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Abstract

This work is devoted to the construction of weakly nonlinear, highly oscillating, current vortex sheet
solutions to the incompressible magnetohydrodynamics equations. Current vortex sheets are piecewise
smooth solutions to the incompressible magnetohydrodynamics equations that satisfy suitable jump con-
ditions for the velocity and magnetic field on the (free) discontinuity surface. In this work, we complete
an earlier work by Ali and Hunter [Quart. Appl. Math. 61(3), 451-474, 2003] and construct approximate
solutions at any arbitrarily large order of accuracy to the free boundary problem in three space dimensions
when the initial discontinuity displays high frequency oscillations. As evidenced in earlier works, high
frequency oscillations of the current vortex sheet give rise to ‘surface waves’ on either side of the sheet.
Such waves decay exponentially in the normal direction to the current vortex sheet and, in the weakly
nonlinear regime that we consider here, their leading amplitude is governed by a nonlocal Hamilton-Jacobi
type equation known as the ‘HIZ equation’ (standing for Hamilton-II'insky-Zabolotskaya [J. Acoust. Soc.
Am. 97(2), 891-897, 1995]) in the context of Rayleigh waves in elastodynamics.

The main achievement of our work is to develop a systematic approach for constructing arbitrarily
many correctors to the leading amplitude. Based on a suitable duality formula, we exhibit necessary
and sufficient solvability conditions for the corrector equations that need to be solved iteratively. The
verification of these solvability conditions is based on a combination of mere algebra and arguments of
combinatorial analysis. The construction of arbitrarily many correctors enables us to produce infinitely
accurate approximate solutions to the free boundary problem. Eventually, we show that the rectification
phenomenon exhibited by Marcou in the context of Rayleigh waves [C. R. Math. Acad. Sci. Paris
349(23-24), 1239-1244, 2011] does not arise in the same way for the current vortex sheet problem.
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Notations

The variables
t  the time variable
xr1,T9,r3 the original space variables
Y1,Y2,y3 the straightened space variables
' = (x1,72) the original tangential space variable
vy = (y1,y2) the straightened tangential space variable
0  the fast tangential variable
Y3 the fast normal variable

The frequencies
€ the small wavelength for the oscillating problem
7  the time frequency
£1,8,83  the space frequencies
k  the fast tangential frequency (associated with 0)

The indices
a anindex in {1,2,3}
j  a tangential index in {1, 2}
j' a tangential index in {1,2}
m, pu, £ nonnegative integers for the WKB cascade

The domains
[0,7] the time interval
Q? the original spatial domains
I'.(t) the oscillating free discontinuity
Qﬁ the straightened spatial domains
T'p the straightened discontinuity
't  the top and bottom boundaries
I resp. I~ the interval (0, 1), resp. (—1,0)
T  the torus R/ (27 Z)
T?  the two-dimensional torus (R/(27 Z))?

The unknowns

u  the velocity field (a three dimensional vector)

H  the magnetic field (a three dimensional vector)

p  the pressure (a scalar quantity)

g the total pressure (a scalar quantity)

U  the vector of unknowns (u, H,q)T € R”

U+ the exact solution to the oscillatory problem (on either side of the current vortex sheet)
v the front (a scalar quantity)
1. the exact oscillating front



The profiles
U™*  the m-th profile in the WKB expansion of the exact solution U
Y™ the m-th profile in the WKB expansion of the exact front .
@, x1@ profiles arising when straightening the original spatial domains

The operators
X the cross product in R3
V  the gradient (with respect to z = (x1,z2,23) or y = (y1,y2,ys3), unless otherwise specified)
V- the divergence (with respect to x = (z1,x2,23) or y = (y1,¥2,Y3))
Vx  the curl (with respect to x = (z1,22,23) or y = (y1,%2,Y3))

Miscellanea
XT  the transpose of a matrix (or vector) X
w, v sequences of nonnegative integers (with finitely many possible non-zero entries)
|| the length of the sequence p
()  the weight of the sequence p



Chapter 1

Introduction and main result

1.1 Motivation

This work is devoted to the asymptotic analysis of a free boundary problem arising in magnetohydro-
dynamics (MHD), namely the current vortex sheet problem. We consider a homogeneous, perfectly
conducting, inviscid and incompressible plasma. The model consists of the so-called ideal incompressible
MHD system, which reads in non-dimensional form:

ou+V-(u®u—H®H)+Vqg=0,
(1.1) OH -V x(uxH)=0,
V-u=V-H=0.

In (1.1), u € R? and H € R3 stand for the velocity and the magnetic field of the plasma respectively, x
denotes the cross product in R and V-, resp. V, denotes the divergence, resp. gradient, operator with
respect to the three-dimensional space variable x = (21,22, z3). The scalar unknown ¢ := p + |H|?/2 is
the ‘total’ pressure, p being the ‘physical’ pressure.

We are interested here in a special class of (weak) solutions to (1.1): we want (u, H, ¢q) to be smooth,
for each time ¢, on either side of a hypersurface I'(t) C R3, and to give rise to a tangential discontinuity
across I'(t). The appropriate jump conditions on I'(t) are described below. For simplicity, we shall assume
that the hypersurface I'(t) is a graph that can be parametrized by I'(t) = {z € R3 /23 = +(t,2")} for
some smooth function ¢ of (¢,2’) to be determined, with 2/ := (x1,23) the tangential space variable
which we shall consider to be lying in the two-dimensional torus T? := (R/(27Z))2. The unknown 1
that parametrizes I' will be called the ‘front’ of the discontinuity later on. We shall thus consider the
incompressible MHD system (1.1) in the time-dependent domain:

Q(t) == QT () UQ (t), where Q(t) == {x3 = ¥(t,2))},
with the following jump conditions on I'(¢):
(1.2) op =ut-N=wuw N, H -N=H -N =0, [q]=
The notation [¢] in (1.2) stands for the jump of the total pressure ¢ across I'(¢):
[a] = a"[rgy = ¢ lrgy »
and the notation N in (1.2) stands for the normal vector to I'(t) chosen as follows:
N = (=0p ), —0n,b, )"

The boundary conditions (1.2) correspond to a tangential discontinuity. The velocity 9y of the front
is given by the normal component of the fluid velocity on either side of the free discontinuity, meaning



that the fluid does not flow through the interface I'(t). The normal magnetic field H - N is zero (hence
continuous) on either side of the discontinuity, and the total pressure ¢ should also be continuous across
['(t). Such boundary conditions account for the evolution of a plasma which gives rise to a current vortex
sheet (see, e.g., Figure 1.1 below). Both V x v and V x H have a singular component on I'(¢). We refer
to [Cha61, BT02] for other types of discontinuities in compressible or incompressible MHD.
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Figure 1.1: Schematic picture of a current vortex sheet

To be consistent with several earlier works on current vortex sheets [CMST12, SWZ18, Piel8], we
shall assume that the plasma is confined in the strip x3 € (—1,1). In particular, the front ¢ should satisfy
—1 < ¢(t,a’) < 1 for all (t,2") so that the current vortex sheet itself is located within the strip. We then
impose the standard boundary conditions on the fixed “top” and “bottom” boundaries:

I's = {(«,£1), 2/ € T*}.

On I'*, the plasma should have zero normal velocity and zero normal magnetic field. In its quasilinear
form, the system of current vortex sheets eventually reads as follows:

[ Out + (uF - V)uE — (HE-V)H* + V¢t =0, inQ*¢), tel0,T],
OH* + (v -V)H* — (H* -V)u* =0, inQ*(t), tel0,1],
(1.3) V-ut(t) =V-HEt) =0, inQ*@¢), te][0,T],
op =ut-N, H* N =0, [¢]=0, onI(t), tel0,T],
uy = Hf =0, on[0,T]xT*.

The superscript + in (1.3) refers to the unknowns u, H and ¢ restricted to the subdomains QF(¢). Of
course, (1.3) should be supplemented with initial conditions for v, u®, H* that satisfy suitable compati-
bility requirements (e.g., the divergence free constraints in (1.3) or the boundary conditions on T'F).



The local in time solvability of (1.3) in Sobolev spaces has been recently proved by Sun, Wang and
Zhang [SWZ18] by a clever reduction to the free boundary in the spirit of water wave theory. This
reduction yields a second order scalar hyperbolic equation, a simplified version of which will play a crucial
role in the analysis below. The well-posedness result of [SWZ18] relies on a stability condition that dates
back, at least, to [Syr53, Axf62] and that also plays a crucial role in the present analysis. An alternative
approach to [SWZ18], which does not rely on any stability condition but that is restricted to analytic data,
has been recently proposed by the first author [Piel8] with the aim of using it also in the compressible
case. Within this article, we are interested in the qualitative behavior of exact solutions to (1.3) for
highly oscillating initial data. This problem has been first addressed by Ali and Hunter [AH03] who have
considered the two-dimensional problem and who have shown that for some specific oscillation phase,
and in the weakly nonlinear regime, the leading amplitude of the solution on either side of the current
vortex sheet displays a surface wave structure: it oscillates with the same phase as the front and it is
localized near the free surface with exponential decay in the normal direction to the free surface. Such
a phenomenon is entirely analogous to the description of Rayleigh waves in elastodynamics, see, e.g.,
[Lar83, Lar86, Par88, PT85, HIZ95] and further references therein.

That surface waves occur in the current vortex sheet problem can be explained by performing a
so-called normal mode analysis. Given a reference piecewise constant solution to the current vortex
sheet system (1.3), we seek for planar waves of the form exp (z (Tt+& a1+ & xa + &3 xg)), with 7 € C,
(€1,&) € R? and &3 € C, which can be solutions to the linearization of (1.3) at the given piecewise constant
solution. Here, the normal coordinate to the (flat) sheet is denoted by z3. Due to the divergence-free
constraints on the velocity and the magnetic field, the resulting system is not a “standard” hyperbolic
system. However, the method we use is analogous to the case of free boundary hyperbolic problems
[BGSO07]: the goal is to verify whether the weak and/or the uniform Kreiss-Lopatinskii condition [Kre70]
(ULC for short hereafter) i satisfied in order to obtain a linear stability criterion for planar current vortex
sheets. The analysis of the linearized problem performed in [Syr53, Cha61, Axf62] and more recently in
[MTTO8], leads to a necessary stability criterion by eliminating the case Im 7 < 0 for which the normal
modes blow up (the problem would then typically be strongly ill-posed unless the data are analytic). The
limit ‘neutral’ case we are interested in corresponds to Im 7 = 0; we shall say that the problem is weakly
well-posed. Weak well-posedness is associated with frequencies (7,&1,&) € R? for which the so-called
Lopatinskii determinant vanishes. For the current vortex sheet problem (1.3), only the weak Lopatinskii
condition is fulfilled at best, meaning that there does not exist any planar current vortex sheet for which
the ULC is satisfied. We refer for instance to [MTT08] and to Chapter 3 below for more details. The main
(striking) result of [SWZ18] shows that the linear stability criterion that precludes violent instabilities is
actually a sufficient condition for nonlinear stability in the Sobolev regularity scale.

In our problem, the roots (7,&1,&2) € R? of the Lopatinskii determinant can be parametrized by
(&1,&2). Namely, under the linear stability condition which we shall recall below, for any fixed tangential
frequency (&1,&2) € R? \ {0}, there exist two simple roots 7+ (&1, &2) of the Lopatinskii determinant, and
these roots belong to the set of so-called elliptic frequencies because the corresponding normal frequency
&3 is not real (it is even a purely imaginary number). Those frequencies are responsible for the creation
of surface waves, which corresponds to the case Im¢3 2 0 (depending on the sign of z3). The solution
associated with such frequencies decays exponentially with respect to x3. In other problems related
to hydrodynamics, such as detonation waves or compressible vortex sheets [MR83, AM87], the normal
frequency £3 associated with the roots of the Lopatinskii determinant is real, which gives rise to bulk waves
that radiate into the whole domain, see [BGRSZ02] for a general description of this class of problems. The
latter case does not arise when studying current vortex sheets in incompressible MHD. At the opposite,
the MHD problem we consider here is closer to the one studied by Sablé-Tougeron [ST88] whose prototype
example is the system of elastodynamics with zero normal stress on the boundary (which gives rise to the
so-called Rayleigh waves). Another occurrence of surface waves in MHD is the so-called plasma-vacuum
interface problem [ST14, Sec15].

