiltonian. Next,
we apply this result to Hamiltonian where, in the old coordinates Z,

1
Hy = iB(X) + §m17ﬁ, (34)
Hy = €¢1 (Xa 9_7 s ’DH ) t)? (35)
2
_ ¢ < 2
H2 - 2mc2 ||A1(X+p7 65t)|| . (36)

In the new coordinates Zgy, the reduced Hamiltonian is then

Hgy = Hge+ ese(in)
2 2
5 f e oy € 0 /2
# (a4 Ky + ool = g5 5o ()

mc2

_ WB(ng) . <V% x /degyv%» ;o (37)

where

_ mce 2pgy B(Xgy)
Pgy = eB(Xyy) m p(Ogy, Xgy). (38)

In Eq. , the function 1, is evaluated at (Xgy, Ogy, fgy, V|gy,t), and Hg is
given by

1
Hge = pgy B(Xgy) + imvﬁgy' (39)

The averaging has been performed using the generating function S; given by

me ~
S1(Xgy: Ogys Hays Vjjgys t) = f/dogy V1(Xgy, Ogy, ey, Vljgy 1) (40)

which is essential in order to determine, at the leading order, the change of
coordinates which has realized the reduction.
We recover the expression of the Hamiltonian obtained in [25] [T8] 3].

3.3 Changes of coordinates

Next, we look at the expression of the change of coordinates which links the
particle dynamics with the gyrocentre dynamics. We recall that, at the leading
order, this change is a result of two steps: a translation of the velocity by the
perturbation fields and of the position by a modified Larmor radius, and an
averaging performed at the Hamiltonian level using a canonical Lie transform.
Below, we provide the explicit expressions at order €.

Given our choice of generating function and the ordering of the bracket, the
old coordinates Z as functions of the new (gyrokinetic) ones Zg, are written as

Z ="2g — es {51, Zgy}gc + 0(53)' (41)

10



We remind that there was a first step (a modified guiding-centre step) which
mapped (x,Vv) into (X, 0, fi, 7))

5 me 2uB(X) . - o
x=X+ BX) - p(60,X), (42)
v =5b(X) + %(X)i(é, X) e A(Ktpesl) (43

The second step performed the averaging of the Hamiltonian using a canonical
Lie transform. It mapped (X,0,[i,7)) into (Xgy,0gy, fgy, Vjgy). Up to order
O(€%), the expressions for this second change of coordinates are

ng = X + 65{517X}0 + 65{517)_(}17

_ 051
=X - b—— —b 44
© (m topl! B VSI) ’ (44)
_ — (& 851
egy:0+€§{51,9}_1:9766%87ﬁ, (45)
Pey = fi+€s{S1, i} 1 = i+ €5— 1/11, (46)
Vllgy = U)- (47)

By combining the two changes of coordinates, we obtain
x = Xgy+pgy —€5{51, Xgy + Peytec
1 — c
= ng + Pgy + €s |:—Bb/d0gyA1| + eiBb X VSl

1 me2 [~ - aTf/fvl
—— 0 — 2ey L [ dbgy —— 4
B\ 210, B (%P Hgy / gy Dligy ) (48)
. eB eB ~ e
V. = Ugyb— %b X Pgy + Eé%b X {S1,Pgy} -1 — 65%1&1, (49)

where the functions B, B, p and 1 are taken at Xgy, and the functions 121, S1
and its derivatives, at (Xgy, Ogy, figy, V|gy). The fields A; and ¢; are evaluated
at Xgy + Pgy, Where pgy is given by Eq. (38)).

