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ABSTRACT. In this paper, we develop a new strategy aimed at obtaining high-
order asymptotic models for transport equations with highly-oscillatory solu-
tions. The technique relies upon recent developments averaging theory for
ordinary differential equations, in particular normal form expansions in the
vanishing parameter. Noteworthy, the result we state here also allows for the
complete recovery of the exact solution from the asymptotic model. This is
done by solving a companion transport equation that stems naturally from
the change of variables underlying high-order averaging. Eventually, we ap-
ply our technique to the Vlasov equation with external electric and magnetic
fields. Both constant and non-constant magnetic fields are envisaged, and as-
ymptotic models already documented in the literature and re-derived using our
methodology. In addition, it is shown how to obtain new high-order asymptotic
models.

1. Introduction. In a large variety of situations, one is confronted to the resolu-
tion of a family of transport equations of the form

8tf(t7y)+Fs(y)'vyf(t7y) =0, f(ovy) :fO(y) €ER, teR, yeR, (1)
indexed by a small positive parameter €, whose occurrence in real-life models often
lies at the core of numerous theoretical and numerical difficulties encountered in
obtaining a(-n) (approximate-) solution. The nature of the difficulties (both the-
oretical and numerical) triggered by the presence of £ may vary according to the
form of the vector field y — F¢(y) € R™. In this article, we shall address the
highly-oscillatory situation where it can be split into two parts

Fo(y) = ~w(s) G(y) + K(y) )
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where the flow (¢,y0) — P:(yo) associated with the differential equation
y(t) = Gy(®),  ¥(0) = vo, (3)

is assumed to be periodic, regardless of the specific trajectory (i.e. independently
of the initial condition yo at time ¢ = 0) and where y — w(y) is a scalar func-
tion bounded from below by a positive constant. Owing to the 1/e-term in front
of the vector field GG, the solution of the transport equation evolves in a highly-
oscillatory regime as soon as € becomes small, which is specifically the regime under
investigation here. Since our ultimate goal is the design of high-order uniformly
accurate numerical methods (i.e. methods whose computational cost and accuracy
are not influenced by the value of €), the identification of the asymptotic models is
a pre-requisite: this is the task addressed in this work.

Examples of highly-oscillatory equations of the form (1) are numerous [2, 3,
4,5, 13, 14, 15, 16]. It is obviously out of the scope of this introductory paper
to treat all of them: we will rather concentrate on the following model that will
constitute hereafter our target application, namely the Vlasov equation with
strong magnetic field

O f(t,x,v) +v-Vyf(t,z,v)+ (E(:,E) + év X B(x)) Vo flt,z,v)=0, (4)

where 2 € R? and v € R? denote respectively the spatial and velocity variables,
f: R xR?x R?— R is the distribution function, i.e. the density of particles at
time ¢, position x and velocity v, and where E : R? — R? and B : R? — R? are
respectively the electric and magnetic fields, assumed to be external at this stage
(i.e. not coupled with f through Maxwell equations for instance).

Our first objective is this paper is to derive formal asymptotic models for equa-
tion (1) with F* satisfying (2) and w = 1. Rather then merely obtain the limit
equation where ¢ tends to zero, we demand higher-order terms in powers of €. The
methodology we propose relies on recent results from the theory of averaging for
highly-oscillatory ordinary differential equations [20, 21], and more precisely on nor-
mal forms obtained as e-expansions. Such series have been derived with the help
of B-series in [6, 7, 9] or somehow more simply in [17, 18, 19] with word-series'.
The underlying results we shall lean onto will be presented in Section 3, but prior
to that, we shall show in Section 2 how the splitting of the vector field F*¢ into two
commuting vector fields naturally leads to two independent transport equations?.
The corresponding first result (for constant w) will be stated in Section 4.

In Section 5, we will address the much more involved situation of a varying
frequency (w non-constant in (2)), which requires to work in an augmented space.
In particular, the main result of this paper will be stated there. It allows to rewrite
the original transport equation (1) as a set of four non-stiff equations for a phase
function (S) and a profile function (h). This procedure is inspired from the recent
work [11], although the context here is different. The two equations for the profile
function are the counterpart of the averaged equation obtained elsewhere in the
literature. However, solving the equation for the phase function S allows to recover

L Although the effect of truncating the aforementioned formal series has been fully analysed
in subsequent papers [7, 8], it is out of the scope of this first paper to present a complete error
analysis.

2The aim of this section is to introduce the rationale underlying our methodology, i.e. the idea
that decomposing the vector field F in (1) into two commuting vector fields allows to separate
the stiff and non-stiff parts of the transport equation.
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exactly the complete solution of (1). This part is up to our knowledge completely
new. Since we use series-expansions, it is possible to write down explicitly and in a
systematic way the terms appearing in the four equations for S and h. In Section 6,
we shall eventually envisage our target application (4) and show how to obtain the
terms of these developments. Firstly, in Section 6.1, we will consider the case of a
constant magnetic field B(x) = B in (4) with a physical space of dimension two, as
it appears to be a simple application of the results of Section 4. Secondly, in Section
6.2, we will address the more involved situation of a varying magnetic field (B non-
constant in (4)), which requires a preliminary treatment of the transport equation,
as exposed in Section 5. At last, we shall treat equation (4) in full generality, i.e.
in three dimensions and with a general magnetic field, and compare the equations
we obtain with our methodology to results previously published in the literature.

2. Decomposition of a transport equation. Let us consider the Liouville equa-
tion
Of(t,y) + F(y) - Vyf(t,y) =0,
associated to a split vector field of the form
F=F + F5,
and let us make the fundamental assumption that the Lie bracket of F; and F5
vanishes, that is to say that
vy e R",  [F1, F2](y) == (0, F1)(y) Fa(y) — (0yF2)(y) Fi(y) = 0.
This commutation of vector fields further manifests itself as the commutation of the
two flows® associated with F; and F», or as the commutation of the Lie operators

associated with F; and F,. More precisely, denoting L, and Lp, the operators
defined, for any smooth function g € C*>°(R™; R™) by

Yy € R", Lp(9)(y) =0yg(y) Fi(y) and VyeR", Lp(9)(y) = 0yg(y) F2(y),

we have!
£F1£Fz == £F2£F17 (5)

i.e. more explicitly
Vg e CX(RSR™), L, (Lr(9)) = Lr (LR (9)).

The method of characteristics immediately gives for any smooth solution of (1)
vt € R, f(tv ) = exp (_t‘CF1+F2)(fO)’ (6)

which, owing to relation (5), can also be written as

VEER, f(t,) = exp(~tLr)exp (—tLr,)(fo) = exp (—tLp,) exp (—tLr ) (fo)-
(7)
A somehow natural step forward now consists in separating the two times in previous
relation and defining the new function with additional variable 7

f(ta 7, ) = €xXp (_T‘CFl) €Xp (_t[’Fz)(fO) = €xXp (_t‘CF2) exXp (_TL:Fl)(fO)' (8)
We are now in position to state the following proposition, which shows that the
augmented function f is in fact the unique solution of a system of two independent
equations.

3These flows are assumed to be defined for all ¢ € R and all y € R” without further notice.
40wing to the general well-known formula Lp Lp, —Lp,Lp = E[F1,F2]'
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Proposition 1. Consider the system composed of the following two transport equa-
tions

V(taTay) ERXRXRTL, 67-f~(t,7-,y)+F1(y)Vyf(t,T,y) :O (9)
and
V(t,7,y) ERx R xR,  8:f(t,7,9) + Fa(y) -V, f(t,7,y) =0, (10)

together the with initial condition f(0,0,y) = fo(y). If the condition [Fy, Fy] = 0 is
satisfied, this system has a unique solution, which furthermore satisfies

V(tvy) € RxR", f(tatvy):f(tvy)'

Proof. We first note that, if a solution f exists, then equations (9) and (10) can
be solved in any order. Hence, we can obtain the value of f (t,T,y) by first solving
(9) for t = 0 from the initial value f(0,0,y) = fo(y) -this furnishes f(O,T, y)- and
then by solving (10) for fixed 7 from this initial value. Insofar as the solution exists,
it is thus unique. Now, define

f(t,7,-) =exp (—7Lp ) exp (—tLg,)(fo) = exp (—tLp,) exp (—7Lp, ) (fo)-
It is easy to check that it satisfies both (9) and (10) by considering successively the
first and the second form. The function f defined above is thus the unique solution
of system (9-10). Finally,

at (.f(tvtvy))—’_F : vyf(tat7y) = at.f(tat,y) + an(t,t,y) +F- Vny(tvta y)

:atf(tat7y)+F1 vyf(t7t?y)+87'f~(tat7y)+F2vyf(tatvy)
=0.