The main question we address here follows a long line of research, whose rigorous mathematical



formulation dates back to Hunter [Hun89], see also [AHP02, AH13, BGR09, Mar10, CW18, WW17], and
is concerned with the evolution of weakly nonlinear surface waves. Up to a time rescaling, we shall thus
be concerned with the ‘slow’ modulation of high frequency, small amplitude surface wave solutions to
(1.3). We follow the seminal work of Ali and Hunter [AH03] with two main extensions; not only do we
consider the three dimensional case to the price of some more algebra (the analysis in [AHO03] is performed
in two space dimensions), but what is more significant is that we give a complete construction of infinitely
accurate solutions to (1.3) (the analysis in [AH03] is restricted more or less to the construction of the
leading order amplitude). This is done by enlightening several algebraic properties in the analysis of the
WKB cascade, some of which might be useful in other contexts. The construction of arbitrarily many
correctors is not a mere technical issue. It is a crucial step towards the rigorous justification that ezract
solutions to (1.3) with highly oscillating data are actually close to the WKB expansion we shall construct
here, see, e.g., [Gue93, JMRI3, Marl0, Raul2, WW17]. However, we do not address this stability issue
here, because of intricate non-locality issues [SWZ18], and rather focus on the construction of a solution
to the WKB cascade.

In the following Sections of this introduction, we state our main result by first stating the assumptions
on the reference planar current vortex sheet and on the frequencies we shall work with. We then introduce
the functional framework in which we shall solve the WKB cascade that will be made explicit in Chapter
2. Eventually we state our main result and give the plan for its (slightly long) proof.

1.2 Choice of parameters and initial data for the front

Our goal is to construct highly oscillating solutions to (1.3) that are small perturbations of a reference
piecewise constant solution to (1.3). The starting point is to fix the reference current vortex sheet. By
imposing a suitable stability condition, inequality (H1) below, this will enable us to fix the planar phase
of the oscillations for the front. The goal will then be to describe the behavior of the solution to (1.3) on
either side of the oscillating front by choosing (and hopefully one day justifying) a suitable WKB ansatz.
As a long term goal, this will justify the asymptotic behavior of the exact solution (UZF,.) to (1.3)
when we impose highly oscillating initial data, that is, displaying oscillations at frequencies ~ ™1, ¢ < 1.
(Anticipating a little the notation described below, we have collected here all unknowns (ui, H*, qi)T for
(1.3) into a single vector UT with seven components.) In particular, part of our work aims at justifying
that for suitably chosen oscillating initial data, the exact solution (UZX,1.) to (1.3) exists on a time
interval [0, 7] that does not depend on the small wavelength £ > 0.

The reference current vortex sheet

To be consistent with the notation below for the WKB ansatz, we consider a (steady) piecewise constant
solution to (1.3) of the form

Ut if 0,1
(1.4) U (t,2) = o3 (0.1),
U%=, if x3 € (—1,0),

where the two constant states U%*, and the corresponding fixed reference front! +/°, 4!, are given by:
(1.5) Uot = (9% uyE 0, HYE HYE 0,007, @0 ¢t = 0.

Let us recall that here and from on, the notation U stands for a (column) vector in R” whose coordinates
are labeled wy,ug, uz, Hy, Hy, H3,q. The normalization of the total pressure ¢ = 0 in (1.5) is consistent

'We use two functions 1° and 9" since the leading front should be rather thought of as 1/° +e¢*. One possible extension
of our work would be to study high frequency oscillations on a curved current vortex sheet, and in that case, both ° and
' would be nontrivial.



with the choice that is made below for the solution to (1.3), namely?:

/ g (t,z)dz + / q (t,z)dx = 0.
Q+(¢) Q- (1)

For later use, we assume that the reference current vortex sheet (1.5) fulfills the following stability criterion:
(H1) |HOF x [WO)° + [HO™ x [W0)]° < 2 [HOF x B

where [u°] := v — 4%~ stands for the jump of the velocity u® across the (flat) sheet {z3 = ¢°(¢,2') +
el(t,2’) = 0}, and x denotes the cross product in R3. (Note however that the third coordinate of
all three vectors H%* and [u°] is zero hence (H1) involves two dimensional vectors only.) The stability
condition (H1) has been highlighted in [Syr53, Cha61, Axf62] and more recently in [MTTO08, SWZ18] and
is further discussed in Chapter 3 below. (A restricted version of (H1) is used in [Tra05, CMST12].)

The frequencies

Let us begin with a few notations. The 2 m—periodic torus R/(27Z) is denoted by T and the tangential
spatial variable is 2/ = (21, 22) € T?. We consider a given tangential frequency vector ¢’ = (&1, &) € R?
which we normalize by assuming |¢/| := /&2 + &5 = 1. We also choose a (real) time frequency 7 which will
be assumed to meet several requirements below, but let us right away define the planar phase 7t +¢' - 2/,
the notation - here referring to the inner product of R?. With the reference planar current vortex sheet
defined by (1.5), we define the following parameters:

(16) ai = 51 u(l]’i +€2 u%ia b:t = 51 Hg’i +€2 Hg’iv C:t = T+(L:t.

Given a 2 m—periodic function v = v(z’, #) with respect to each of its arguments (z’,0) € T2, we shall
require below that functions of the form:

ve(a') = v (m’, 3 ml) ,

3

be 27—periodic with respect to 2. To do so, we need to impose some additional conditions on the
frequency vector £’. We choose the frequency &’ of the form:

(H2) ¢ = — _(pg)f with (p,q)T € Z2\{0}.

— (P, 4
VPita

Then, considering the sequence (g¢),>1 defined by:

1
(1.7) fpi=m [ >1,

wEre 2
which tends to 0 as ¢ goes to +o0o, we will indeed have ¢’/e;, € Z* and therefore the above function v,
will be 2 m—periodic with respect to z’ for any integer £ > 1. In the following, the frequency vector £’ is
chosen of the form (H2) and the (small) parameter ¢ stands for one element of the sequence (g¢);>1 in
(1.7). When we write ¢ — 0, we mean that we consider £, with £ — +o0.
We add another assumption on the frequency ¢ in order to fulfill the technical condition (¢*)2? # (b*)?
used in Appendix A, see in particular the proof of Theorem 3.1 hereafter in Chapter 3:

‘a+—a_| #* |b+—b_
lat —a™| # [T +b7].

)

(H3)

?Recall the jump condition [¢] = 0 in (1.3) across the interface T'(t), so the total pressure in QT U Q™ is defined up to a
function of time only.



In other words, if we define the following three vectors in R2:
0, 0,— 0, 0,— 0,+ 0,— 170, 0,—
we= (w) ) T g 7)), by = (HYT L H)Y T HYT L H)T),

then we ask the frequency & not to be orthogonal to the four vectors u —h, u—bh_, u+bhy, u+bh_.
None of these four vectors is zero because of Assumption (H1). Indeed, if we have for instance u = h_,
then it would lead to the identity [u°] = [H"], and plugging this equality into (H1), we would obtain:

2|HO x HO|* < 2|H% x HO7 |,

which is a contradiction. The same argument applies for the three remaining cases. Choosing & of the
form (H2) and satisfying (H3) is possible because satisfying (H3) amounts to excluding at most four
directions on the unit circle S! and unit vectors of the form (H2) are dense in S'.

Given ¢ € R? satisfying (H2) and (H3), it remains to make the restrictions on the time frequency 7
explicit. In all what follows, we choose the time frequency 7 € R as one (among the two) root(s) of the
so-called Lopatinskii determinant defined by equation (3.11) herafter. Anticipating on the computation
of the latter quantity in Chapter 3, we choose 7 as a root to the following polynomial equation of degree
2 (recall the definition (1.6)):

(H4) ()4 () = () + (7).

That Assumption (H1) on the reference planar current vortex sheet implies that (H4) has two real roots
follows from elementary algebraic considerations which we shall recall in Chapter 3 for the sake of com-
pleteness.

The last requirement on the time frequency is the assumption 7 # 0. This property is also used in
Appendix A to parametrize some eigenspaces. The condition 7 # 0 automatically follows from (H4) if
uar + uy = 0, which can always be achieved by using the Galilean invariance of system (1.3).

Let us focus on the fact that assumptions (H2), (H3), (H4) and 7 # 0 allow to ensure the condition
()2 # (b%)2, see Appendix A, which will turn out to be crucial in the analysis of the WKB cascade.

From now on, the reference planar current vortex sheet and the frequencies (7, &1, &) € R satisfying
Assumptions (H1), (H2), (H3), (H4), together with 7 # 0, are fixed. We now describe the oscillating
data that we consider for (1.3).

Initial data for the front and WKB ansatz

We consider small, highly oscillating perturbations of the reference constant state (U%*, 40 4+ e¢1). To
be specific, we shall consider initial data for the front of the form:

(19) bt =0.0) = g (¢, 50

where the initial profile ¢g € ¢>°(T?) is assumed to have zero mean with respect to its last argument
0 € T. Let us recall that the small parameter e € (0, 1] actually stands for any &, defined by (1.7) so that
e in (1.8) is indeed 2 7-periodic with respect to 2’. We could consider a sequence of profiles 1/13, wg, ¢§, e
and the corresponding initial datum:

Ye(t =0,2") = £ ¢f <w 59”) +e8 (az 5;”) T

e

the series in € being either convergent or understood as an asymptotic expansion in €, but this would not
add any new phenomenon nor any analytical difficulty; we therefore restrict to the initial datum (1.8) for
notational convenience. Choosing the initial profile w% to have zero mean with respect to 6 is also done

10



for the sake of convenience (see Chapter 5). In any case, the mean of 1/)(2] with respect to 6 does not affect
the leading amplitude of the solution on either side of the current vortex sheet.

The initial front ¢.|;—¢ will take its values in (—1,1) up to restricting ¢ if necessary. Since ¢ is meant
to be small, we shall not go back to this issue any longer.

Continuing the analysis of [AH03], we seek an asymptotic expansion of the exact solution (UZF, ) to
(1.3) as a small, highly oscillating perturbation of the reference planar current vortex sheet (1.5). Some
attention needs to be paid when formulating the WKB ansatz for (Uei,wa). The front 1. is meant to
oscillate with the planar phase 7¢ + ¢ - 2’ with a slow modulation in the variables (¢,2’). The interior
solution UEjE will display oscillations with the same planar phase 7t + & - 2/, and exponential decay
with respect to the fast normal variable (x3 — ¢-(¢,2'))/e. However, describing the slow modulation of
UZ requires taking into account the slow normal variable x3 — .(t,2') and the fixed top and bottom
boundaries T'* too. We thus introduce once and for all a fixed cut-off function x € > (R) such that x = 1
on [—1/3,1/3] and x vanishes outside of [-2/3,2/3]. We aim at constructing, and possibly justifying, an
asymptotic expansion for (UZF,1.) of the following form:

_ / 1o
(1L92)  U(ha) ~ U0+ Y empms (t,x’,zgxug)wg(t,x'),”?’ velbiz) TE4¢ )

IS IS
m>1

/ 0 1 m ,.m /Tt+§/'$/
(1.9D) belt,a!) ~ 0 eyt + ) My <t,m,€>.

m>2

Of course, the two first terms 1°, ¢! on the right hand side of (1.9b) are harmless but are placed here to
highlight the consistency of our notation. By ~, we mean in (1.9) that the series should be understood
in the sense of asymptotic expansions in €, see, e.g., [Raul2]. We require the front 1. to match with the
function (1.8) at t = 0:

V(z',0) €T, %0,2,0) = ¢2(«',0), and Vm>3, ™0,2,0) =0.