We introduce the variables (6, i1, v)) associated with the velocity v:

v = v b(x) + %(X)i(ax). (50)

The expressions of the variables (6, i, v)) are given by

e 0851 m

0= 0+ ( n b A ) , 51
gy a,ugy zugyB 1 ( )

e [~ gy B -
= gy — €5— Sy A 2
1= Hgy eaB<¢1+c - 1] (52)

(&

Ul = Vlgy — €5 Ayl (53)

11



From these expressions, we deduce the relation between pg, and the Larmor
radius:

mc, 1 .
Eb XV = pgy — €5{S1, Pay -1 — Gggb x Aq. (54)

In the two-step reduction procedure we presented, the complexity of the
derivation is shared between the Hamiltonian and the symplectic parts of the
phase-space Lagrangian: First, the velocity shift allows one to move all the
gyroangle dependencies from the symplectic part to the Hamiltonian, so as
to apply readily the guiding center transform. Then a series of canonical Lie
transforms are applied to the Hamiltonian to finalize the dynamical gyrocenter
reduction. An alternative derivation uses a general reduction method applied
to the Hamiltonian and the symplectic part at the same time, which requires
applying non-canonical Lie transforms to the differential forms (see e.g. [3]).

4 Gyrokinetic Vlasov-Maxwell equations

We derive the gyrokinetic Maxwell-Vlasov equations following [I8] which pro-
vides the following Lagrangian:

: E]>— B+ eV x A2
L= Z/dvo AWy F(Zo,tO)Lp(Zgy(Zg,to;t)7Zgy(Zo7t0;t),t)+/dVl " - | 8; i :
sp

(55)
where . R _ me .

Ly = (EA + mngyb) Xgy + ?Hgyogy — Hgy, (56)
and where the gyrocentre distribution function of the species sp F(Zg,to) is de-
fined at the arbitrary initial gyrocentre phase-space position Zg and arbitrary
initial time ty. We will not use a specific notation to distinguish the distribution
functions of the different species for simplicity. The reduced phase-space vari-
ables are Zg, = (Xgy,V|gy,Hgy) and the phase-space volume element is given
by dQ = dVpdW, with dVfy denoting the volume element in physical space, i.e.,
dVp = d3xgy for the gyrocentre part and dV = d3x for the electromagnetic part;
the velocity gyrocentre phase-space volume is dWjy = Bl"l‘(ZO)degydugdegy.

We perform the change of variables Zg, = Zgy(Zg,to;t), such that the first
term of Eq. becomes:

Z/dQ F(Zgy’t)Lp(Znggyvt)'
Sp

The gyrokinetic Vlasov equation is obtained using the gyrocentre characteristics,
from the conservation of the distribution function along the trajectories, i.e.,

d 0 . 0

EF(Zgy(Z(),t[);t),t) = aF(Zgy, t) + Zgy . @F(Zg}”t) =0. (57)

For the electromagnetic part of the Lagrangian, we use the quasi-neutrality and
Darwin approximation [see, e.g., [30, BI] for more details] which boils down to
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neglecting the E? term in the Lagrangian. The resulting expression for the
gyrokinetic Lagrangian used for the derivation of the gyrokinetic Poisson and
Ampere equations is:

|V x (Ao + es5Aq) |?
L= Z/dQF ey D) Lp(Zgy, Zigy 1) — /dV °8ﬂ ol +0(&).

4.1 Gyrokinetic Vlasov-Maxwell equations

In this section, we provide the gyrokinetic Vlasov-Maxwell equations in the weak
form, since this form is well suited to the finite-element discretization, necessary
for PIC Monte-Carlo simulations as performed in ORBS5.

The gyrokinetic quasineutrality equation is obtained in the weak form using
the functional derivatives of the action:

oL -~ > e 9 N b
0 = 301 001 = €5 gp:/dﬂ F (—e<¢1> + 655% (<‘I’1¢1> - <‘I’1><¢1>>
2 -~ — —~ =
+65%b : <V¢1 X /degyv‘l’l + V¥ x /degyv¢1>> ) (59)

where 51 is a test function, evaluated at Xgy + pgy .
The parallel component of the gyrokinetic Ampere equation is given by
oL -~

l
0 = 8A1H OAlH = 47T' dv Al” b V x B+E5Z /dQ F—== Y <A1H>

62 T . A
- 2 /dV VA - [bx (VxA)] - eﬁg 3 /dQ F(Ay Ayy)

_ egz/dg FU"fyBa,i (w2 Ayy) - () (Ayy)) (60)