The initial condition f (0,0,-) = fo and a uniqueness argument then allow to con-
clude. OJ

3. Averaging of ordinary differential equations in a nutshell. Since our
approach for averaging the transport equation (1) consists in averaging first the
characteristics and then rewrite the corresponding Liouville equations, we hereafter
recall the main results upon which we shall lean. In this paper, we content ourselves
with formal expansions, thus neglecting at this stage the occurrence of error terms.
This is justified by the fact that, under appropriate smoothness assumptions, these
errors actually become of size £” for any fixed n, or even exponentially small (i.e.
bounded by Ce=/¢ for some positive constant C'). A completely rigorous treatment
of these error terms for ordinary differential equations can be found for instance in
[7].

3.1. A normal form theorem. Consider the highly-oscillatory differential equa-
tion

§ = F() = ZG() + K () ()

i.e. equation (2) with w = 1, where both vector fields G and K are assumed to
be smooth®. As already alluded to in the Introduction section, the fundamental
assumption (H) required to go any further is that

5Either of class C* or analytic. The precise smoothness assumption determines the type of
error bounds, either polynomial or exponential in £ and is thus not essential here.
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(H) G generates a periodic flow @, regardless of the specific trajectory (i.e.
with a period which remains independent of the initial value). By convention, we
will suppose here that this period is 2.

Since the Lie bracket of G and K has here no reason to vanish, we can not
reproduce right away the analysis conducted in previous section. It is precisely the
aim of averaging to rewrite F® as the sum of two commuting fields®. As already
emphasized, this is in general possible only up to small error terms, so that the
theorem stated below is to be understood in a formal sense.

Theorem 3.1. Suppose that the vector field F¢ can be split according to equation
(11) and that G satisfies assumption (H). Then there exist two vector fields G¢ and
K¢ such that
(i) F¢ = %GE + K¢,
(i) the Lie bracket of G° and K¢ vanishes, i.e. [G%,K¢] =0;
(iii) the vector field G¢ generates a flow T — ® which is 2m-periodic, regardless
of the specific trajectory, i.e.

V(t,y) e RxR", 7, (y) = P (y).

This result brings us back to Section 2 and indeed allows to split equation (1) into
two equations of the form (9-10); details will be given in Section 4. We conclude this
subsection with a few additional statements related to the conservation of geometric
properties by stroboscopic averaging.

Theorem 3.2. Suppose that the vector field F€ can be split according to equation
(11) and that G satisfies assumption (H). Then the two vector fields G5 and K¢ of
Theorem 3.1 have the following properties:

(i) if both G and K are divergence-free vector fields, then so are G* and K¢;
(i1) if both G and K are Hamiltonian vector fields, then so are G° and K¢;
(#3) if both G and K are Poisson vector fields with the same structure matriz

R" 3y +— Qy) € R™*"

defining a Poisson bracket (i.e. skew symmetric and satisfying Jacobi identity
and Leibniz’ rule)

{P,Q} = (VP)TOQVQ,
then G° and K¢ are also Poisson vector fields with structure matriz Q.

Remark 1. The properties of Theorem 3.2 are intimately linked to the choice of
stroboscopic averaging (see [9, 10]), which is the only averaging procedure preserving
geometric properties of the initial vector field F*©.

3.2. Expansions in powers of ¢ of the vector fields G° and K¢. Since we wish
in particular to identify the asymptotic behaviour of (1) in the limit when e tends
to zero as well as higher-order terms in ¢, it is essential to consider e-expansions of
the various functions appearing in Theorem 3.1. Since this was precisely the point
of view adopted in [9, 10], we shall again quote the following result”:

6 At least, this is one way to envisage averaging for ordinary differential equations and this is
the point of view adopted both in [9] and in the recent series of papers by Murua and Sanz-Serna
[17, 18, 19].

"Note again that an alternative proof of this result may be found in [17] and [18].
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Theorem 3.3. Consider the Fourier series of

1
Ko (y) = (35; <y>) (Ko®,)(y) = 3 ¥ Ri(y). (12)

kEZ

The averaged wvector field K¢ admits the following formal e-expansion

+o0 +oo 1
r— r E € E al 2% 2 2 2
KE:ZE 1K[] — . /8i1~“ir [~~~[Kiviiz]vKis]a"'aKi ] (13)
r=1 r=1 (214--eyip ) ELT

where the coefficients B are universal (problem-independent). Similarly, the vector
field G¢ admits the following formal e-expansion

G5 = e(F° - K°). (14)

Remark 2. The fact that geometric properties of G° and K¢ are inherited from
F*¢ may also be seen as a direct consequence of the form of previous expansions,
which are linear combinations of embedded Lie-brackets of the K}’s. For instance,
if both G and K are Poisson vector field with structure matrix Q(y) then K, is of
the form

K. (y) = Qy)VyH(y) with H(y)=> e Hi(y)
keZ

and all Fourier coefficients K, (y) = Q(y)V, Hy(y) are also Poisson vector fields for
the structure matrix Q(y). Since

V(k,1) € Z?, [Kkakl] = Q(y)vy{ﬁkaﬁl}

where {-,-} denotes the Poisson bracket operation, it is then immediate to see that
both G° and K¢ are Poisson vector fields with Hamiltonians given by formulas (13)
and (14) where Lie brackets are replaced by Poisson brackets and the Kj’s by the
Hy’s. Similarly, if div(G) = div(K) = 0, then div(K}) = 0 for all k € Z and a
standard computation shows that

V(k,1) € 72, div ([f(k,f{l]) ~0

so that again both G* and K¢ are divergence-free.

In order to be able to derive the expansions of G° and K¢, it still remains to
give the value of the coefficients 8 appearing in formula (13). This is the purpose
of next proposition.

Proposition 2. The coefficients 3 can be computed recursively from the following
formulas, which hold for all values of j € Z*, r;s € N* and (ly,...,ls) € Z*:

Bo = 1L B = 0 .
Bor+r = 0, ) Bor; = 5 (Bor-1; = Por)
5jl1-<»ls = % (511-»45 - 5(]‘-&-51)12-4-13) s 50"'jl1»~ls = Ji (»307‘713‘11»-.15 - BOT(]'-Hl)lgu-ls) .
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For the sake of illustration and later use, we now give the first terms of K* =
KW 4 e KP4+ 2KBl 4 O(e?), as stated in [6]:

K[l] - KOa

K& =% % ([f(mf(_k] + [Ko, Ky, — K—k]) ;
k>0

K® =% % ([[m, Ko, Ko + [[K—x, Ki], Ki] — %[[K_zk,kk], K] + [[Ko,m],k—k])

k0
1
- 2 m[[KO,Kl m] + Z [[Kn, K1), K]
Ot —1£0 k<— |z\

1 . . .
- — Kk, K_i], K
Z km. [[ ks kL m]
0>k<m,m+k#0

1 N A
_ — (K1, Ki], K. (15)
O;ﬁm;éil;éO,Zm>—m—l<l m(m + l)

Remark 3. The following expressions of the first three terms of the averaged
equation have also been derived in various places and do not use Fourier coefficients:

1 2m 2m
K = o [ war. k90 =2 [ 1K 0 K dsar
0

KPl(y) = vyﬁm@xwmm@wwm

T oan 2W/ T/ (), K- (y)]ldrdsdr.