In (1.9a), the profiles U™* are functions of 6 variables which we denote (t,v,y3, Y3, ) from now on
(/' is two-dimensional). The slow variables are (¢,%/,y3); t € [0,T] is the time variable, y = 2’ € T? is the
tangential spatial variable, and y3 = x5 — x(x3) ¥:(t,2’) € (—1,1) is the normal variable which allows both
to lift the free surface in (1.3) and to match with the top and bottom boundaries. The oscillating current
vortex sheet I'.(t) := {x3 = ¢-(¢t,2’)} in the original space variables corresponds to the fixed interface
{ys = 0} in the straightened variables, while the top and bottom boundaries I'* correspond to {y3 = 41}
(at least for any sufficiently small €). The fast variables are (Y3,6): Y3 = (x3—.(t,2'))/e € R* is the fast
normal variable which will describe the exponential decay of the surface wave, and § = (7t +¢'-2/)/e € T
is the fast tangential variable which describes the oscillations. Let us observe that we do not incorporate
the cut-off function x in the fast normal variable Y3 since exponential decay will yield O(¢*) -hence
negligible- terms outside of {|z3| < d} for any fixed constant § > 0.

One of the main issues here will consist in constructing the profiles (U™, ¢™+1), <1 in the WKB
expansions (1.9a), (1.9b). To do so, we shall need both the divergence-free constraints on the velocity
uF and the magnetic field HX. Although the condition V - HF¥ = 0 is known to be propagated by the
solutions of system (1.3), see, e.g., [Tra05, Tra09, SWZ18], it is not clear that the associated constraints
on the profiles (Hm’i)mzl are propagated in time one by one as well. This is one major algebraic obstacle
that we have to tackle here, and it explains why we choose to keep the divergence-free constraint (2.6) on
HZ separate from the other equations in system (2.1) below.

It is important to notice that the initial datum associated with UX is not free, as is well known in
geometric optics because of polarization, see [Raul2]. Actually, it turns out that part of the profiles U m,E
will be determined for any time t € [0,7] by solving algebraic equations. In particular, (part of) the
initial data for UF will be computed alongside the whole approximate solution. This restricts the choice
of initial data for UZ; nevertheless the choice of the initial profile ¥2 for the front is free. There are even
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more degrees of freedom that are clarified later on. However, for simplicity, we focus here mainly on the
choice of the initial condition .|;—o.

The scaling (1.9a), (1.9b) we choose here is analogous to the scaling of weakly nonlinear geometric
optics for the Cauchy problem that can be found in [Gue93, JMR93, JMR95], [Hun89, Mar10] (for surface
waves in a fixed half-space) or [Les07]. Discarding the two first zero terms 1%, !, the expansion (1.9b) of
1. starts with an O(e?) amplitude, since the gradient of . in (1.3) has the same regularity as the trace
of UF on I'(t), see [CMST12, SWZ18]. We can also notice the similarity with uniformly stable shocks
studied by Williams [Wil99], where the profile 1! (which is zero in our case) does not depend on the
fast variables. Because of the difference of one power of € in (1.9b) with respect to (1.9a), the functions
UF — U%F and Vi 2% have amplitude ¢ in L* and oscillate with frequency ~ e~ 1. In what follows,
we usually study the profiles U™ jointly with ™*!. In particular, we shall refer to (U%*,1?) as the
leading amplitude in the WKB expansion (1.9).

1.3 The functional framework

The functional framework we are going to define is inspired from Marcou [Marl0] and Lescarret [Les07]
but we incorporate here some new ingredients. The final time 7" > 0 below will be fixed once and for all
by Theorem 4.1 hereafter and it will only depend on a fived Sobolev norm of the initial profile 43 in (1.8)
(to be precise, the H* norm does the job). The spaces of profiles for the WKB ansatz (1.9a) are defined
as follows.

Definition 1.1 (Spaces of profiles). The space ST denotes the set of functions in H™ ([0, T)x T2 x I+ xT),
where It (resp. 1~ ) stands for the interval (0,1) (resp. (—1,0)). Functions in S* depend on the slow
variables (t,y) and on the fast tangential variable 6.

The space ST denotes the set of functions in HOO([O, T] x T? x IT x R* x ’]I‘) that decay exponentially
as Y3 — +o0o as well as all their derivatives uniformly with respect to all other arguments:

36>0, VaeN’, 3C,>0, VY320, |0%5(,",Ys,- < Cpefivs,

i,
Functions in SE depend on both the slow variables (t,y) and the fast variables (Y3, 0).

The space of profiles is ST := ST @ SF (the sum is direct because functions in S decay exponentially
with respect to Ys and functions in ST do not depend on Ys).

The profiles U™, for m > 1, will be sought in the functional space S*. The profiles ¥, m > 2, in
(1.9b)will be sought in the functional space H*([0,7] x T?).The component on ST of some U* € S* is
called the residual component while the component on S is called the surface wave component. Though
we are mainly interested in the component on SF of the leading amplitude in (1.9), determining the
residual components of the correctors is one major obstacle in the analysis below. It seems likely that
the WKB cascade below can not be solved with profiles U™* € St for all m > 1. Namely, though the
leading profile U'* will belong to ST, it is likely that one corrector U™* will have a non-trivial residual
component, which corresponds to a rectification phenomenon. Such a phenomenon has been rigorously
justified by Marcou [Marll] for a two-dimensional model of elasticity. In [Marll], it is shown that the
first corrector has a nontrivial residual component. This will not be the case here because the leading
profile exhibits interesting orthogonality properties which will imply that the first corrector U%* will also
belong to SF. We have not been able to push further the calculations, but it is likely though that the
second corrector U»* has a non-trivial residual component.

Let us observe that in [Mar10], functions in S* are chosen not to depend on the fast tangential variable
0 (the same in [WW17]). It does not seem possible to use this framework here due to the form of the
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source terms in the WKB cascade below. Our source terms differ from those in [Marl0, WW17] because
we deal here with a free boundary problem and we consider additional fixed top and bottom boundaries.
We believe that our extension of the functional framework might be useful in other contexts which also
give rise to surface waves on free discontinuities/surfaces.

Both ST and S* are algebras and are stable under differentiation with respect to any of the arguments.

Notation for profiles

We shall expand profiles U+ € S* into Fourier series in . Given k € Z, the k-th Fourier coefficient with
respect to 6 is denoted U*(k), that is we use the decomposition:

U(ty, Ya,0) = 3 0% (2, Ya k) o0
keZ

Taking the definition of ST into account, we can also split U+ as follows:
(110) U:t(t)y7y379) = Qi(tvyve) + Uit(t7y7Y370) .

e S+ e SE

The zero Fourier mode plays a special role in the analysis of the WKB cascade, as opposed to the non-zero
Fourier modes. Consistently with (1.10), we split:

U%(0) = U (0) + UZ(0),

~t ~
the first term U™ (0) being referred to as the slow mean, and the second term UZ(0) being referred to as
the fast mean. Later on, we shall need to further split the fast mean UZF(0) as follows:

UE(0) = UE(0) + (I - 1) UZ(0),

where IT := diag(1,1,0,1,1,0,0) € .#7(R) is a projector onto the kernel of the Jacobian matrix Agi
defined in (2.4) below (the projector does not depend on the state + so we omit the superscript here). In
other words, if we set UT = (u®, H*, ¢*)7, then the vector:

nU* = (uf,uf,0, H, HY,0,0)7,

consists in the tangential components associated with the velocity u* and the magnetic field H*. The
vector (I — II) U* gathers the non-characteristic components of U¥, which are the normal velocity, the
normal magnetic field and the total pressure.

We shall see in Chapters 4 and 5 that we own several degrees of freedom for the initial data of the
mean of the profiles U™%; for the sake of simplicity, we shall choose to impose zero initial conditions
for the fast means I1 U™ (0). We shall also impose zero initial conditions on the mean of the residual

A17 . . . . . .
component of the leading amplitude U " (0). This choice will allow us to simplify part of the construction
of the profiles (U™, y™*t1),,>1 and to focus on the “surface wave” component of the leading amplitude,
i.e. the component U™ € SE.

1.4 The main result

The aim of this work is to show the existence of a sequence of profiles (U™, 1)™*1), 1 such that in the
sense of formal series, (1.9a) and (1.9b) satisfy (1.3) with accuracy O(e>). A precise statement is the
following Theorem.
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Theorem 1.2. Let the reference current vortex sheet defined by (1.4), (1.5) satisfy Assumption (H1)
and let the frequencies T,&" satisfy Assumptions , (H2), (H3), (H4) together with T # 0. Let also 3 €
H>(T? x T) have zero mean with respect to its last argument . Then there exists a time T > 0, that only
depends on the norm ngHHz;(szT) such that, with the spaces ST = ST @ SF of Definition 1.1 associated
with this given time T, there exists a sequence of profiles (U™ 4™ 1)~y in ST x H*([0,T] x T2 x T)
verifying the following properties:

e for any m > 2, Y™ |i—g = Sm2 g (with § the Kronecker symbol) and at@Em(O)h:o =0,

A1+
o U

(0)|¢=0 =0,
o for anym > 1, WU (0)]—o = 0,

o for all integer M > 1, the functions:

N Tt+& -2
R D D (R
m=2

M T3 — app,M Tt4+ & o
UPPME (L, z) = UV 4 ) e U™ [ 1,0/, w5 — x(ws) 2P, =, ,

S IS
m=1

. . app,M app,M app,M .
satisfy (with Ng PR = (=0, rsaa — Oy, ePP 1)T)'
M+ M+ M+ M+ M+ MAE _ plt
3tugpp + (ugpp . v)ugpp _ (H?pp . v)ngp + ngpp = RV,
M+ M+ M+ M+ MA _ p2,+
3tH?pp, + 4 (ugpp . V)Hé}pp _ (H?pp . v)ugpp = R%*,
v - u‘gpvad: — Rg”i, \va HgappaM,i — Rg’i ’

app,M app,M,+ app,M 1,+
aﬂbapp - uepp |I‘?pp’M ) Na PP =R

be
2,4
H?pp,M,i|ngp’M - NaPP M Ry, [g2PPM] =0,
app,M,+ o 3,+ app,M,t _ 4,4+
Ug 3 Ip+ = Rb,a s H_j Ir+ = Rb,e )

where the error terms satisfy the following bounds:

sup (IREF| + [RE*F| + |R2F| + |REF]) = O(M),
t€[0,T] , zeQPPME ()
1,4 2.+ M
sup (IR, I+ R, T]) = O,
(tx)erze»M
3,+ 4,4
sup (|Rb,s ‘—*— |Rb,5 |) = 0(500)7
t€[0,T], zel*

where we have used the notation QFPPME(t) .= {z € T2 x (=1,1) / =+ (23 — 2P*M(¢,2/)) > 0}, and
LM (1) /@ = P (1, 2')}.

In other words, we can produce approximate solutions to the original free boundary value problem
(1.3) at any desired order of accuracy. By using a Borel summation procedure, one can also achieve
infinitely accurate approximate solutions (meaning with all error terms being O(£°°) in the appropriate
L*° norms).

It is likely that the methods we develop here may prove useful in other related problems of magneto-
hydrodynamics or other (free) boundary value problems for systems of partial differential equations that
exhibit surface waves at the linearized level. One such example is the plasma vacuum interface problem
studied in [Sec15] that presents many similarities with the current vortex sheet problem we study here (in

14



particular the evolution equation that governs the leading amplitude evolution has been proved in [Sec15]
to be the same as the one exhibited in [AH03] for current vortex sheets).