- eéz/dg F—% .<v,11| x /dagyv\ifl + VT x /degyvﬁl||>,

where A1\| is a test function, evaluated at X,y 4+ po, When the integral is over
d©?, and evaluated at X,, when the integral is over dV. The perpendicular
component of the gyrokinetic Ampere equation is given by:

oL /2ng
0 = 5A1LOAU___7 dV A, - VXB +Egz /dQF J_ AlJ_>

2

€ ~ ~
— ﬁ dv (VXAl)-(vXAu)—%%;M/dQF<A1-Au>

- eéz /dQ FBaugy ( 2/:§ZQB(<‘I’1J—'A1J_>—<\I/1><J_~A1J_>)>
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me?  [2pugy B~ — —
—E§Z/d9 F@,/ ngQ b.<V(¢-Au) x/degwal
Sp
. —_—
+V‘I]1 X /degyV(_LAlJ_) s

where 2&1 1 is a test function, evaluated at Xy + pgy When the integral is over
df), and evaluated at X, when the integral is over dV.

We remark that both Ampére’s laws and are identical to the results
presented in [I8] and [3].

4.2 Gyrokinetic particle characteristics and the gyroki-
netic Vlasov equation

The gyrokinetic Vlasov equation is obtained from the gyrocentre particle char-

acteristics following Eq. and taking into account that dZ/dt = {Z, Hyy }gc.

The gyrocenter characteristics are given by:

~

: cb B* 0H,

Xy = {Xgy, Hoy b, - X VHgy + —— —2&~, (62)
8y sy) Hgy g eB; 8y mB; Ovgy

. B*

Ulgy = {Vley> Hgy}gc = "B VHgy, (63)

where Hgy is given by Eq. (37). The fully nonlinear gyrokinetic Vlasov equation
for the Vlasov distribution F'(Xgy, v|gy, figy,t) is therefore given by:

_dF OF OF

0= ar - ot +{Xgy: Hoyboe - VF + {v)jgy, Hgy }ec

—,  (64)
V| gy

where we notice that the term in 0F/Oug, is absent since {ugy, Hgy}tee = 0.
The Vlasov equation can be rewritten with the help of the Poisson bracket :

oF

ot

Equation for the Vlasov equation and Egs. , and (61f) for

the Maxwell equations constitute the second-order gyrokinetic Vlasov-Maxwell

equations associated with the second order Hamiltonian for the gyrocentres

given by Eq. , consistent with the ordering ep ~ €2. We notice that due

to the quasi-neutrality and the Darwin approximations, the gyrokinetic Poisson
and Ampere equations do not contain explicit time derivatives.

= —{F, Hgy}gc- (65)
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A Littlejohn’s guiding-centre theory

In this Appendix, we revisit Littlejohn’s guiding-centre theory, following [17].
We begin with the one-form for the motion of the particle:

v = (ZA(X) + mv) -dx — Hdt. (66)
The revisit comes from the fact that we do not consider € as a small parameter
as it was done in [I5] [16, [I7]. Here the small parameter is e which relates to
the spatial variation of the external magnetic field.

The idea of the guiding centre is to find a change of coordinates which
removes the fluctuating part from the one-form. The guiding-centre transfor-
mation is based on two different changes of coordinates, a far-from-identity
transformation which consists of a shift of the position by the Larmor radius,
and a near-identity transformation which eliminates the fluctuating terms of the
one-form at order ep.

The first step is a translation by the Larmor radius, inspired from the situ-
ation where the magnetic field is constant and uniform:

X:i+po. (67)

We translate the velocity, by defining

w= vt S A+ po) ~ AR~ (0 VIAR) ~ L(popo: VOIAR)|, (69

where the last term written in indices is —(1/2)p;p;0%A /07,07 ;. We notice that
the quantity with which the velocity has been translated is of order €% (since it
involves third derivatives of the vector potential, i.e., second derivatives of the
magnetic field). We decompose the velocity w in the following way:

w = w”ls(x) +w, 1(0,x), (69)

where the orthonormal basis (b, L, p) is defined in Sec. [2} We decompose the
one-form as

Y=+, (70)

where e .
70 = (SAG) +muyb(x)) - dx — Hat, (71)
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and

" o= (S(Po -V)A + (popo VV)A + mw, L(0,% + po) + mw) [b(X + po) — B(X)]) -dx

0)) -dpo.