Further terms can be formally obtained by using a non-linear Magnus expansion
[1]. Each of these is a linear combination of iterated integrals of iterated brackets
of K.

As an illustration, we derive below the expressions of G¢ and K¢ for a simple
example. We thus consider the following vector field

Fo=( 155 ) (16)

where 7 = (z1,22)7 € R?, v = (v1,v2)T € R%, y = (w1, 22,v1,v2)T € R, E € R?

and
0 1
J—<_10>.

The function F° may be decomposed into the sum %G + K with

¢ =(p ) mt xo=(p).
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with

A 1 v—iJv : 1 v+idv
Kl(y):< E+iJE ) and Kl(y):2< E—iJE )

2
where we have used the relation e/ = (cos#)I + (sin#).J and have written cos 6 =

1(e" + e7) and sinf = 2 (e — e7"). Formula (13) then gives

KW = K,=0,

K2 = i[kl,k_1]=—2(5(<f’ykl)f%-l>:(J(?>

and all other K] for » > 3 vanish, as can be checked by easy calculations.

4. Averaging of transport equations with constant frequency. Compiling
the arguments of the two previous sections, it is now straightforward to obtain the
following corollary, which establishes in particular the existence of a formal averaged
transport equation for problems of the form (1-2).

Corollary 1. Let F*¢ = %GE—&—KE be the normal form splitting of a highly-oscillating
vector field F© = %G + K satisfying (H). The solution of the transport equation

may be obtained as the diagonal value (i.e. for the value T = t/c) of the two-scale
function f(t,7,y), 2m-periodic in T, defined as the unique solution of the following
system of two equations

{\f(t,r,y» (t,7,9) + G(y) - Vy [t 7,9) =0, (i)
V(t.7,y),  Ouf(tTy) + Ko (y) - Vyf(tmy) =0 (i)

with wnitial condition f(0,0, ) = fo. Moreover, the e-expansions of G* and K¢
are given by formulas (15-14) of Theorem 5.5. If in addition G and K are both
divergence-free, then so are G° and K¢, and similarly, if G and K are both Hamil-
tonian, then so are G and K¢, with Hamiltonians that can be obtained again from
formulas (13-14) by replacing Lie brackets by Poisson brackets.

0. f
O f

Proof. The result follows immediately from Proposition 1 with F; = éGE and
F5 = K¢ and from Theorem 3.3. [J

Remark 4. Equation (47) is usually referred to as the averaged transport equation.

As a straightforward illustration of this corollary, we consider the simplified case
of a set of particles evolving in a constant electric field (independent of time and
phase-space variables) and submitted to a constant magnetic field. The correspond-
ing equation

3tf+v-me+<iJv+E>~va:0, (17)

-where f depends on time ¢ € R, position z € R? and velocity v € R2- is obviously
of the form (1) with y = (21, 72,v1,v2)7 € R* and F? given by (16). On the one
hand, given the extreme simplicity of the vector field F*°, the solution f(¢,x,v) of
(17) can be directly written as

fo(x—ed(e™ —I)v—e*(e"’E - E)+ctJE,e™v—cel(e™) —I)E) (18)
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for 7 = t/e. On the other hand, using the computations at the end of previous

section, equations (i) and (i7) of Corollary 1 for f(t,7,x,v) take the following form
(i) 0 f + (cv = €%JE) - Vof + (Ju+eE) - Vof =0, (id) Oif +eJE - Vaf = 0.
By direct differentiation w.r.t. 7 and then ¢, it can be checked that the function

given in formula (18) satisfies both equations (i) and (41).

5. High-oscillations with varying frequency. In this section, we again consider
the transport equation

where the vector field F¢ is now of the form
1
Fo(y) = —w(y)Gy) + K(y) (20)

with G still generating a 2m-periodic flow @, independently of the initial condition.
In this form, Theorem 1 does not directly apply, owing to the non-existence of a
common frequency for all trajectories (if w varies). In order to rewrite (19) in a
more amenable form, we thus divide it by w

1 1 - . _
@8tf(tvy) + @F (y) - Vyf(t,y) =0. (21)

Upon denoting Y = (¢,y), previous equation may then be rewritten as Lz.(f) =0,
where

Lp:(f) =0y [) F* (22)

is the Lie derivative of f in the direction of the augmented vector field

e _ (A Y_1( o 07
o= ( s W) > e ( G() >+< SR W) )

= éé(y) + K(Y). (23)

In particular, note that G still generates a 27-periodic flow.

5.1. Immersion as the stationary solution of an extended equation. Our
first idea is to interpret the function f(¢,y) = f(Y) as the (stationary) solution to
the following augmented transport equation on g(s,Y):

Bsg(s,Y) + F=(Y) - Vyg(s,Y) =0, ¢(0,Y) = f(Y) = f(t,y).
This means that
g(s,") =exp(—sLpe) f=f forall s>0.

Since G generates a 27-periodic flow, the averaging Theorem 3.1 ensures that

. 1. .

F* = -G+ K°*,

€

where G¢ still generates a 27-periodic flow and [G€, K] = 0. Proceeding as in
Section 2, we then get two equations for

G(s,7,-) =exp(—7Lxzc) exp (—sLye) f
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of the form

(i) 0s4(s,7,Y) + K°(Y) - Vyg(s,7,Y) =0 (24)

(i) 0:9(s,7,Y) +G(Y) - Vyi(s,7,Y) =0 (25)
which can be solved one after another in any order, since [G%, K¥] = 0. Note the
usual relation g(s,s/e,Y) = g(s,Y) = f(Y). However, there is here no known
initial condition at s = 7 = 0, since §(0,0,Y) = ¢g(0,Y) = f(¢,y) is precisely the
unknown of the original problem.

5.2. Eliminating the extra-variable s. Our objective in this subsection is to
transform the two equations (24-25) into new equations which do not involve the
variable s and are provided with a proper initial condition, namely fo(y). We will
then show how to recover the original solution f(¢,y) using only these new equations.
To this aim, we will introduce a phase-function (¢, 7,y) — S(¢,7,y) in the spirit of
[11], which will be defined later on as the solution of a transport equation, and a
profile-function (¢, 7,y) — h(t,7,y) defined by

h(t,7,y) = g(S(t, 7.y), 7, t,y), (26)

that will also be shown to satisfy a companion transport equation. Our starting
point is the following set of relations

Och = (0:9(S,7,t,y)) 0:S + 0:g(S, 7, t,y),
O-h = (0s9(S,7,t,9)) 0.5 + 0-9(S, 7, t,v),
oyh = (0s9(S,7,t,y)) 0yS + 9,3(S, 7, t, ),
where we have omitted the obvious arguments of functions h and S and which may

be straightforwardly obtained. Together with equations (24) and (25), they lead
immediately to

K5 (y)Oeh(t, 7.y) + K5(y) - Vyh(t,7,y)
= (059(8, 7,t,9)) (KT ()9S (¢, 7,y) + K5 ()9, S(t, 7,y) — 1),
and
O-h(t, 7,y) + G5 (y)Oeh(t, T,y) + G5(y) - Vyh(t, 7, y)
= (0:g(S(t,7,1),7,1,9)) (G1(W)AS (t,7,y) + G5 ()8, S(t, 7,y) + 8, 5(t,7,9)) ,
where the index 1 in K i and G5 refers to the first components of f( ¢ and C:?E, while
the index 2 in K§ and G§ refers to all remaining components of K¢ and G*. Now,

in order to eliminate the variable s from the previous two equations, one has to
choose S such that