The plan of this work is the following. In Chapter 2, we exhibit the so-called WKB cascade that
must be satisfied by the profiles (U™% 4™%1) in (1.9) in order to get high order approximate solutions
to the original equations (1.3). As will be made clear in Chapter 2, one central problem in the iterative
construction of the profiles (U™*,14™*1) is the resolution of the so-called fast problem (system (3.1)
below). Therefore Chapter 3 is devoted to solving (3.1) and in particular to making clear the solvability
conditions for the source terms in (3.1). The construction of the profiles (U™, ¢™*1) is done in Chapters
4 (for m = 1, that is for the leading profile) and 5 (for m > 2, that is for the correctors). Chapter 4 is
a kind of warm-up for the systematic construction of correctors in Chapter 5. In the weakly nonlinear
regime that we consider here, only the leading amplitude will satisfy nonlinear evolution equations, hence
a separate treatment. The correctors will satisfy linearized versions of the nonlinear equations satisfied
by the leading amplitude but with non-zero source terms. This is a standard feature of weakly non-
linear geometric expansions [Raul2]. Chapter 6 is devoted to the analysis of the so-called rectification
phenomenon. Opposite to the case of elastodynamics, we show here that the first corrector U** has no
residual component, provided of course that the initial data (that can be imposed) are suitably tuned to
zero. As explained in Chapter 6, it seems likely that the second corrector U3* always has (or at least
generically has) a non-trivial residual component, though a complete verification of this fact has been left
aside because the algebra involved was too heavy. At last, Appendix A gathers the expressions of several
matrices, eigenvectors and bilinear operators that are involved in the calculations of Chapters 3, 4 and 5.
Appendix B gathers what is probably the most original part of this work, which is the proof of several
algebraic relations between the profiles involved in the WKB cascade. The results of Appendix B have
been proved in a slightly more general framework than the one we consider here in order to be applicable
to geometric optics problem on a curved background (as opposed to the constant reference solution (1.4)
we consider here).
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Chapter 2

The WKB cascade

Starting from here, we use the notation a € {1,2,3} to refer to a spatial coordinate and we use the
notation j € {1,2} to refer to a tangential spatial coordinate y;. When several tangential coordinates
are involved, we use both j and j'. We also use Einstein summation convention on repeated tangential
indices.

For practical reasons, we rewrite both evolution equations of (1.3) for the velocity and magnetic field
together with the divergence-free constraint on the velocity' into the following conservative form:

(2.1) Ao UT + 8, fou(UF) =0, ze€QF), telo,T],

where we recall that U stands for the vector (u1,us, us, H1, H2, H3,q)T € R7, and the matrix Ay is defined
by:

Is O

(2.2) Ay = [0 X

:| € M7(R).

Let us observe that Ag is not invertible, the last equation in (2.1) corresponding to the divergence-free
constraint on the velocity, which does not include any time derivative. The fluxes (fo)a=1,2,3 in (2.1) are
explicit polynomial expressions of degree at most 2:

[u? — H? +q [uguy — HoHy | [uzu; — HzHy|
urug — H1Hy u% — H22 +q uguy — HgHo
U1U3—H1H3 U2U3—H2H3 u% —H§+q
(2.3) fl(U) = 0 s fg(U) = U2H1 — H2U1 s f3(U) = U3H1 — H3U1
UlHQ — H1UQ 0 ’U,3H2 — H3U2
U1H3 — H1U3 ’LL2H3 — H2U3 0
L U1 i L u2 i L u3 i
For later use, we introduce the Jacobian matrices:
(2.4) Va = 1,2,3, Af = df,(U), &* =140+ AT +& AT,

and the symmetric bilinear mappings
(2.5) Va =1,2,3, Au(,-) = AU )(,).

Observe that since f, is polynomial of degree at most 2, A, does not depend on the state U%* which is
the reason why we have omitted the £ superscript. The Jacobian and Hessian matrices of f, in (2.4) and
(2.5), which appear in the WKB cascade below, are given explicitly in Appendix A.

1'We remind that this constraint allows to define the total pressure g* through the resolution of a suitable Laplace problem,
as for the incompressible Euler equations (see, e.g., [Che98]).
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We have decided not to include in (2.1) the divergence-free constraint on the magnetic field, but we
shall rather keep this constraint separate from the remaining partial differential equations:

(2.6) V- -HE(t,z) =0, xe€Q(t), tel0,T].

For ezact solutions to (1.3) (supplemented with suitable initial data), it is known that the divergence-free
constraint (2.6) is only a restriction on the initial data, see [Tra05, SWZ18], so it could be “omitted” from
system (1.3). Nevertheless, since we shall not prescribe arbitrary initial data for (u®, HT,¢%), we will
need to keep the constraint (2.6) to make sure that it is satisfied for all times (or at least asymptotically
in £). We shall come back to this point later on. Our goal now is to derive the profile equations that are
sufficient for (1.9a), (1.9b) to be an approximate solution to (1.3) asymptotically in e.

2.1 The evolution equations and divergence constraints

We plug the asymptotic expansions (1.9a), (1.9b) in (1.3) and collect the various terms in powers of the
small parameter €. The point is to collect all terms under the form

> "Ity Y5,0)

m>0 y'=a' ys=w3—x(x3) Ve (t,'),Ya=(z3— e (t,2')) /e,0=(7 t+&"-2') [e

The only real new additional difficulty compared with previous works, see for instance [CW18, WW17],
is that when we differentiate UEjE with respect to the variables ¢, x1, xs, there are terms of the form:

ayg Um7i(t7 Y, YE’M 0) X(Jl‘g) at,xhxzwa‘ (tv y/7 9) ’

and when we differentiate UF with respect to x3, there are terms of the form:

Oy, U™ (t,y, Y3, 0) X' (23) Ve (t, 9/, 0)

In either situation, x(x3) or x/(x3) does not directly read as a function of (¢, y, Y3, 6) since we easily have y3
in terms of x3 but not the other way round. We tus need to invert the relation y3 = x5 — x(x3) (¢, 2') in
order first to get 3, and then to compose with either y of X’ in order to get x(z3) and x'(x3) as asymptotic
expansions in €. Let us observe that the fast tangential variable 6, as well as the slow variables t, %/, play
the role of parameters here. We thus write, in the sense of formal series in ¢:

(27) Ys = I3 — X(Q?g) Z g™ wm(tvylv 9) )

m>2

and invert the latter relation with respect to € to get x3 in terms of (¢,y,6). This cumbersome process is
done, for instance, inductively by plugging the latter expression of xj:

r3 = ys+ x| Y3+ X(l‘3) Z em ¢m(t7y/7 9) Z g™ wm(t7y,7 9) )

m>2 m>2
and by performing Taylor expansions in €. The first terms of this expansion read:
r3 = Y3+ x(ys) V(6. 6)
+e x(y3) V7 (8, Y, 0)
+et (xys) (1,9, 0) + x(3) X (y3) W2 (¢, 9, 6))?) +---

For later use, we write the asymptotic expansion of x(z3) and x/(x3) under the following ‘abstract’ form
(still in the sense of formal series in ¢):

(28) X(l‘3) ~ Z g™ X[m](t7y70)7 X/(‘T?)) ~ Z g™ X[m](tvyve) :

m>0 m>0
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For instance, some straightforward calculations yield the first terms:

Xt y,0) = x(ys), ¥ty 0) =0, xE(ty,0) = x(y3) X (y3) V*(t,.0).
X[O}(t7y79) = X/(y?))v X[l](t7y> 9) = 07 X[Q}(ty’H) = X(y3) X”(y?)) w2(t7y/79)'

More algebraic properties and relations between the functions x"!, " will play a crucial role in the
analysis of Chapter 5. The details can be found in Appendix B. (Actually, we shall obtain in Appendix
B an explicit formula for each function y[™!, )'([m}.)

Once we have written the quantities x(z3) and x’(z3) under the form (2.8), it is a long but mere
calculus exercise to write down the asymptotic expansion of the quantity

Ay QUE + 0y, fo(UZE),

in terms of ¢, with Uei,lﬁg as in (1.9). Here we use the crucial fact that the fluxes f, are quadratic
polynomials so all derivatives of f, higher than 3 vanish. After some calculations, we eventually get:

(2.9) Ao QUE + 0y, fo(UZ)

m + m+1,+ m,+
~ Z € <$f (8) Ut - F >‘y/:55/71/3=$3*x(903) Ve (t,2"),Ya=(z3—pe (t,2')) /e,0=(T t+&"-x') e »
m>0

where the fast operators ff(@) in (2.9) are defined by:
(2.10) LF(0) = Ay Oy + A 0y,

and the source term F™% in (2.9) is given for any integer m € N by:

Fm,:l: — —L;t(a)Um’i + Z (991,/)61 JZ{:ﬁ: 8y3U€2,:|: + Z (at¢€1 A0+aij€1 Aj:) 8Y?)U€27:|:
€1+€2:m+2 €1+€2:m+1
+ Y ot aFo,utt 4+ Y0 XAl (g Ag + 0,01 A7) 9, U
L1+l +-l3=m+1 L1+lo+l3=m
+ Z X[M 1/}52 A::at By Ul _ Z Aa(Ugl’i, By, Ufzyi)
l14+-Lla+Ll3=m l14+-la=m
l1,02>1
(2.11) — > GAUNE GUE) = YT As(UNE 0y, U
l1+lo=m~+1 l1+lo=m+1
£1,622>1 £1,02>1
+ Y Ut G A UTE U+ > 0,0l AU 0y, UBE)
L1 4+-ba+l3=m+2 L1 +lo+-l3=m+1
lo,€3>1 Lo, l32>1
+ Z X[h] ((‘)97,!)[2 gj ‘,&j((]és,:l:7 aysU&,:I:) + Z X[Zl] 8ij£2 Aj(UZB’:t, aysUZ4,:|:)
14+ +Lg=m+1 L14-4Lyg=m
l3,04>1 l3,04>1
+ Y Xyl AyUE 0, U,
li4-4Ly=m
l3,04>1

Just a few words on the expression (2.11). First, the slow operator L (0) appearing on the first line of
(2.11) is defined by:

(2.12) LE©) == Agd, + AZ 0, ,

which corresponds to the linearization of the MHD equations around the constant states given in (1.5). In
all expressions such as (2.11) (and many to come later on), we keep the convention /°, ¢! = 0, see (1.5),
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so when a sum involves the functions ¢, the terms corresponding to £ = 0 and £ = 1 can be discarded
(though we most often omit to mention it). Similarly, all terms involving a partial derivative of the profile
U%% can be discarded since these profiles are constant, see (1.5).

The precise -though lengthy- expression (2.11) of the source term F™% will be absolutely crucial to
verify several compatibility conditions in Chapter 5 when we construct the profiles (U™ ™1, <.
As is customary in geometric optics [Raul2], the source term F™* is entirely defined by the profiles
UbE o umE 2 ™ More precisely, the very last front profile ™ *! only enters F™* through
0y *1. In other words, we do not need to know the mean ¢»™*1(0) of 1y™*! with respect to 6 to compute
F™*, Computing the limit of (2.11) as Y3 tends to infinity, we get the expression:

Em,:l: — L;I:(a)gm,:t + Z X[Zﬂ aewfg ,Q{:t ay3Q€3,:t
l1+Llo+l3=m+1

T+ Z AT (B Ag + 8,9 A;t) B, U + Z 0l AE 9, U+

L1+lo+l3=m L1 +lo+l3=m
213) - Y GAULE U - Y AlUhE, 8, U)
l1+lo=m+1 l1+lo=m
£1,02>1 l1,02>1
+ Z X[Zl] Oph*? 3 Aﬂg&%iy ayg)g&i) + Z X[fl] 8yj¢f2 Aj(gfs,i7 ay?)gfz;,i)
L1+ +Lg=m~+1 L1+ +Lag=m
£3,ly>1 l3,04>1
+ Y gt ayUteE, 0, Ut E).
L1+ +Lly=m
l3,04>1

By using the symmetry of the A,’s, we get from (2.11) the expressions:
(2.14a) F%* =0,
1
(2.14b)  FY* = —LEOUE + 9g9® o7 * Oy, UE — 3 (& 0o (UYE,UME) + 0y, As(UHE,UY))

The symmetry of the A,’s will be useful in Chapter 4 when constructing the leading amplitude of the
WKB ansatz, and also later in Chapter 5 when constructing the correctors. This is the reason why we
have chosen to write the MHD system in its conservative form (2.1) rather than in its non-conservative
form.