+ (SA +(po - V)A + < (popo : VV)A + mwy 1(0,% + po) + muwyb(x +

2c

We use a gauge-invariance to simplify the one form:  can be replaced by
7 + do where o is any scalar function of (X,w),w). Looking at the shape of
71, especially the terms in dpg, some terms are removed by considering

e e e
o1 Z—EA'PO—%(PO'V)A'Po—&(PoPoivv)A'Po~ (73)

In what follows and otherwise specified, the dependence of the functions on the
variables is omitted when these functions are unambiguously expressed in the
current set of variables. The one-form becomes

eB
y1+doy = (bXpoJr (po - V)(Bb) Xp0+meJ_+me(po V)J_
+muw) (po - V)b) -dx
+ (b Po+ — 30
+ muwj (po - V)b) - dpo,

where we have neglected the contributions of order €%. In the above expression
we have used the identity

(po-V)A — VA - py = Bb x py. (75)

The condition for pg is

B . ~
%b X po+mw; L =0, (76)
ie.,
_mw,c .,
Po = oB (77)
The one-form becomes
m2c wi . N . 94 - . - _
v +doy = B ﬁ(p -V)(Bb) x p+wi(p-V)L+wjwr(p-V)b |- -dx
m2e 1 me [ w? - . . -
+ w”uu(ﬁ - V>b)} d(w.p). (78)
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(Po V)(Bb) x py +mw L +muwi (py- V)L +muwb

(74)

(72)



The leading order term (in the small parameter €g) is

mQC

.1 . ) 2
— (w”b + QWJ_J_) d(wy p) =

m-c

eB eB

2 2

{“’;de - (“’;VL p—wiwVp- b) -dsc] :
(79)

since L = 9p/060 and where we have used Vp- L = —V_L - p. We notice that

the terms in dx are of order eg. We rewrite the one-form ~ as

v+ dor =0 + 1, (80)
where 5 o
= — (S A(% b(x)) - dx -+ Wi
70_<CA(X)+meb(X)) dx + “=Lla0 - Hat, (81)
is the leading order and
_ m?c (w2 . - . 9/ ~owt_s - R _
oGl =— |5 - V)(Bb)xp+wi(p-V)L - —VL -p+wwr(Vxb)xp]|- dx
eB \ 2B 2
(YL 5 ) (BB) x p+ut (p- V)L
252 \ 3B Y prwi{p
Fwywy (p- V)B) (pdw, +w, 1d9), (82)

is of order ep. Here we have used the identity (p-V)b+Vp-b = (V x b) x p.
We notice that the order ep of the one-form, i.e., 71, contains fluctuating terms
in 0. These terms are eliminated by a near-identity transformation which we
consider at order one in ep:

XZX—Ff(X,W”,WL,@), (83)
wy = Wy + Wy(X, Wy, Wi, 0), (84)
wL:WJ_-f—WJ_(X,WH,WJ_,@), (85)
0:@+T(X,WH,WL,@), (86)

where the unknown functions §, W, W, and T are of order €p.

Since 71 is of order ep, its expression in the new coordinates (X, W), W, ©)
is exactly the same as in the old coordinates (X,w),w,,0) up to €% terms. It
remains to expand 7g at the first order in eg. The expansion leads to

2 2
Jo = (CAX) +mWb(X)) - dX + = Wicio - mat+4,  (s7)
where
o = (S V)A+mWb)-aX+ (SA+mwb) - dg
Cc Cc
m?e m*W?c
JreiBWLWLd@Jr 2B dT. (88)

We notice that we have used the approximation B(X + &) ~ B(X) since the
gradients of B are of order eg and & is also of order ep, so the difference
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B(X +¢) — B(X) is of order €%. The same approximation holds for b. Using a
gauge transformation similar to Eq. , we simplify 75 into

B, . .
Jo+doy = (ecb X €+ mW”b) CAX A+ mW)b - dg
m2c m2Wic
o WIWLAO 4 T, (89)
with .
o= —“A £ (90)

We look at the one-form 41 + 742 4+ dos and determine the unknown functions &,
W, Wi and T such that this one-form no longer possesses ©-dependent terms.
We notice that the spatial derivatives of T and £ are of order ep; therefore, the
terms in d§ and d7 only contain terms in dW), dW, and d©. For the same
reason, the terms in dpg in 43 only involve terms in dW, and d©.