K (y)0iS(t, 7, y) + K5(y) - VyS(t, 7, y) = 1,

) 27
9,5(t,7,y) + G5 (4)0,5(t, 7, y) + C5(y) - Vo S(t, 7, y) = 0, 27)
and then

K5 (y)d:h(t,7,y) + K5(y) - Vyh(t,7,y) = 0,
O-h(t,7,y) + G (y)0:h(t, T,y) + G5(y) - Vyh(t,T,y) =0,

with initial conditions

5(07 Ovy) =0, h(oa Ovy) = fO(y) (29)

(28)
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From these functions S and h, one can recover the distribution function f(¢,y) as
follows: for any given (¢,y), define 7(¢,y) as a solution of

r(t,y) = STEUD),

Then f can be obtained from the relation

h(t7 T(t>y)ay) =g (S(t>7—(tay)vy>7 -
= g(S(t,T(t,y),y),t,y)

= f(tvy)'

Lemma 5.1. Assume that y — K5(y) does not vanish and consider the two vector
fields

St 7(ty).y) , )
- _ ’y b)

y 1 . . . Je .
A%:i= — K5 and B°:=G5— = K3,

Ki Ki
together with the two scalar functions
af = fif and ¥ = _ICVEE
Then the following two relations hold true
Lif=Lzq and LiLy=LsL . (30)

Proof. Owing to Theorem 3.3, the two vector fields K¢ and G have a vanishing
Lie bracket (with respect to the Y = (¢, y) variable). This implies that

9, K5 (y) G5(y) — 9,G5(y) K5(y) =0 and 9,K5(y) G5(y) — 9,G5(y) K5(y) =(0-)
31

By definition of &° and /3%, the first relation may be rewritten as
v, B A* - V,a° - B =0 (32)

which proves the first statement of the lemma. Now, given a smooth vector field
L :R"™ — R"™, a scalar function a : R™ — R and dy a vector of R", the relation

(9,(aL)) 6y = (V,a-8y) L+ a(d,L) 5y
holds true and may be used to compute the Lie bracket of A and B¢ as follows
A%, B =0,(a°K3) (G5 + F°K5) — 0,G5 (6°K3) — 0,(F°K3) (a° K3)
= (Vya© - (G5 + B°K3)) K5 + a%(0,K3) (G5 + B°K3)
—a%(9,G5) K5 — a° (V,f° - K3) K5 — a°3°(9, K3) K5.
Using the second half of (31), the equality above simplifies to
[A°, BF] = (V,a° - G5 + f°V,a° - K5 — 6V, 3° - K5) K5
= (Vs - BT~ V5 A) K

where the scalar term in factor of K5 now vanishes owing to (32). This implies the
second statement of the lemma and completes its proof. [
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Theorem 5.2. Consider the functions S(t,7,y) and h(t,7,y) satisfying the follow-
ing two separate systems of equations

Ki(y)0:S(t,7,y) + K5(y) -V, S(t,7,y) =1, (33)
K ):S(tm,y) + (K5 (n)Galy) — Giw)Ks(w)) - V,S(t,my) = —Giw),  (34)
S5(0,0,y) =0, (35)
and
K3 (y)0eh(t, 7 y) + K3(y) - Vyh(t, 7,y) =0, (36)
Ki)o-h(t,m.y) + (RiW)EG5w) - GRS (1)) - Vyh(tmy) =0, (37)
h(0,0,y) = fo(y)- (38)

If the function y — Iv(f(y) does not vanish, then the following statements hold:

(i) system (36-37-38) has a unique solution h, periodic w.r.t. T;
(i) system (353-34-35) has a unique solution S, periodic w.r.t. T;
(iii) the formal expansion of the solution f(t,y) of problem (19-20) satisfies

[t y) = h(t,7(t,y),v),

where the function (t,y) — 7(t,y) € R is implicitly defined (locally) by the
relation

eT(t,y) = S(t, 7(t, ), y)-

Proof. A straightforward computation shows that the four equations (33),
(34), (36), (37) are equivalent to the four equations in (27) and (28). Hence, if
the separate systems (36-37) and (33-34) have unique solutions, they are clearly
periodic w.r.t. 7. Now, proving the first statement requires to show that equations
(36) and (37) can be solved in any order, i.e. that £4. and L. commute, which
is ensured by previous lemma. If & is the solution of (36-37-38), then h(-,0,-) is in
particular the solution of the Cauchy problem (36-38) and thus reads

h(t,0,-) = exp(—tL 4:) fo-

Equation (37), which is a transport equation in variables (7, y) with fixed parameter
t, can then be uniquely solved. Given the initial data h(t,0,-) = exp(—tL 4 ) fo, this
yields

h(t,7,) = exp(—7Lx:) exp(—tL 4:) fo- (39)

Hence, if a solution of (36-37-38) exists, it is necessarily of this form and thus unique.
Conversely, one has, according to previous lemma

exp(—tL 4. ) exp(—TL ) fo = exp(—7L g ) exp(—tL 4:) fo

and by differentiating the left-hand side w.r.t. ¢ and the right-hand side 7, it may be
checked that h given in (39) is indeed solution -thus the unique solution- of system
(36-37-38). This proves (i).

Proceeding similarly for system (33-34-35), we first solve (33-35) for fixed 7 = 0.
This yields

t
S(t,0,) = exp (—tL 4.) S(0,0,-) +/ exp ((s — 1)Lz ) ds o = to( —tL 4 )
0
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where ¢(z) = 627*1 is holomorphic on C. The function S so-obtained then serves as

initial condition for the evolution in 7 through equation (34). This then leads to

5(t,0,-) =exp (= 7Lz )to(—tLi)a+To(—7Ls) B
= Tgp( — T[,BE) B +t<p( — tL'AE)a - tTtp( — tﬁAg)gO( — TEBE)ZZBE(X

where we have used the commutation of £ ;. and L£;3.. Solving the equations in
reverse order would have led to the symmetric variant

S(t,0,-) = T(p( — TCBE) 8+ tsD( — tﬂAE)a — tT(p( — tﬁAE)ip( - Tﬁgg)ﬁAsﬁ,

which, owing to Lemma 5.1 (£;.8 = Lpz.a), coincides with the first one. This
proves (ii).
It remains to prove (%i). From (26) and the definition of h and g, we have

. . S(t, 7,y
v (ta T, y)7 h(t7 T, y) =g (S(t7 T, y)7 T, t7 y) and g (S(ta T, y)7 %7 ta y) = f(ta y)a
so that the value of f(¢,y) can be recovered from h and S through the formula

V(t,Ty), f(ty)=h(tT1ty)y),

provided that 7(t,y) satisfies

er(t,y) = S(t,7(t,y),y).
Given the periodicity of S w.r.t. 7, this equation always has a solution 7(¢,y). O

Remark 5. (truncated averaged models) If one keeps, in the expansions of the
averaged fields A and B¢ (defined in Lemma 5.1), only the terms of order less than
(or equal to) n in g, then the question arises whether the corresponding truncated
averaged models® have a solution in the exact sense, and whether this solution is
periodic w.r.t. 7. Generally speaking, the transport operators associated with the
truncated fields A, and B, (i.e. 4° = A, + O(e"*'), B* = B,, + O(¢"*1)) do not
commute exactly. More precisely, we only have [An, Bn] = O(e"*1). However, one
can define an approximate solution by first solving

O-h+ Bu(y) - Vyh =0, 1h(0,0,y) = fo(y)

for fixed ¢t = 0 (in this way we obtain a solution h,,(0,7,y) defined for all 7), and
then solving

oh+ A, (y) - V,h =0, h(0,7,y) = h,(0,7,y)

in order to get a solution hl(t,7,y) defined for all 7 and ¢. At this stage, it is worth
emphasizing that the function hl does not satisfy exactly the first equation for all
t (only for t = 0), since [A,,, B,] # 0. Nevertheless, it does satisfy it up to terms
of size e"*1. In particular, if one solves the two equations in reverse order, the
function h? obtained does not coincide with hl exactly, but only up to terms of size
g™ and we have hl — hZ = O(¢"*!). In this sense, the result in previous theorem is
at this stage only formal.