Since we wish to solve (2.1) asymptotically at any order in ¢, a sufficient condition for doing so is to
require that each term in the asymptotic expansion (2.9) vanishes. We are then led to the so-called WKB
cascade which the profiles (U™*,¢™*1),,~; should meet:

(2.15) Vm >0, ZF@)U™E = F™F 0 (y,ys,Y5,0) € [0,T] x T? x I* x R* x T,

with the source term F™% defined by (2.11). The slow variables (,y) play the role of parameters in
(2.15) since the operators .,f;t(a) only act on the fast variables (Y3, 8).

Let us be a little more specific on the seventh equation in (2.15), which corresponds to the divergence-
free constraint on the velocity field. Using that the seventh line of the A,’s is zero (the divergence
constraint is linear !), see Appendix A, we find that the seventh line of (2.15) reads:

(2.16a)

1+ L+ b, o
Ovyug ™" G OpulTT = VU™ Y gt G ot Y 0y Oy

l1+lo=m-+2 l1+lo=m++1
[Zl] 22, eS,i [51] ZQ ZS’i
+ Z X Ot & ayguj + Z X ayﬂb 81/3“]'
l14+-La+l3=m+1 l1+-La+l3=m
- [61] /8 l3,&
LY gyt

l1+La+L3=m
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Similarly, plugging the WKB ansatz for the magnetic field in the constraint (2.6), we find that the profiles
(H™%),,>1 must satisfy the following constraints:

(2.16D)
O Hy ™ + & 0B = — Vo™ 4 N gl o HPT Y 0,00 oy P
b1+l =m-+2 l1+lo=m+1
l3,+ l3,+
+ Z X g2 Oys H;* ™ + Z Xl ayﬂﬁ& Oy, H;>
l1+La+l3=m+1 l1+La+l3=m
D DI SR

l1+La+Ll3=m

For future use, we rewrite (2.16b) under the form:
(2.17) Oy HYHWE + &0, HM I = BV

where Fy" * is a short notation for the right hand side of (2.16b). Observe again that ¢ *! enters the
right hand side of (2.16b) only through its fast derivative dpp™ . Equation (2.17) is the analogue of the
seventh equation in (2.15), which reads:

m—+1,+ m+1,+ m,+
8y3u3 +&; 89uj = F;.

Equations (2.16) will be later referred to as the fast divergence constraints.
In Chapters 4 and 5, we shall construct a sequence of profiles that satisfy (2.15) and (2.16b) together
with several jump and boundary conditions which we are going to derive now.

2.2 The jump conditions

The jump conditions for the WKB cascade are obtained by plugging the expressions (1.9a), (1.9b) in the
jump conditions (1.2) which appear in the current vortex sheet system (1.3). Let us recall that on the
free surface {xs = 1-(t,2’)}, there holds y3 = Y3 = 0 (recall x = 1 near 0 so x(¢:) ~ 1 at any order in
¢), which is the reason why a double trace appears in the jump conditions for the WKB cascade below.
Collecting the powers of e, we derive the following set of equations, where m > 0:

(2.18a)

1,+ 0,+
ugn-i-, _Ci80¢m+2 — 3twm+l_|_uj7 aijm—i—l
41 3 ‘627i 51 fz,i
D W GuPT Y Oyt
l1+lo=m-+2 l1+lo=m++1
l2>1 lo2>1
m41,+ + m+2 0,+ m4+1 0 lo,+ 14 Lo, +
HY NS —pF 9™t = HPF 0,0+ YT o GHPT Y 9yt HPE
l1+bo=m—+2 l1+lo=m—+1
l2>1 l2>1
17 17_ J—
\ qm+ + _qm+ - 07

where all functions uﬁ;i, ngi, ¢bT are evaluated at y3 = Y3 = 0, and the set of equations (2.18a) should
be satisfied for all (¢,/,0) € [0,T] x T? x T.

Let us make the two first cases m = 0 and m = 1 in (2.18a) more explicit. For m = 0, we get the
homogeneous system:

Uy |ys—va—o — c* pt? 0,
(2.18b) HyF |yymyvymo — b5 00> = 0,

q1’+|y3=Y3=0 - q17_’y3=Y3=0

Il
o
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For m = 1, we get the system:

2,4 0.+ 1+
Uy lyamyvi—o — ¢ OpU’ = O + uj”™ Oy, »? + 0p* & Uj lys=Y5=0,

(2.18¢) Hy ¥ |ymvamo — b 0p0° = H™ 0, 92 + 099 & H; "™ |yy—vs—0,

q2’+|y3:Y3=0 - q27_ ’y3=Y3=O = 0.

It is convenient for later use to rewrite the set (2.18a) of jump conditions in a more compact form.
We first define the following matrices B* € .45 7(R):

0010000 000O0O0O0O O
000O0O0T1OP0 000O0O0O0O O
(2.19) Bt:=10 000 00O, B :=|001000 0],
00 0O0O0O0O© O 000O0O0OT1T O
000O0O0O0T1 00 0O0O0O0 —1
as well as the vector:
(2.20) b:=—(ct, b, c,b7,007 eR5.
We can then rewrite the jump conditions (2.18) in the more compact form:
(2.21) Ym>0, BYU™bNT| _yv,c0 +B U™ |yam0 + 0™ b = G™,
where the source term G has the form:
(2.22a) am o= (Gt art e Gy o)
with:
(2.22D)
G71n,:|: — 8twm+1+u;)7:|: aijerl_i_ Z 891/161 fj U§2’i’y3:y3:0+ Z 8ij€1 uﬁz,:ﬁ: oY) s
l1+lo=m~+2 l1+lo=m—+1
la>1 lr>1

(2'220) G;nd: = HJ(')’:E 8yj¢m+1 + Z 6077/)61 gj Hf%i ys=Y3=0 T Z (9ij£1 Hj&’i y3=Y3=0 -

01 +€2:m+2 01 +52:m+1
l2>1 la>1

It is important to observe that the mean 12 m+1(0) does enter the definition of the source term G™. More
precisely, the non-zero Fourier coefficients of G depend on U LE L U™E 2, ™ and 9py™ L, but
the mean G™(0) does depend on 1™ 1(0). this fact will be important in the induction process of Chapter
5.

2.3 The fixed boundaries

We now focus on the boundary conditions on the top and bottom boundaries I'*. Here we should
recall that profiles in the space ST are decomposed following (1.10) as the sum of a first profile that is
independent of the fast normal variable Y3, and of a second profile that decays exponentially with respect
to Ys. For x3 = +1, there holds |z3 — ¢ (t,2)| /e > 1/(2¢) for any sufficiently small €, so the surface wave
component of the profile is O(¢*°) when evaluated at the top and bottom boundaries.

The boundary conditions (ue)3 |zs=t1 = (He)T |z5=+1 = 0 will therefore be satisfied if there holds:

(223) \v/m Z 0’ an+17j: ﬁg’lri’lyi

ys=t1 = lys=+1 = 0.
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Observe that in (2.23), the trace of ggnﬂ’i at y3 = £1 is a function of (¢,v/,0) so (2.23) is a condition
for all Fourier modes with respect to 8 which we can rephrase as:

Ym>0, VkeZ, wrtVEy, k) =Hy Tty £1,k) = 0.

Here we see why introducing the cut-off function x in the slow normal variable y3 was convenient. If
we had chosen the probably more natural candidate y3 = x3 — 1.(¢,2’) as the slow normal variable, the
boundary conditions at x3 = £1 would have mixed the profiles (U m,i)le for the physical quantities
(velocity, magnetic field) with the profiles (™*1),,>1 for the front. Beyond the notational inconvenience,
this would have made the verification of some compatibility conditions much more cumbersome than they
will be in our framework. The price to pay with our choice for the slow normal variable is the introduction
of the many additional terms in (2.11) that involve the functions x4, %1, The algebra involved with these
additional terms is one of the achievements of our work and is detailed in Appendix B.

2.4 Normalizing the total pressure

It will be convenient in the induction argument described in Chapters 4 and 5 to determine the total
pressure in a fixed given way. Observe indeed that in (1.3), the total pressure is defined up to a function
of time. In other words, we can always shift ¢= by a given function of time:

gt (tx)+Q@), q (t,z)+Q(t),

and we still get a solution to (1.3). To avoid this indeterminacy, we make the same choice as in [CMST12,
SWZ18] and fix the total pressure (¢", ¢~ ) by imposing the zero mean condition:

/ gt (t,z)dz + / q (t,z)dx=0.
Q+(t) Q- (1)

For the oscillating problem, since the subdomains also depend on the wavelength ¢, the latter normaliza-
tion conditions reads:

(2.24) Vtel0,T], / g (t,z)dr + / q; (t,z)dxr = 0,
af @ 0z ()

where the domains QF(¢) are given by:
Qgc(t) = {m € T? x (—-1,1) ‘,153 z @Z)E(t,x')} .

Our goal here is to compute the asymptotic expansion with respect to the small parameter ¢ of the
integrals in (2.24), when the total pressure and the front follow the asymptotic expansions (1.9a), (1.9b).
The expansion will give rise to the normalization conditions for each profile of the sequence (qm’i)mzl.

There are several steps in the calculation. First, we observe that the domains QF(#) have measure
14 0(1) as € tends to zero, so any O(c¥) contribution in ¢= will give at best an O(g¥) contribution in the
integrals of (2.24). This means that if we write

(2.25) /fﬁ(t) g (t,x)dr + / ¢ (t,z)dz ~ Z em I,

Q: (1) m>1

then .#™(t) only depends on the finitely many profiles gb%, ..., ¢"™%. Let us emphasize that the asymp-
totic expansion (2.25) begins indeed with the e! scale because of the normalization condition (1.5) for
the reference current vortex sheet (which makes the term #° automatically vanish). We are now going
to make the functions &, m > 1, in (2.25) explicit. For each profile

_ t / t !
z3 1/15(733)74‘5 J,‘>7 le’

qm,i (t7 x’? xr3 — X(:’C3) wE(t7 ml)’ c ) £
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we need to compute its integral on QF (), then multiply by €™, see (1.9a), sum with respect to m > 1
and rearrange the formal series in terms of powers of £ thus obtaining (2.25). We explain below how one
can derive the asymptotic expansion of the integral:

_ / roo
@26) gt = [ (e - (e vl RS T g
Qf (v € €

The integral JZ~ (t) on the other side of the current vortex sheet is dealt with in exactly the same way
so we omit the details.

e Straightening the domain. We first make the change of variables (z/,x3) — (v/,y3) with ¢/ := 2/

and y3 := w3 — x(23) ¥:(t,2’). This is indeed, at least formally, a change of variable for e sufficiently
small since 1. is expected to be O(g?) in L® so the Jacobian of this transformation does not vanish.
The domain Q7 (¢) is mapped onto the fixed domain Qg := T2 x I't, which corresponds to the flat front
. = 0. The integral JI"(t) in (2.26) is rewritten accordingly:

+ (x(zs) =D ye(tyy) 7t+€ -y dy
Jgn’Jr t) = / Mot <t7 /7 7y3 ) ’
0= J O (BYws : e ) 1= X))

0

where, for any given time t and y € QF, 23 € (¢<(t,9'), 1) denotes the unique solution to the equation:

y3 = x3 — x(z3) Y= (t, ') .