Combining Eqs. and (B9)), the one-form 51 + 7, + doy can be written as

A1+ A2+ doy = Tx - dX + Ted@ + I dW) + T dW, . (91)
The terms in dX are

W . . N S W2
I'x = —bxg—&—mWHb—i- B {2§(p V)(Bb)xp+Wi(p-V)¢—7LVL-p
+ W“WJ_(V X b) x p} (92)
The terms in dO are
- 0 m*W2coT m?c
Fe = miWyb ag)+ 2B 96 op IV
m3c2 [ W3 . P
+eQB2[ 3Bp VB+ W Wi(p V)b~J_], (93)

where we have used the identities Vb-b = VL - 1 = 0 since b and L are of
unit norm. The terms in dI/VH are
o0& m*Wic oT

Ly =mWb-
I mn I 8W||+ 2eB 8WH’

(94)

and the terms in dW | are
a 2W2 (9 3.2

& LM Wie T Lmee [ 205
oW 2¢eB OW, e2B2

V)L p+WWi(p-V)b-p

(95)
The terms in I'x perpendicular to b determine the perpendicular component of
&, whereas the terms parallel to b determine WW. The perpendicular component

FJ_ = mVVHE)

of £ is obtained from the cross-product of T'x with b, and is given by

n m2c? VVL . R L
€ = 5m |55 (0 VB +WEbx (5 V)L =W Wi(b-V x b)),
(96)
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where we have used the fact that b x [(p - V)b x p] = 0 which comes from
Vb -b = 0. The scalar product between I'x and b leads to

W, :g <M;J‘(pA-V)B~JA_—W|WL(VXB)-j_>, (97)

where we have used the identity V1-b=-Vb-L1l. InTx, which this choice
of functions, it remains

where R =V L - p= Vb, - by which is independent of the gyroangle ©.
The first two terms in I'g, I’ and T"; calls for a gauge transformation with

27172
m-Wic

ng—mW”b-f— %8

(99)

The terms in I'g, I'j and I' ] becomes

~ m?c m3c? w3 I
T = —— _ Ly 2(p- .

o WL+ s [ 25 h VB+WWi(p- V)b J_] , (100)
[y = —mb-¢, (101)
~ mQC m302 N -~ N ~ N ~
Il o= —ZWAT+ 55 {Wf(p-V)L-p—&—WHWL(p-V)b-p} (102)

Using this gauge transformation, the equations which determine the unknown
functions W, , W) and the parallel component of £ have been decoupled. We
choose T such that it only eliminates the fluctuating terms. Using the following
expression for the fluctuating part of (p- V)b - p :

‘ 1

(p-V)b-p=5((p-V)b-p—(1-V)b-1), (103)
we obtain the following expression for T
_ mc I L P S S
=7 [Wl(p V)L -p+ 5 <(p Vib-p—(L-V)b J_)} . (104)
In the one form it remains a term in dW :
m3c? . . . PO
o WiWL [(p V)b p+ (L V)b- J_] dw, . (105)

w2 [(,s V)b p+(L-V)b- i} : (106)

the term in dW, is eliminated and a new term appears in dW), which then
determines the parallel component of &:

2.2
mec 9 - -

bog=—10m L[(ﬁ-V)Bﬁﬁ—(J_-V)B-J_}. (107)
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For W, , we choose

2
Wng %f)-VB—W”WL(ﬁ-V)b-J_ , (108)
in order to eliminate terms in d©. Other choices of functions §, W), W, and T
are possible and lead to equivalent theories, also when pushed to high orders [see
[28, 132,133} [34] for more details]. Using the change of variables defined by Eq.
with the functions defined above, the ©-dependence has been removed from the
symplectic part of the one-form. However there is still some dependence in ©
in the Hamiltonian
Now, we proceed with the last step which is a canonical Lie transform of the
Hamiltonian as in Sec. This transformation does not affect the symplectic
part of the one-form and is only designed to eliminate the ©-dependence in the
Hamiltonian. With the change of coordinates , the Hamiltonian has been
changed into