8i.e. the models obtained by removing all the terms of size eP for p > n + 1.
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5.3. An illustrative elementary example. Our aim here is to illustrate the
result of Section 5 on an elementary example for which exact solutions can be easily
obtained. Consider the following transport equation

of + (1w<y>Jy+y) N F=0. F(0.5) = foly). (40)

€
where y € R?, and where

-1 0

This equation can be solved as follows: let ©f(y) be the flow of the characteristics
equation

1
w) =1+ bP =1t +p wd s=( 9 ).

. 1
y=-wy)dy+y.
By taking its inner product by y, we have immediately |¢5(y)| = exp(¢)|y|, so that

i) = espltyem (£ 1+ - n) 1)y

As a consequence, the explicit solution of (40) reads

o = (oo (0= L (e B) ).

Now, we observe that the two fields w(y)Jy and K (y) = y do not commute, and in
order to transform the problem into a highly-oscillatory problem with y-independent
frequency, one has to divide equation (40) by w and immerse the equation on f into
an augmented one for the unknown g(s,t,y)

Dsg + ﬁatg + (in + wé)) Vyg=0,  g(0,t,y) = f(t.y) (42)

Unlike the fields w(y)Jy and K, we now observe that the two augmented fields

v 8 T
G(y) = (0,Jy)T and K(y) = (ﬁ, %) do commute. This means that equation

(42) is already written in a normal form and therefore the averaged fields in this
case are simply
~ - e . - 1 - Y
G°=(0,Jy)T, K= (K{ K5)T, with Ki=—, K= —".
( ) ( 1 2) 1 (,U(y) 2 W(y)
We now apply Theorem 5.2 in this particular case. The solution h = h(t,0,y) to
5th+yvyh:07 h(oaovy):f()(y)v
is h(t,0,y) = fo(e"ty). As a consequence, the solution h = h(t,7,y) to
O-h+Jy-Vyh=0,  h(t,0,y) = fole™'y),
is
h(t, 7,y) = fole '™ y). (43)
The solution S = S(¢,0,y) to

is simply S(¢,0,y) =t + (1 — 672t)%, so that the solution S = S(t,7,y) to

ly*

0-S+ Jy- VS =0, S(t,0,y) =t + (1 —e™2) 5
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is constant w.r.t. 7, given that |e™/y|? = |y|?, i.e.
oy Y[
S(thvy):t+(1_€_ )7 (44)
Theorem 5.2 asserts that f(¢,y) = h(t, 7(t,y),y) where 7(¢,y) is given by e7(t,y) =

2
t+(1- 6*2‘5)%, an assertion which can be easily checked on our explicit example.

6. Application to Vlasov equations with a strong magnetic field. In this
section, we consider the case of particles submitted to a strong magnetic field and
evolving in an electric field F(z) depending on the position = only. We recall here-
inafter the corresponding equation (4) on the distribution function f = f(¢,z,v),
t>0,zcR3 veR:

B(x)

0 +0-Vuf + (B@+ox ZE) V=00 f0.00) = fole0), (@)
which is closely related to the illustrative example of Section 4, though with the
additional difficulty that £ and B may vary. We further assume here that F derives
from a potential U, i.e. that E(z) = -V, U(x).

6.1. Constant magnetic field. Over a first phase, we assume that the magnetic
field is constant. This means that, up to constant rotation, we have B(z) =
(0,0,b(z))T and b(x) = b. Upon rescaling the time t — ¢/b in f, i.e. consid-
ering the equation for f(t/b,x,v) instead of f(¢,z,v) we may even assume that
b = 1. We further assume in this first phase that the potential U depends only on
the orthogonal direction (to B) of x, that is on the first two components (x1,x2)
of z. This means that the electric field E(z) is orthogonal to B and depends only
on (z1,x2). Assume finally that the initial data fp only depends on (z1,z2) and
(v1,v2), a property which is therefore propagated by the flow (45). All these as-
sumptions allow us to restrict ourselves to a 2D x 2D setting and to rewrite (45) in
the form (1) with n =4, y = (z,v) € R? x R? and

v

Fe(y) = < Lyt B() ) - §G+K with G(y) = ( 0 ) and K (y) = < Eq()x) >

We now repeat the steps followed for the example of Section 4, starting first with
the flow @, (associated with G)

The time-dependent vector field K, then writes

eTJU T T —iT T
k) = (g ) =R+ R

with
5 1 v—1iJu ; 1 v+ iJv
Kily) =3 ( E(x) + iJE(z) > and - Koa(y) =5 ( E(z) — iJE(z) )
Formula (13) then gives
KU = =0,

KB = K, K 4] =-23 ((aykl)Kfl) = ( %(15).]1} >
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where we used computed successively

af<1_1<_( 0 (I—z’J))

oy 2 I+iJ)V2U 0

and®
(I —iJ)’E
—(I+iJ)V2U(I +iJ)v

21 —iJ)E
— (V2U — JV2UJ +i(JV2U + V2UJ)) v

N e S I SN e

2(I —iJ)E
— (V2U 4 det(V2U)I +iAUJ)v )

At second order in e, equation (i) of Corollary 1 for f(, 7,2, v) thus has the following
form

Orf +e(w—eJE)-Vof + (1 —2AU)Jv+€E) -V, f =0
while equation (i%) is simply
atf+eJE.vmf+g(AU)Jv.vvf:o. (46)

This transport equation coincides, up to a rescaling in time, with the asymptotic
model derived in [14]. We emphasize that, according to Remark 5, these two equa-
tions have to be understood in the approximate sense, which means that they cannot
be satisfied exactly in general, but can only be solved approximately allowing errors
of order 2.

Let us now stress that, although it may seem natural at first sight, the splitting of
F¢ considered so far does not allow for the preservation of the Poisson structure of
the original equation which becomes apparent by assuming that E(z) = —V,U(z)
and writing

0 I

Fe(y) = Q°(2)V,H(y) with Q°(z) = ( 7 1

) and H(y) = %HUHQ +U@).

As a matter of fact, choosing G(y) = ( 2 ) for the stiff term corresponds to a
splitting of the structure matrix Q°(x) and of the vector field as follows

26(y) = ( 8 %()J )VyH(y) and  K(y) = ( o )Vy“rt(y),

so that even though both G and K are Poisson vector fields they do not share the
same structure. It follows that the systems of Corollary 1 are not Poisson. Never-
theless, another choice is possible that allows to maintain the geometric structure.

9Note that if S is a 2 X 2 symmetric matrix then

JS+SJ:(_01 é)(: g)+(3 g)(_ol (1))=(a+,8)J

so that JV2U 4+ V2UJ = (AU)J and

JSJ:(_Ol é)(: Z,)(_Ol é):fdet(S)I.
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It consists in a splitting of the Hamiltonian #(y) in

Hy) = AW) + H(y)  with  A@) = glol> and  H(y) = V()

resulting into the new splitting of F© in
. _( ev e o 0
6 ==0r@am = ( 5 ) wad Ko =0 @0 = ) ).
Note that whereas the notation adopted does not reflect it, the vector field G itself
now depends on . The flow ¢, associated to G then reads

oo = (7T

e v

and is clearly again 2m-periodic, so that we can again apply Corollary 1 and theorems
3.2 and 3.3 with

K-(y) = Q°(y)VyH,(y) where H.(y)=U(z+eJ '(e7 —I)v).
It then follows that

. 1 27
H[l](y) =Hy(y) = %/ Uz + EJ_l(eTJ — Dv)dr
0

Khl(y) = - ( o ) 0" VoUl(a +el =M e — Iv)dr
Y -1 Ly e [ZT I (e — D)V, Uz +eJ (e — Iv)dr

(eI = DV U+ e e — Dw)dr
,f027r efTJVzU(x +€J71(€TJ _ I)’U)d’]’

so that equation (i) of Corollary 1 for f(t, T, Z,v) now writes

27
Of+e | JU—e TNE(@+e (e — Dv)dr - Vo f
0

27
+/ e E(x+eJ Y™ — Dv)dr -V, f =0. (47)
0

In contrast with equation(46), the occurrence of € in (47) is not the indication of
a second-order approximation, but rather of a first-order approximation preserving
the geometric structures of the original Vlasov equation. The corresponding equa-
tion (7) of Corollary 1 can be also deduced immediately, as well as second-order
versions of (i) and (iz) from

) =3 [ [ . )ydsir

N 171 /0 ﬂ /OT(Vst(y>>TQ€(m>VyHT(y)dsdT.