The decomposition (1.10) of the profile ¢™* yields a decomposition of the above integral JZ (). Each
of the two terms is examined separately.

e The surface wave component. Let us first look at:

m m ys + (x(ws) — D) Ye(t,y) 7t+& -y dy
‘]6,*7_‘—(1:) = / Ay " (tay/7y37 & ( ( 3) ) E( )7 1—+/
QF X'(

€ £ x3) e (t,y')

We recall that the cut-off function x equals 1 on the interval [—1/3,1/3] so x(x3) equals 1 at any order
in € for, say, y3 € [0,1/6]. In the same way, there holds x/(z3) = 0 for y3 € [0,1/6] and any ¢ sufficiently
small. For y3 > 1/6, we recall that ¢;" " has exponential decay with respect to the fast normal variable
Y3, so the ‘remainder’ term:

_ / 1ol /
/ gt <t7y,7y37 ys+ (x(z3) — )Y (t,y) 7t+E& -y ) dy' dys
T2 (1/6,1)

e ’ £ 1= X' (z3) Ye(t, )

is an O(£*°). (It is actually an exponentially small term.) We may thus write:

ys Tt+& -y
Jg’;’—i_(t) — / QT’+ (tay/>y3aa dy,dy?) +O(€OO)
T2x(0,1/6) € €
ys Tt+& -y
:/ gt <t,y’,y3,, dy’ dys + O(e™),
Qa' g g

where the final equality comes again from the exponential decay of ¢/" with respect to Y3. We now
decompose the profile g;* "+ in Fourier series with respect to 0. For each k # 0, the integral

N t (A
/ q:ﬂ,-i- (ta ylv Y3, %a k;) €xp (7’ k 7-—|_§y> dy/ dyd )
Qa' IS £
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is shown to be an O(¢*°) by means of integration by parts in ¢y - the so-called stationary or rather non-
stationary phase method (here we use £’ # 0 and the fact that the fast normal variable y3 /e is independent
of y'). We are thus left with:

J*;na’:+(t) = /Q_‘r a:mﬂ_ (tv y',yg,%,(]) dy,dy3+0(€oo)

0

=¢ / Tty e Y3, Y3,0)dy dYs + O(e™)
T2 [0,1/e]

8f-i—l
S S [ Yoy 0. e 0 dy ava.
oo U Jrxwe TP

Collecting the contributions of each integral JI%™ (t), which we recall is part of the integral JI" (¢) in
(2.26), and adding up with the analogous contributions from the minus side Q_ (¢), we end up with:

(221) 3 e (Jmtw) + I ()

m>1
1
~ m — Y2 9250% (¢, 4,0, Y3, 0) dy dY-
T Y EQ,{/ng 230+ (1,40, Y3, 0) dy’ dY;

m>2 l1+lo=m—1 ’
£1>1

+/2 Y32 0l2gi(t,y/,0,Y3,0) dy’dYg} .
T?xR—

o The residual component. We now examine the integral:

t+¢& -y dy
JH() = / s <t7 /7 7T ’
Jde ( ) Q(T g Y,Ys £ 1-— X/($3) /(/}e’:‘(t? y,)

We know from (2.8) that x/(z3) can be expanded in terms of ¢ as:

i Tt+& -y
X (g) ~ Y ™y (t,y’,ys,gy) ,

9
m2>0

with suitable profiles x[™), m > 0, and the asymptotic expansion of 1. is given by (1.9b). We may thus
write:

1 t+ 10
(2.28) ] ~ 1+ Z em gm (t,y’,yg,TH/) .

1—x'(w3) e(t, ¥ = €

Each function #™, m > 2, in (2.28) can be computed by starting from:

L=y (mg) ve(ty)) ~ 1= ™ > x(t,y,0) 4"y, 0),

m>2 l14+-la=m

and then computing the asymptotic expansion in ¢ of the inverse (see [Com74] for some explicit formula).
In particular, there holds:

/Z(tv Y, 0) = X/(y3) wQ(ta yla 0) .
At this stage, we plug the expansion (2.28) into the expression of the integral J”>*(¢). Using again
the stationary phase method, we end up with:

do
m’+t~/Am’+t d é//’”’*t 0) 7%t y,0)dy — .
JIH(t) g (ty,0)dy+ > o) (t,y,0) F* (t,y,0) dy o

0>2
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Multiplying by €™ and summing over m > 1, we end up with:

(229) Y &" (L”’*(t) +Ie"”(t)) ~ Yy (/m " (t,y,0) dy+/6m’(t,y, 0) dy)

m>1 m>1 0 Q
dé _ dé
b e S [ [t s entar [ ) £ i
otJT 27 o-JT 2T
m>3 l1+lo=m 0 0
01 2>21,022>2

We now collect the contributions (2.27) and (2.29) to get the expression of .#™(t) in (2.25). We have
just derived the expression:

@30 Ymz1, om0 = [ T En0d+ [ 2760y + 170,
Q- Qy
where I™71(t) is computed from the ‘previous’ profiles ¢&*, ... g™~ L%, 2 ... ™ by setting:
_ 1 s Ao~
N = Y {/ Y 0Ral (1y,0.Y5,0) dy' dY;
ftly=m—1" 2" TR
6>1
(2.31) +/ Y32 ol2gi T (t,y/,0,Y3,0) dy'dYg,}
T2xR—
01,4+ lo dg l1,— 12 dg
+ > ¢t (ty,0) 7 (ty, 0)dy —— + ¢ (ty,0) 7 (ty,0) dy o— .
otJT— 27 Q-J1T~ 2T
l1+0a=m 0 0
012>21,62>2

Since we wish each term .#™(t) in (2.25) to vanish, this will lead from the expression (2.30) to determine

inductively the slow mean @m’i(O))mzl of the total pressure by setting:

0 QO

(232 [ am 0y + [ g tp0dy = 1),
) i

with I~1(¢) given in (2.31). In particular, examining the relation (2.32) shows that the first three slow
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means Qm’i (0), m = 1,2,3, should satisfy:

@3 [ s+ [ 3 p0d -0,
) i

0 Q0

(2.34) / 3 (t,y,0) dy + / 3% (L, 0)dy = / (1Y, 0, Y3,0) dy dYs
ot — - T2 xR+

0 Q0

“(t,y,0,Y3,0)dy’ dYs,

T2xR
(2.35) / g> " (t,y,0)dy + / 7% (t,y,0) / T(t,y',0,Y3,0) dy’ dYs
Q- Q5 T2 ><]R+
/ ~(t,y,0,Y3,0)dy’ dYs,
’]I‘QXR*

- / Y?)aY;),ZI\*L—F(tvy,yO)YévO) dy/ d}/é
T2 xR+

- / Y3 0v,00 (1, 4/, 0, Y3, 0) dy dYs
T2xR—
- / / 0 (6, 0) ¥ (y3) (1, 0) dy 2
Q+ 49 ' Y 'y Y 2
déo
/ / “(t,y,0) X (y3) VA (t, Y, ) dy;
i

It will turn out that with our choice of initial data, the whole residual total pressure QLi, including the

slow mean Ql’i(O) will vanish, and the fast mean g; = (0) will also vanish. Hence the above relations
(2.34) and (2.35) will reduce to:

/\27_;’_
/ l
Q+

0 Q()

/ > (t,y,0)dy +/ 3% (ty,0)dy = —/ a2"(t,y,0,Y3,0)dy dYs
oF o T2 xR+

(t,y,0)dy +/ 3> (t,y,0)dy =0,

B / af’_(taylvovy&o) dy’ dYg
T2xR—

As we shall sce later on, the fast mean ¢2*(0) will not be zero, which will in turn show that the slow
mean of the second total pressure corrector ?jgi will not be zero. As in [Marl0, Marl1], this will prove
that rectification occurs, even though the leading amplitude in the WKB ansatz is exponentially localized
near the current vortex sheet.

2.5 Summary

Let us now summarize the equations to be solved. We wish to determine some profiles (™%, P )50
that satisfy:

o the fast system (2.15) together with the fast divergence constraint (2.16b) on the magnetic field
(the source term F™* in (2.15) is explicitly given in (2.11)),

e the jump conditions (2.21) for the double traces on {y3 = Y3 = 0} (the source terms G’ln’i, ng’i in
(2.21) are explicitly given in (2.22b), (2.22¢)),

e the top and bottom boundary conditions (2.23) for all Fourier modes of the residual components

uy” *H gn’i of the normal velocity and normal magnetic field,
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e the normalization constraints .#"(t) = 0 for the slow mean of the total pressure, with .#™ given
by (2.30), (2.31).

All these equations are supplemented with initial conditions in agreement with (1.8). The initial data for
the front profiles (¢™),,>o are’:

(2.36) V(z',0) €T3, %(0,y,0) = ¥32(y/,0), and VYm >3, ™0,y,0) =0,
and the initial data for the fast mean of the tangential components of each U™ will be zero:
(2.37) Vm>1, U™ 0,y,0) = 0.

We shall go back later on in Chapters 4 and 5 to the problem of determining the initial data for the
slow mean of the profiles U™*. There is some flexibility there too, but the data have to be compatible
with some divergence constraints so we have thought it more convenient to examine the determination of
initial data for Q m’i, m > 1, when it arises in the analysis.

The cornerstone of the whole program consists in solving the so-called fast problem (3.1) below in
which we focus on the fast equations (2.15), (2.16b) and the jump conditions (2.21). Depending on whether
m = 0 or m > 1, the fast problem has to be solved either in the homogeneous or non-homogeneous case,
which will be done in Chapter 3 hereafter. We shall go back later in Chapters 4 and 5 to the top and
bottom boundary conditions and to the total pressure normalization.

2Recall that in (2.36), 12 is assumed to have zero mean with respect to 6.
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Chapter 3

Analysis of the fast problem

Constructing a solution to the WKB cascade (2.15), (2.17), (2.21), (2.23) is done inductively. At each
step of the induction process, the main problem is to solve a system of equations of the form:

LEO)UF = F*, ys € I*, £Y3 >0,
(3.1) Oy, Hy + & 0pHF = Fy, ys € IT, Y3 >0,
Bt U+‘113:Y3=0 + B~ U_|y3=Y3:O + a@d’b = Ga

where the fast operators .Zf(@) have ben defined in (2.10), the matrices BT have been defined in (2.19)
and the vector b is given by (2.20). We forget temporarily the top and bottom boundary conditions on
I'* since they can be dealt with more easily than all remaining equations. Both the source terms and the
solution in (3.1) are real valued.

It is important to observe that in (3.1), the slow variables (¢,y’) enter as parameters. The slow normal
variable y3 also enters as a parameter in the two first equations, but the boundary conditions on I'g only
bear on the trace on {y3 = 0}. However, for later use, it is useful to consider interior source terms F* Fét
that also depend on (¢,y) and a boundary source term G that depends on (¢,y’). The main purpose is to
clarify the functional framework in which (3.1) can be solved. Since the unknown front profile ¢ in (3.1)
only appears through its 6-derivative, it will of course be defined only up to its mean with respect to 6
(this mean being a function of (¢,7)).

We shall refer from now on to (3.1) as the ‘fast problem’. In this Section, we fix a time 7" > 0. The
functional spaces ST, SF, S* are defined accordingly, see Definition 1.1. Our main result in this Chapter
is the following.