1 1
H = 5mWH2 + 5mWi +m(WyW + WIW1) + O(ep). (109)

We consider a canonical Lie transform with the following generating function

08  m2c —~ —~

where VN\/H and )7\/1 are the fluctuating part of % and W,. We notice that
the gradient of the generating function, i.e., V.9, is of order €4. The way to
determine the generating function S follows from the same principle as briefly

explained in Sec. [3} The Hamiltonian becomes

H= %mWﬁ—&—%mWi+m(Wu<WH>+WL<WL>) = %mw+u3+%mub.(wb),
(111)
where 1 = mW?/(2B). Here we have used the identity ((p-V)b- L) = —(b-
(V x b))/2. In order to complete the guiding-centre derivation, we need to
specify the full change of coordinates, which is a combination of the change
given by Egs. — and the canonical Lie transform, which is, up to order

2 .
€3 terms:

N L
R=X+E+{S X}ye =X +&- +(b-&b— — 0, (112)
& mBWH
wy =W+ W)+ {5 Wjlge =W+ W, (113)
B S
wJ_:WJ_+WJ_+{S7WJ_}gc:WJ_+WJ_+m:7W%, (114)
eB 0S
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where the Poisson bracket is obtained from the symplectic part of the one-form,
and is given by

e (OFOG OF 0G\  B* oG OF cb
F = =T = NRvasn _ ) (V*FxV*Q),
U Ghee = 00 (a@ o aﬂa@) mB"l‘( oW, oW, ) eB] (VIFXV70)
(116)
where
vi_v-RrR 2 (117)
- 20’
. 2
B' =B+ WV xb-"uV xR, (118)

and Bl’“ = B*-b. In order to obtain explicit expressions for the change of
coordinates, we specify the fluctuating part of the functions W and W, :

W, = ZE(?E,@-VB—W';Q ((ﬁ-V)B-iJr(i-V)B-ﬁ)), (119)
Wy = 2 (B ((pW0b- Lt (LoW)be ) — WLV x B)- L{ha0)

where we have used the fact that the fluctuating part of (p- V)B - L is given by

—_— o
(f)-V)b-J_zi((ﬁ-V)b-J.+(L-V)b~ﬁ). (121)

The generating function S is chosen to be purely fluctuating:

_we (W W

((ﬁ-V)B-ﬁ— (i~V)B-i) + WEWL(V x b) ~ﬁ} ,
122)

where we have used the fluctuating part of (p- V)b - p is given by Eq. (103)).
Therefore the change of coordinates from (x,v) to (X, W), W, ©) is given by

x=X+

mWic. m2c _ﬁ
eB P epr\ 2B
—W W, ((B Vxb)p+2p-Vx B)B)

w?

((f) VB)p+2(L- VB)i)

8
M(—3ﬁ~vﬁ~i+i~V5~ﬁ>ﬁ

Wi (3[3.VB.,3+1.VE).1)B+W||2((i~VXB)ﬁf(pA~VXE))JA_>



3Wyw
UL:WL“FW(—H—

op s WWL. . ) F
B 4 p~Vb-J_+TJ_-Vb-p+W”V><b-J_, (125)

o mc WJ_A " ~ " VVH . ~ ~ A A
9—®+6]3(—BJ_-VB+WLp-VJ_-p+4(p~Vb~p—J_-Vb-J_)

L
—— v xbp 12
lex p>, (126)

where the right hand side is evaluated at (X, W, W, ©) and where
v =b(x) + v, L(6,x). (127)

The inversion of the change of variables given by Eq. , i.e., providing (X, W), W, ©)
as functions of (x,v,v1,0), gives the exact same equations given in [I7].
We note that the term W”ul; -(V x E)) is usually moved to the symplectic
part of the one-form by a translation in W). In the new coordinates, it leads to
the Hamiltonian

1
Hye = pB(X) + ng”?, (128)

and the one-form

Vgc = SA(X) + mW”b(X) - %MR* -dX + %Md@ - chdta (129)

where R* = Vby - by + (b -V x b)b/2.
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