6.2. Magnetic field with varying intensity and constant direction. Over
this second phase, we still work in a 2D x 2D setting and keep the same notations
as in the previous section. However, we address here the case of a magnetic field
with varying intensity b(z) and constant direction B(z) = (0,0, b(x))T. Note that
due to divergence free property of B(x), the function b depends only on (z1,xs).
In order to handle this case of varying intensity b(z), one has to proceed as in
Section 5. We first immerse the problem into an augmented one by adding a new
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parametrization variable s, then we derive averaging models at different orders for
this augmented problem, and finally eliminate the extra-variable s from the averaged
models and show how the original distribution function is recovered. In order to do
so, we assume that b(z) should not vanish for any x in R? and we will make this
assumption for the remaining of this section. The augmented distribution function
g(s,t,x,v) satisfies
1 1 1 1

——0 —v-V -Jv— —
% e oo+ (20 i
The original distribution function f(¢,x,v) is then viewed as a stationary solution

of this evolution equation in s. Denoting Y = (¢, z1,22,v1,v2) € R® the now
extended phase-space variable, we equivalently write (48) as follows

95g(s,Y) + F=(Y) - Vyg(s,Y) = 0

0sg + va($>> -Vyg = 0. (48)

where
1

B bl(z)
FE(Y) = mv

LJv - ﬁVzU ()
is the extended vector field. We may now resume the derivation of the equations

(i) and (ii) of Theorem 1, by first splitting F*° into ['° = G + K with

) 0 ) 1 1
GY) = 0 and K(Y)= o) v
Ju (@) —V,U(x)
It is clear that G now generates a 27-periodic flow
5 3 t t
o, V)=0, =z | = T
v e

K.(Y)= 1 f;
T B b(l') effilEz}(l,)

and the corresponding Fourier modes are all vanishing except the modes 1, —1 and
0 (the additional one w.r.t. the case of a constant field):

Ko(Y) @ K. (Y) ! (1 O‘J)
0 = ) 1 = —J)v ,
0 20@) \ (1400 E(2)
and
0
K_1(Y) = ! (I+iJ)v
26(x) \ (71— i E(@)

According to Theorem 1, we thus have
KW(Y) = Ko(Y)
and

K2 = ([f(l,f(_l] + [Ko, K1 — f(_l]) — —23([Ko, K1]) — 23 ((8yf(1)f(_1) .
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Omitting the argument x in E, U and b, and denoting simply V for V,, we have

- 0 Vb 0
aK[,:_l(O . 0>7

a9y 72
v w\, o o
and
. 0 0 0
% _ % 0 (I —iJw VT b(I —iJ)
W iNVRU (I +i)VUVTE 0

so that (8y[§'1)]§',1 i given by

1 0 0 0 0
. T . .
P ( 0 —(I —iJ)uV'h b(I —iJ) ) ( (I+iJ)v )

0 —b(I+iJ)V?U+ (I+iJ)VUVTh 0 (I—-4J)E
1 0
= —(I —iJ)o VI (I +iJ)v+b(I —iJ)?E
—b(I +iJ)V2U (I +iJ)w+ (I +iJ)VU VT (I +iJ)v
and finally
N N 1 0
—23 ((ayKl)K,l) =0 (Vb - Jv)v — (Vb-v)Jv + 2bJE .
—e(Vb-v)JVU — (Vb - Ju)VU + b(AU)Jv
Besides, we have
o 1 0 V' 0 0
<6yK0)K1 = ﬁ 0 0 0 (I - ZJ)U
0 0 O (I+iJ)E
1 Vb-v—iVb- Jv
= — 0
3
2b 0
and
o 1 0 0 0 1
(Oy K1)Ko = o] 0 —~(I—iJ)vVTh b(I —iJ) 0
0 —b(I+iJ)V?U+ (I+iJ)VUVTh 0 0
=0
so that

o 1 Vb - Ju
—29([Ko, K1]) = N 8 :

Finally, at first order in e, we have

202 Ks

_E(Vb-v)JVU i E(V;;-zJU) VU + agbU Ju

1—¢ Vb-Ju
. 1 b2 €
Ko =KW 4 eglP =2 ( —e ) gy 40 B0y, _ ¢ Lyyy ) = ( Ky )

202
and

1 0
GEZE(FE—KE):E ev .
bJv —eVU
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Therefore the transport equations'” on h are at first order in e:

e (Vb-Jv Vb-v
8th+2b( A Jv—?JVU)-Vxh
_% <Vb.UJVU+ Vb~JUvU_(AU)JU) Yok =0, (49)
and c c

with the initial condition k(0,0,y) = fo(y). Similarly the transport equations on S
are

e (Vb-Jv Vb v
8t5+2b( S Jv—2JVU> V.S
i Vb Ju Vb Ju
- ( CEIVU 4 S VU — (AU)JU) V.8 = b(a) (1 te b2> ,
(51)
and . )
0rS + Zv-VaS + (.JU _ BVU> V.5 =0, (52)

with the initial condition S(0,0,y) = 0. Again, we wish to put the stress on the fact
that these two truncated models in h and S should be understood in the sense of
Remark 5.

Now we make some important comments on these transport equations. The
transport equation (49) coincides with the gyro-kinetic model that has been derived
in [14] in the particular case of constant b. It also contains all the terms in the models
recently derived in [5] in the case of varying b = b(z) when restricted to the 2D x 2D
geometry. However, in addition to the fact that our averaged models keep all the
variables (z,v), our approach provides more information through the phase S and
the dependence in 7. These informations are necessary to correctly reconstruct
the full original distribution function f (and not only the averaged model) at first
order in e. This reconstruction may be performed through the relation f(t,z,v) =
h(t,7(t,x,v),z,v) + O(e?) where 7(t,x,v) is a solution to er = S(¢,7,z,v). Up to
our knowledge, no such construction can be found in the literature.

6.3. Magnetic field in 3D with varying intensity and varying direction.
We now consider the transport kinetic equation in its general form (4) and in a
3D x 3D setting. This means in particular that now we allow variations of B
in both amplitude and direction. Our aim in this part is to extend our previous
approach to this more general case.

We first immerse the model (4) into an augmented problem in the unknown
g(s,t,x,v), as follows

1 v E(x) 1 B(x) >

-Vg+< + —v % -Vyg=10 (53)
| B(z)] [B(z)] ~° [B(x)] e [B(z)| °
with the initial condition ¢(0,¢,z,v) = f(t,2,v). The main interest of this form is
B(x)
[B(z)[”
which, as we shall see, generates a periodic flow with a constant period 27w. More
precisely, the trajectories

0sg + Ovg +

that the oscillatory part in the variable s is now driven by the vector field v x

10An easy calculation using polar coordinates shows that the magnetic moment is preserved.



AVERAGING OF HIGHLY-OSCILLATORY TRANSPORT EQUATIONS 21

B(z(s))
[B(z(s))|”
are all periodic with the same period 27 independently of (zg, vo).