Theorem 3.1. Let Assumptions (H1), (H2), (H3), (H4) be satisfied together with T # 0. Let F* FF €
St and let G € H®([0,T] x T? x T). Then the fast problem (3.1) has a solution (UF ) € ST x
H>([0,T] x T2 x T) if and only if the following conditions are satisfied:

Fiflyumysmo = —bt 905G T 09Go,
(3.2a) 6_|y3_Y3_0 Bk * ci o2 (compatibility at the boundary)
F6 ’y3:Y3:0 = —b" 0pGs3 + ¢ OyGy,
~t ~t
3.2b F (t,y,0) =0, Fg(t,y,0) =0, (compatibility for the slow means
1'g

0,+ »
Uy F’Yj,:*(o)
ug™ F=,(0)
0,£ & 0,+
HY S F7 (0) —uy ™ F

(3.2¢c) (
Hy™ FE,(0) — u)™ FE,(0

(compatibility for the fast means)



(3.2d) 3y3F6i +¢; (%F;Srj — 7'89F83E = 0, (compatibility for the divergence of the magnetic field)

B2e) VE20, [ L) By 0.k Y - [ g () P (k0.0 dY,
R+

+ 0 Gity k) + € oty k) + €7 Gs(t, ' k) + €5 Ga(t, ' k) — iTsgn(k) Gs(t,y k) =

where in (3.2e), the vectors L*(k) are explicitly defined in (A.5), the notation “- 7 stands for the
Hermitian product between two wvectors, and the quantities EicQ are defined in (3.21) below. The last
solvability condition (3.2e) will be referred to as an orthogonélity condition (for the non-zero Fourier
modes).
If the solvability conditions (3.2) are satisfied by the source terms of (3.1), then (3.1) has a solution
of the form (U*,0), where U* € S* can be chosen such that:
~+

no*(0) =0, and T (0)|,_,, = 0.

Furthermore, any solution to (3.1) then reads':

Ui(tayay?ne) = Ui(tayayz’ne) + Qi(tvy) + (Uit*,UQ*,O Hit*aH;:*?O 0) (t,y,Yé)

+ Z t Ly, k e:F|k:|Y3+zk:9%:|:( )
keZ\{0}

where U € 5% is mdependent of 0, ul*,uQ*,Hle*,I-[jE S, the vectors #* (k) are explicitly given in
(A.5), the coefficients v satisfy v=(t,y',0,k) = £|k| (¢, 9/, k) for all (t,9/, k) € [0,T] x T2 x Z* with the
reality condition:

VkeZ", /Vi(tagﬁ_k) = Vi(taya k),

and, eventually, the slow mean Qf satisfies the boundary conditions on I'y:

+ + -
@h,3|y3=0 = Eh,:}‘%:o =0, Q;|y3:0 = 4q, lys=0 -

Here we have used the notation Q (ufl,ufz,uh?ﬂ[{fl,HfQ,Hfg, h)T.

Let us observe immediately that (3.2) does not involve any condition on the mean of the boundary source
term 6(0) In the induction process of Chapter 5, the mean of the front profiles qu(O), m > 2, will be
determined by enforcing a solvability condition for the Laplace type problem that will determine the slow
mean of the total pressure correctors. This solvability condition will be examined separately since it does
not enter the analysis of the fast problem. The analysis of the Laplace problem, which is reminiscent of
the analysis in [SWZ18], will lead to a second order wave type equation for the slow mean of the front
9 (0).

The following sections are devoted to the proof of Theorem 3.1. In order to understand better why
(3.1) admits non-zero solutions in the homogeneous case, we first go back for a while to the linear stability
problem of incompressible current vortex sheets and recall why Assumption (H1) yields the existence of
linear surface waves that are exponentially decaying with respect to the normal variable to the current
vortex sheet. This will be the opportunity to recall the expression of the so-called Lopatinskii determinant,
which will be useful later on. The various matrices, eigenvectors and so on involved in the normal mode
analysis also enter the explicit description of the (leading amplitude in the) weakly nonlinear ansatz (1.9a).

IThe subscript h stands for ‘homogeneous’.
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3.1 A reminder on the normal mode analysis

The analysis of the fast problem (3.1) in the homogeneous case, that is when F* = 0, FgE =0,G=0,
is more or less equivalent to the normal mode analysis that is performed for testing the linear stability
of the piecewise constant solution (1.5) to (1.3). To highlight this, we thus go back for a while to the
original (quasilinear) system (1.3) and linearize the equations around the piecewise constant solution (1.5).
Forgetting in this Section about the top and bottom boundaries I'*, the linearized problem reads:

ot + (u0F - V)ut — (HO* . V)H* + V4§t =
OH* + (u** - V) HE — (HO* . V)ut =
V-t (t) = V-HE () =

8t¢+ug7iayj¢ = i, qujiayﬂb = Hy, [i]=

, inT2xR*, tel0,T],
, inT2xR*, tel0,T],
, inT2xR*, tel0,T],
, onT?, tel0,7].

o O O O

For this Section only, we consider the normal variable y3 € R*, but the tangential variables g’ still lie in
T2. We recall that j and j’ refer to tangential spatial coordinates and that we use Einstein summation
convention.

We perform a Laplace transform with respect to the time variable (z := 7 — i+ is the associated dual
variable) and a decomposition in Fourier series with respect to the tangential space coordinates y' € T?
(the associated frequencies are k € Z?). This yields the problem:

( (z+ kjup )iy, — (ky H)S) Hy +ky g™ =0, ygeRE, j/=1,2,
i (24 kjud ) a5 — i (ky H)S) Hy + 0,67 = 0, y3 € RF,
0,4\ 75 0,£y ~
(Z+kJUJ )Hi*SkJH] )EL:‘::O, y3ERiv
ikj ity + Oty =ik H + 0, Hy =0, y3€RE,
. +\ 7 A~ . + 7 S ~
kz(z%—k:ju?’ )¢:u§, ijH]Q’ @Z)zHgi, [¢] =0

) y3:Oa

with what are -at least we hope so- self-explanatory notations. The analysis below follows what has been
performed in [Syr53, Axf62, Cha61, BT02, MTT08]. We first look for exploding modes in time, that
is we assume z to be of negative imaginary part (v > 0). With some easy manipulations, we first use
the divergence constraints on 4%, HZ in the two first equations and derive the second order differential
equation for the total pressure’:

Oa y3€Ri7
[Cj} = 07 y3:07
0ysd* = ((z+kjul™)? — (b HY)2)p, y3=0.

0.0 — k2 =

For a non-zero frequency vector k, this problem has a nontrivial solution that is (exponentially) decaying
at |y3| = +oo if and only if:

(3.3) (z+kjul™)? + (24 kjuy™)? — (ky H)M)? — (kj H) )2 =0.

Provided that we can find the expression of the total pressure, all other quantities are then determined by
solving linear equations, so the vanishing of the quantity on the left hand side of (3.3) determines whether,
on the Laplace-Fourier side, the linearized equations admit a nontrivial solution. To make the analogy
with the theory of hyperbolic initial boundary value problems [Kre70, Sak82, BGS07], the polynomial
expression in (3.3) will be referred to as the Lopatinskii determinant for the current vortex sheet problem.

Under the stability condition (H1) on the reference planar current vortex sheet, the second degree
polynomial equation (3.3) in z has two simple real roots. This means that exploding modes in time

20n the Laplace-Fourier side, this is of course the analogue of the Laplace problem that determines the total pressure as
the Lagrange multiplier associated with the divergence constraints on the velocity and the magnetic field.
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(v > 0) do not occur, which is good for stability, but the linearized problem admits nontrivial oscillating
waves in time (y = 0). Since these waves decay exponentially with respect to the normal variable y3, they
are usually referred to as surface waves. More algebraic details that fit into our framework for weakly
nonlinear geometric optics are given in the following Section.

3.2 The homogeneous case

In this Section, we are going to characterize the solutions (U*, 1) € ST x H>®([0,T] x T? x T) to the fast
problem (3.1) in the homogeneous case. We thus wish to determine all solutions to the system:

L) U* =0, ys € I, Y3 >0,
(3.4) Ov,Hy + & 0pH = 0, g€ IE, 435>0,
BT U%y,—yv3—0+ B~ U™ |ys—y3—0 + 9ptb b = 0.

Once again, we are only interested in real valued solutions. The result is summarized in the following
Proposition.

Proposition 3.2. The functions (UT, 1)) € ST x H>®([0,T] x T2 x T) that satisfy (3.4) are exactly those
profiles of the form:

Uy, 0. 0) = U () + (Ui,uwo T 1,,0,0) (1.9, Y5)

+ Z t Ly, k e:F\k\Y;g—l—sz%:I:( )
keZ\{0}

where UL € S* s mdependent of 0, u *,uQ*,Hli*,Hi € SE, the vectors Z#* (k) are explicitly given in
(A.5), the coefficients v* satisfy vE(t,y/,0,k) = £|k| (¢, o, k) for all (t,y', k) € [0,T] x T2 x Z* and the
reality condition:

VkeZ", ’Vi(tay7_k) = Vi(tvya k),

and, eventually, the slow mean UT satisfies the boundary conditions on T'y:
+ + -
uzlys=0 = Hylys=0 = 0, Q+|y3=0 = q |lys=0-

In particular, given any v € H*([0,T] x T2 x T), we can construct a pair of profiles U € S* such
that (UF 1)) satisfies (3.4).

Proposition 3.2 extends to the three-dimensional case some of the calculations performed in [AH03]. We
now give the proof for the sake of completeness.

Proof of Proposition 3.2. The proof is rather elementary and follows from mere algebraic manipulations.
We first assume that (U*, ) € ST x H>®([0, T] x T2 x T) is a solution to (3.4), try to derive the expression
of (U*, ), and eventually verify that such expressions provide indeed with the only possible solutions to
(3.4). Let us therefore assume that (U*,9) € ST x H®([0,T] x T2 x T) is a solution to (3.4).

e The residual component. We first take the limit |Y3| — +oo and obtain the fast equations:

dEQUT =0, yzel*,
fjﬁeﬂfz(), ys € I~

The explicit expression of the matrices /% is given in Appendix A. In particular, under Assumptions (H1),
(H2), (H3), (H4), together with 7 # 0, it is proved in Appendix A that the matrices &/* are invertible.
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This means that, even without using the fast divergence constraint &; 89ﬂ]i = 0 on the magnetic field,
we necessarily have U™ = 0, or in other words:

U*(t,y,0) = UX(t,y),

for some functions UF € H>([0,T] x T? x I*). The divergence constraint on the magnetic field is a
consequence of the remaining seven equations. We shall examine the boundary conditions that must be
satisfied by the slow means UT on {y3 = 0} later.

e The surface wave component. Zero Fourier mode. Subtracting the residual component at Y3 = +o0
and taking the average with respect to 6 of the fast equations in (3.4), we find that the fast mean UZF(0)

must satisfy: R R
A3 0y, UF(0) = 0, Oy H;,(0) =0,

where (¢,9) € [0,T] x T? x I* enter here as parameters. From the explicit expression of the matrices Agi
given in Appendix A and the exponential decay at Y3 = +o0o of functions in SF, we find that the latter
equations are satisfied if and only if

U5,(0) = H3,(0) = 3 (0) =0.

In other words, the fast mean UZ(0) of U* has the form:
T
(u:lt,*7 ug:,*? 07 Hi:*’ H;f*v 07 0) (t7 Y, Y3) ’

as claimed in Proposition 3.2. Since the tangential components of the velocity and magnetic field do not
enter the boundary conditions in (3.4), the four scalar functions that define the fast mean are completely
free.