In particular the period does not depend on the trajectory although the unit
égg‘ depends on this trajectory. Indeed let ey be a unit vector and let
(e1,e2,e9) be an orthonormal basis such that ey x e; = ey and e; X ea = eg.
The matrix representing the skew-symmetric linear map 7., : v — v X eg in the

basis (e, €2, €p), is simply J = ( g 8 > . Since exp(tJ) is 2w-periodic, the flow

z(s) =0, 0(s) =v(s) x (2(0),v(0)) = (w0, v0) € R? x R,

vector

exp(tJe,) is 2m-periodic. We now apply our methodology to model (53). Here the
vector field F*¢ = %G + K is given by

1 0
. 1 .
K(t,.’I},’U) = T57/ v ) G(t,l‘,’l}) = 0
B(z B(z
BN B v X 155,

We introduce the following notations

B
e(r) = ﬂ, Juv=vxe, Pu=(e-v)e VYecS vecR*zcR3 (54)
|B(x)]
Using Theorem 3.3, the vector field K can be easily computed to get
t
O (t,z,v) = x

exp (Tje(z)) v
The following elementary identities

jEQ = —I+Pe, jepe = Peje =0

imply that
t
O (t,z,v) = x
(cosT)v + (1 — o8 T) Pe(z)v + (50 T7) Te(2)v
t
= x . (55)

(cosT)v+ (1 — cosT)(e(x) - v)e(x) + (sinT)v X e(x)

We then deduce the expression of the Jacobian matrix d; 4 , @, = (0, ®,,0, P, 9,P,):

1 0 0
at,z:,v(I)T = 0 I 0 ;
0 R Qr
where
R = (1—cos7)y (Pe(z)v) + (sin )0y (Te(a)v)
= oo+ e’ +ae T,
Qr = (cosT)I + (1 = cosT)Pe(z) + (I T)Te(a)
=ag + ae’” +ae” "7,
and

aop = Pe(w)a ag = 0, (Pe(x)v) )
2a =1 — Pe(x) - Z'je(l.),
20 = ~0; (Peayv + iJe(2)v) -
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Note that the matrix R, takes care with the so-called curvature terms which are
the terms coming from the space variation of the direction e(x) of the magnetic
field. In order to compute the inverse of the matrix 0 ., ®,, we observe that

10 0
(Brpn®) = 0 I 0 ,
0 —Q7'R, Q7'

which means that we only need to compute Q- !. Using again the identity J2 =
—1I + P., one may check

Q-' = (cos T)I‘+ (1-— cos T)Pe(e) — (SINT)Te(a),
=ag+ae +ae”'T =Q ;.

Now we also have

. 1
Ko®(to,v) = 50, g(f) |
and therefore
- 1 1
Kot 2,0) = m5y -

QR Qv+ Q—TE(x)

One can easily see that the Fourier expansion of K, (in the periodic variable 7) only
contains modes k € Z with |k| < 3. Note that we can recover the previous case (in
which B(z) had a constant direction and (z,v) € R? x R?) by taking P.(,yv = 0,

Te) =T = ( ‘é 8 ) and a = 0, which means that R, =0 and Q, = ¢"7.

Although all the Fourier coefficients of K, can be derived from this expression,
we just give for simplicity the 0** mode:

1
Co(2,0) = —— ()0 = (e(x) - v)e(x = KM,
] T

with
(Ko)g(l'7 v) = apE(x) — (agapag + apaa + agaia + aaga + aciag + aaga + acag)v

1
= Pe@) E(@) = |4Pe(@) 02 (Pe(@)v) Pe(w) + 5Pe(@) 9o (Te(@)v) Te)

1

1
—5Je@)0s (Pe@)v) Jet@) = 5Te) 90 (Te(@)?) Pea)

1
~Pe(a) Oz (Pe()?) = 02 (Pe(@)v) Pe(a) + 50 (Pe(a)v) | v-

We then deduce the vector field G at the 0" order in e:
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Gl =¢(Fe — KN+ 0O(e)

0
= By e(v="Pew) +0(e)
B@)|Lewyv + 2 (B() = (Ko)s(,0))

0
= 0 + O(e).
L'e(m)v

The averaged model at the 0" order in ¢ can now be written in terms of
h(t,T,z,v) and S(t, T, z,v). We have

( ) B(m . —
Och + (IB(x)\ ”) B - Vah + (Ko)s(z,0) - Vyh = 0,

37h+ ( ‘g(x”) .Vvhzo’ (56)

and

+ (Ko)3(z,v) - VS = | B(z)],

0-5 + (’U X ‘B( ) =
with the initial conditions: h(0,0,z ) fo(a:,v) and S(0,0,z,v) = 0. Note that
(z

in the particular case where ) as a constant direction B(z) = b(x)ey =
(0,0,b(x))7, we get

O¢h + v) 0z h + B0y h =0,
&—h—‘rJUL'avih:O
and
0:S + Uuaxus + E”&JHS = b(a:),
&—S—FJ@L'&U_S:O,

where we used the standard notations vy =v-eg, E|| = £ -¢p and
UZ(Ul,’l}27UH):(vJ_,DH), E:(E17E27EH):(EJ_,E”), 6Mh:(8vlh78v2h),

and the same notations for the space variable x. Observe that the exact solution of
the two equations for S (for the 0** order in €) is simply S(¢, 7, x,v) = b(z)t.

The averaged equations at the first order in € can also be derived in the case of
a magnetic field B(z) with constant direction B(z) = (0,0,b(z))T, with b(z) > 0.
In this case we have R, = 0, e(x) is the constant unit vector eg, |B(z)| = b(z), and
therefore

1 1
K, (t,r,v) = — Qv
@)\ @, B)
The non-zero Fourier modes in 7 of this quantity K, are

1 0 0
1 1 . 1
Ko=-1 apv , Ki=-| av , Ki=-1 av

agFE [ aF

The computation of K¢ at first order in can then be derived from Theorem 3.3 as
follows. We know from Theorem 3.3 that K¢ = K[! + ¢ K2 with

KW =Fky, KP=_23 ((ayf(l)f(_l) — 93 ([f(o, f(l]) .
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Since

A 0 0 0 A 0o Oy
Ki=[0 —a(veP) ¢ |, wEKo=| 0 —a(ve® Z)
0 ady( 0

ocf o
N—

N>
,_.
N———

we get for 2% ((ayKl)

0
;)(—(I—P)(vééfzb)jv—kj(v@ E)(I—P)U—JE)
(1=P)a. (£) v+ 70, (£) (1 - P)

where we have denoted P = P, and J = J,,. We also have
(110, K 1 J,U% b
J([KoaKl]) =3 Pve bE)j”_j(”@?Eb?)P” ,
b

therefore

and
K¢ =KW + KB 1 0(?)

1 1-— Ej?) 2
=7 | vieo+3 s [(gv- ) (I - 373)1) —((I =3Py ) Jv]| +£TE
E”eo—f[(l 3P)0y () Tv+ T0x (% )(I 3P)v ]
+ O(e?).
We finally deduce the field G* at first order in ¢

0 0
Ge=e(F° — KW — KB 4+ 0(e?) = ( 0 ) + 3 ( vy ) + O(e?).
b
Jv on

Therefore, the evolution in time ¢ of i at the first order in ¢ is driven by the following
equation (with the above described notations)

E
l:l—EJUL-axJ'bil Och + vl [1—€JUL'8ZJ2'1):| a’”\\h+ |:E| —|—€(9;“_ (b|> 'Ulil 8”\\h

Oy, b
2b oL 272 —2JE4 0y, h

Oz b E, E,
+§ |:< b2 . JEJ_) (N +2’UH8I” (b) —awH (b) J’UJ_:| -(9th = 0,

which simplifies into

Oy, b E)
Och + ’U“azuh-i- EH—I—EE”JUJ_- b2 +58M T SV &Juh

e, b
[|WL| Ja L —QJEL] '83&}1

b

9, b E. E.
+§ |:< b2 . JEJ_) v+ 2'[]”893” (b) — azH <b> J'UJ_:| . ath =0.

(57)
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Note that we have used the identity V,-B = 0 which implies that b(z) = b(z,). This
provides an asymptotic model which is identical to the one recently derived in [5] or,
up to a rescaling in time, to the one derived in [12]. However our approach provides
more informations since this equation still contains all the original variables (z,v)
of the distribution function and has to be coupled with an equation describing its
dependence on a periodic variable 7 which has to fit with a suitable phase function
S. As we shall see, this equation in 7 will provide a suitable initial data for equation
(57). The second equation on h writes

By

O-h+Jv, - 81,Lh—‘r UL 6$Lh+€ - Oy L h=0. (58)

The system of the two equations (o?—o ) is subjected to the initial data h(0,0, z,v) =
fo ('75’ U) :

Once again, we recall that system (57-58) with initial condition h(0,0,z,v) =
fo(z,v) is only valid up to &2 terms, and solutions to this system have to be under-
stood in the sense of Remark 5

Similarly the equations on S are

9y b B
0:S + UHaxHS—I— E”-i-EE“J’UJ_- b2 —|—£;‘8$L T SV &,HS

e b
—% oy 2% —2JEL]-8MS
e [(0z,b E, E,
+§ |:< b2 . JEJ_) v +2’UH8I” (b) —(%H <b> J'UJ_:| ~(‘9MS
. b
:b+€J’UL-%,
(59)
and
g EJ_
aTS+JUJ_'aviS—‘rgUJ_'8$LS+€T'8ULS:O, (60)

with the initial data S(0,0,z,v) = 0.
We now observe that S(t, 7, x,v) = b(z)t + O(e), and therefore it is more conve-
nient to write these equations in terms of

S(t, 7, z,v) — b(x)t

- ; _
S( ’T’x7/u) 5
and get
& o aﬂfub EH Q
5}5 + 'UHa;EHS —+ E” —+ EE”JUl . bT + €8mL T V1 ({9@"5
% [| |28“b —2JEL] -9, 8
E E ~
% |:( b; JEL) v +2U”(9x” <bl> —8% (bl> JWL} -8MS
— Ju, 8

)

and

8.8 + Ju, -8“54-5%

with the initial data S(0,0,z,v) = 0. We then recover the solutlon f by the relation
ft,z,0) = h(t,7(t, z,v), x,v),

FE
M-aubjt%u-a S+e=-0,,5=0,
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where (t,z,v) — 7(t,z,v) € R is implicitly defined (locally) from S by the equation

bx)t  ~
e

T(t,z,v) = + S(t, 7(t,z,v),x,v).

Acknowledgments. This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the Euratom Research and
Training Programme 2019-2020. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.

REFERENCES

[1] S. Blanes, F. Casas, J.A. Oteo, J. Ros, A pedagogical approach to the Magnus expansion,
European Journal of Physics 31, 907-918, 2010.

[2] M. Bostan, The Vlasov-Mazwell system with strong initial magnetic field. Guiding-center
approximation, Multiscale Model. Simul. 6, 1026-1058, 2007.

[3] M. Bostan, Transport equations with disparate advection fields. Application to the gyrokinetic
models in plasma physics, J. Differential Equations, 249, 2010.

[4] M. Bostan, Multi-scale analysis for linear first order PDEs. The finite Larmor radius regime,
SIAM J. Math. Anal., 48, No. 3, pp.2133-2188, 2016.

[5] M. Bostan, Gyro-kinetic Viasov equation in three dimensional setting. Second order approx-
imation, STAM J. Multiscale Model. Simul., 8, No. 5, pp. 1923-1957, 2010.

[6] P. Chartier, A. Murua, J.-M. Sanz-Serna, Erratum to: Higher-order averaging, formal series
and numerical integration II: the quasi-periodic case, Found Comput Math 17, 2017.

[7] P. Chartier, A. Murua, J.-M. Sanz-Serna, Higher-order averaging, formal series and numerical
integration III: error bounds, Found Comput Math 15, 2015.

[8] P. Chartier, A. Murua, J.-M. Sanz-Serna, A formal series approach to averaging: exponentially
small error estimates, Discrete and Continuous Dynamical Systems (DCDS-A), 32, no. 9,
2012.

[9] P. Chartier, A. Murua, J.-M. Sanz-Serna, Higher-order averaging, formal series and numer-
ical integration II: the quasi-periodic case, Found Comput Math 4, 2012.

[10] P. Chartier, A. Murua, J.M. Sanz-Serna, Higher-order averaging, formal series and numerical
integration I: B-series, Found Comput Math 10, 2010.

[11] N. Crouseilles, S. Jin, M. Lemou, Nonlinear Geometric Optics method based multi-scale nu-
merical schemes for highly-oscillatory transport equations, Math. Mod. Meth. App. Sc. 27,
pp. 2031-2070, 2017.

[12] P. Degond, F. Filbet, On the asymptotic limit of the three dimensional Vilasov-Poisson system
for large magnetic field : formal derivation, J. Stat. Physics 165, pp. 765-784, 2016.

[13] E. Frénod, P.-A. Raviart, E. Sonnendriicker, Two scale expansion of a singularly perturbed
convection equation, J. Maths. Pures Appl., 80, No 8, pp 815-843, 2001.

[14] E. Frénod, E. Sonnendriicker, Long time behavior of the Vlasov equation with strong external
magnetic field, Math. Models Methods Appl. Sci. 10, 539-553, 2000.

[15] E. Frénod, E. Sonnendriicker, The finite Larmor radius approzimation, SIAM J. Math. Anal.
32, 1227-1247, 2001.

[16] F. Golse, L. Saint-Raymond, The Vlasov-Poisson system with strong magnetic field, J. Math.
Pures Appl. 78, no. 8, 791-817, 1999.

[17] A. Murua, J.-M. Sanz-Serna, Averaging and computing normal forms with word series al-
gorithms, Discrete Mechanics, Geometric Integration and Lie-Butcher Series: DMGILBS,
Madrid, May 2015, Springer, 5 nov. 2018.

[18] A. Murua, J.-M. Sanz-Serna, Computing normal forms and formal invariants of dynamical
systems by means of word series, Nonlinear Analysis 138, 2016.

[19] A. Murua, J.-M. Sanz-Serna, Word series for dynamical systems and their numerical inte-
grators, Found Comput Math 17, 2017.

[20] L. M. Perko, Higher order averaging and related methods for perturbed periodic and quasi-
periodic systems, SIAM J. Applied. Math. 17, 698-724, 1969.

[21] J. A. Sanders, F. Verhulst, Averaging methods in nonlinear dynamical systems, Applied Math-
ematical Sciences, Vol. 59. Springer-Verlag, 1985.



AVERAGING OF HIGHLY-OSCILLATORY TRANSPORT EQUATIONS

E-mail address:
E-mazil address:
E-mail address:
E-mazil address:

Philippe.Chartier@inria.fr
Nicolas.Crouseilles@inria.fr
Mohammed.Lemou@univ-rennesl.fr
Florian.Mehats@univ-rennesl.fr

27


mailto:Philippe.Chartier@inria.fr
mailto:Nicolas.Crouseilles@inria.fr
mailto:Mohammed.Lemou@univ-rennes1.fr
mailto:Florian.Mehats@univ-rennes1.fr

	1. Introduction
	2. Decomposition of a transport equation
	3. Averaging of ordinary differential equations in a nutshell
	3.1. A normal form theorem
	3.2. Expansions in powers of  of the vector fields G and K

	4. Averaging of transport equations with constant frequency
	5. High-oscillations with varying frequency
	5.1. Immersion as the stationary solution of an extended equation
	5.2. Eliminating the extra-variable s
	5.3. An illustrative elementary example

	6. Application to Vlasov equations with a strong magnetic field
	6.1. Constant magnetic field
	6.2. Magnetic field with varying intensity and constant direction
	6.3. Magnetic field in 3D with varying intensity and varying direction

	Acknowledgments
	REFERENCES