Since the normal velocity, normal magnetic field and total pressure of the fast mean ﬁ*i (0) are zero,
it is easy to see that the slow mean U* must satisfy the boundary conditions on Ty:

+ _ gt _ + o
U3 ‘y3=0 = Hj ’y3:0 =0, q ‘y3=0 =49 |y3:0'
These conditions are obtained by computing the mean with respect to # on T of the boundary conditions

in (3.4).

o The surface wave component. non-zero Fourier modes. We now consider the oscillating Fourier
modes of the surface wave component of U*. We consider a non-zero k € Z and compute the k-th Fourier
coefficient with respect to 6 of all equations in (3.4). We get:

Af Oy, UE(k) +ikad*Ux(k) = 0, ys € I, £Y3 >0,
(3.5) Oy, Hy, (k) +ik& Hy (k) = 0, ys € [T, £Y3 >0,

B* ﬁj‘y3:Y3:0(k) + B~ ﬁ;‘y3:Y3:0(k) +1 k{b\(k)b =0.

Observe that here, we have already used the fact that the residual component Ut does not depend on
6. The first two equations in (3.5) are reminiscent of the normal mode analysis performed to study the
linear stability of the planar current vortex sheet (1.5). Indeed, if we write down the equations satisfied
by the Fourier coefficient ﬁf(k) and use the divergence constraints for the velocity and magnetic field,
we get3:

cia;%*_biﬂf*+£ja*i :P, j=1,2,
(36) OvyGF +ikctauy, —ikbEHY, =0,

bR HE — 0,

3This system is similar to the one obtained when performing the normal mode analysis in the previous Section, with
corresponding frequencies z = 7 and k; = k¢;.
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together with the divergence constraints

(3.7a) Ovytiy, + k&, =0,
(3.7b) Oy, Hi, +ik& H, = 0.

Now, using (3.7) in (3.6), and recalling the boundary conditions in (3.5), we find that the total pressure
must satisfy the (seemingly overdetermined) elliptic system®*:

R4 — kg =0, ys €I, Y320,
(38) QA*+|y3=Y3=0 = C]A*_’y3=Y3=Ov

8Y321\*i’y3:Y3:0 = k? ((Ci)Q - (bi)2) {b\

Since we are looking for exponentially decaying profiles (in Y3), the second order differential equation for

¢ gives the general expression®:

(39) Z]\*i(ta Y, Y37 k) = ((bi)2 - (Ci)Q) ’Yi(ta Y, k) e$‘k‘ Ys ) v (t7 Y, Y3) € [07 T] X T2 X Ii X Ri .

Let us notice that ys is a parameter in (3.9). Hence the only remaining problem is to take the double
trace y3 = Y3 = 0 in (3.9) and to determine whether we can solve the boundary conditions in (3.8). The
first boundary condition in (3.8) gives:

,7+ (t7 y,’ 0’ k) = ’7_ (t7 y,’ 0’ k:) °

Therefore the second boundary condition will be satisfied if and only if (we recall k£ # 0 and we are looking
for non-trivial solutions, i.e. ¢;* # 0 and 1 # 0 for at least one non-zero Fourier mode):

(3.10) ()2 + () = (67)* + (b7)%

hence Assumption (H4). As in the theory of initial boundary value problems for hyperbolic systems
[Kre70, Sak82, BGS07], the identity (3.10) is similar to the cancellation of some Lopatinskii determinant
(see [MTTO08]) that we can define as follows:

A(,61,&) = () + (c7)? = (bF)* = (b7)?

(8.11) =272 + 2" +a )T+ () +(a)2 = (07— (b7)?.

This is nothing but a polynomial of degree 2 in 7, so the roots can be easily computed. Under the stability
assumption (H1), we can show that A has exactly two simple real roots 71 = 71(£1,&2) and 72 = 72(&1, &2);
only the weak Lopatinskii condition is fulfilled. Observe that there is no reason why 7 = 0 could not be
a root to (3.11), but since the case 7 = 0 induces a different parametrization of some eigenspaces (for
instance /T is not invertible if 7 = 0), we need to exclude this possibility.

We refer to [BGS07] for more details on the possible degeneracies of the Uniform Lopatinskii Condition
for hyperbolic initial boundary value problems. Any of the two triples of frequencies (71,2(§), &1, &2) will be
called elliptic because it corresponds to a case where the nontrivial solutions to the linearized equations
have exponential decay with respect to the normal variable to the current vortex sheet. For ‘standard’
hyperbolic initial boundary value problems, this type of situation has been studied in [ST8S].

Once we have the expression (3.9) for the total pressure, it is a mere algebra exercise to verify that
the solution to (3.5) is given by:

UE(t,y,Ys, k) = vE(t,y, k) eTHYs 25 (k) |

4We recall that the tangential frequency vector & has been chosen with norm 1.
5Here we use the fact that both quantities (ci)2 — (bi)2 are non-zero, see Appendix A for the verification of this property.
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with the vector 2+ (k) defined in (A. 5). Our normalization (3.9) for the coefﬁcients 7F yields the (rather
simple) relation v*(¢,y,0, k) = £|k| ¥ (t,y, k) on I'g. The reality condition for y* comes from our choice
of %% (k) that also satisfies, see (A.5):

FE(—k) = #E(k).

Conversely, it is elementary to verify that any function of the form given in Proposition 3.2 does indeed
satisfy the homogeneous fast system (3.4), which completes the proof of Proposition 3.2. O

Proposition 3.2 already yields part of the results claimed in Theorem 3.1. Namely, since we now
have a complete parametrization of the solutions to (3.1) in the homogeneous case, by linearity it is
sufficient to prove that the conditions (3.2) are necessary and sufficient for the existence of one solution
to (3.1). Let us also observe that if, for some given source terms F*, Fy, G in (3.1), there exists a solution
(UF,1p) € 8T x H*®, then we can always subtract a solution (V*,1)) to the homogeneous problem (3.4)
with the same function ¢. Consequently, showing that (3.1) admits one solution (U¥, 1)) amounts to
showing that (3.1) admits one solution of the form (U*,0) with U € S*.

3.3 The inhomogeneous case

In this Section, we complete the proof of Theorem 3.1 by using the reduction to the case ) = 0 as explained
above. We thus focus on the fast problem, whose unknown is now denoted Ut = (% *, 7+, 2%)T:

LFO)U* = F*, ys € I*, £Y3 >0,
(3.12) Oy, A5+ + & 0g. " = Fy ys € I, +Y3 >0,
B* U+|y3:Y3:0 + B~ IU7|Z/3:Y3:0 =G,

and we try to determine necessary and sufficient conditions on the source terms such that (3.12) has (at
least) one solution.
3.3.1 Necessary conditions for solvability

We first exhibit several more or less obvious necessary solvability conditions for (3.12). Let us first note
that the sixth equation in the system z;t(a) Ut = F* readsS:

—bE QU + ¢t Op5E = F

Since the slow and fast normal variables y3 and Y3 enter as parameters here, we can take the trace of this
equation on y3 = Y3 = 0, and use the boundary conditions in (3.12):

+ — + _ - — - —
%3 ‘y3:Y3:0 — G]_7 % ’yg:YS:O — G2, %3 ‘y3:Y3:0 — G37 % |y3:Y3:O - G4.

We get the system (3.2a), which is a compatibility condition between some of the boundary and interior
source terms in (3.12).

We now take the limit Y3 = £o0o in the ‘interior’ equations of (3.12), and then take the mean with
respect to 0 € T. We get the relations (3.2b), which mean that the residual components of the interior
source terms FT, Egh should be ‘purely oscillating’ in 6.

Let us now project the interior equations of (3.12) on the surface wave components ST (meaning that
we subtract the limit of all quantities at Y3 = +00), and take the mean with respect to 8 on T. We get:

A 0y, UE(0) = FE(0), 0y, 255(0) = F5,(0).

5We shall repeatedly use in this Section the expression of the matrices Ag‘:, &/F that are given in Appendix A.
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Using the explicit expression of the matrices Agi given in Appendix A, we find that the noncharacteristic

components of the vector @//} (0), that is, the normal velocity, normal magnetic field and total pressure,
are given by solving:

Oy 2E(0) = Fi(0), 0w (0) = FE(0), Oy 755(0) = FE(0),

with zero ‘boundary conditions’ at Y3 = £oo, and it then remains to verify the five algebraic relations:

0 = Fg,(0),
w0y, %55 (0) — HYS 0y, #55(0) = FiL(0), j=1,2,
0,+ = 0,+ - 5 .
H;™ 0y, U5 (0) — uy™ Oy, #55(0) = Fyy;,(0), j=1,2.

The necessary solvability conditions for determining the fast mean [[AJf(O) therefore read:

- 0, = 0,+ = - 0,+ 0, -
(3.13) Fg(0) = 0, w;™ F7(0) — H)F FS(0) = FiL(0), H}F FZ(0) —uy™ F§(0) = F5, ,(0).

The three remaining components ﬁ?)i*(()), F}i*(()), ﬁgt*(O) are free. Let us observe that (3.13) is more
restrictive than the conditions (3.20)7given in Theorem 3.1. We shall explain why (3.2c), together with
(3.2d) are actually sufficient conditions later on.

The solvability conditions (3.2b), (3.13) bear on the slow and fast means with respect to 6. The
following compatibility conditions will rather bear on the oscillating part with respect to 0 (as for (3.2a)).

Let us now examine more closely the fast equations in (3.12). Using the expressions of the matrices
o/* and Agt in Appendix A, the fourth, fifth, sixth and seventh equations in the system . ;E(a) U+ = F*
equivalently read:

—u) Qv A — B QU + (1 + ) 9 — ) 05 = B - H)FFE
—uyE Dy, HGE — 0F Qg UsE — 61 uST AT + (1 + E )T Dp st = FE - HYF FE
—bF Op UsE + c* g T = FF,
Oy, U5 + &5 Op U = Pt

Applying &; 0p to the first equation, & Jp to the second equation, dy, to the third one and adding all
three quantities, we end up with:

7 O (v, A5+ € 00 HGE) = Ov i + & 0T
This means that the source terms in (3.12) must satisfy:
(3.14) Ovy By + & 00 Fy; —TOpFg = 0,

which includes, by taking the mean with respect to #, one of the conditions in (3.13), namely ﬁgf*(O) =0.
The condition (3.14) is a compatibility between the fast divergence of the magnetic field and the source
term in the fast equations for the magnetic field. Such a compatibility condition arises because there is no
Lagrange multiplier associated with the divergence constraint in the evolution equation for the magnetic
field (this constraint is meant to be propagated in time due to the ‘curl’ form of the original equation).

Let us now exhibit a convenient duality formula, which is some kind of a Fredholm alternative for the
solvability of (3.12). The analysis below is reminiscent of what has been done in [BGC12, BGC17, CW1§]
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with the difference that we deal here with a characteristic (free) boundary problem. We consider a
non-zero k € Z and compute the k-th Fourier coefficient of all equations in (3.12). We obtain:

(3.15) (A5 Oy, + ik ®)U%(k) = F=(k), ys € I, £Y3 > 0,
Bt IU+(k’)|ys:Y3:0 + B~ U (k)lys=vs=0 = G(k).

In particular, taking the trace on I'y of the fast equation in (3.15), we find that there exists a smooth and
bounded (with respect to Y3) solution W¥ to the system:

(316) {(A;f Oy, +ik dE)YWE = FE(k)|ysm0, +Y3>0,

BTW*(0)+ B~ W~(0) = G(k).

Observe that in (3.16), the only remaining parameters, which we have omitted to write explicitly, are
(t,y'). For convenience, we introduce the notation Llf = Agt Oy, + 1k + which corresponds to the
action of the fast operator ffﬁ (0) on the k-th Fourier mode with respect to §. We also use the notation
(Lf)* to denote the (formal) adjoint operator —(AZ)” dy, — ik (&/*)T. We use at last the notation « - ”
for the hermitian product in C”:

7
7 R D'
VX, YeC', XYV =) X;V.
j=1

Let us start with the (bounded) solution W+ to the system (3.16). For a pair of sufficiently smooth
and (exponentially) decaying at infinity test functions V*, we have:

(3.17) /+°°v+-(L;W+)dy;o, _ /0 Vo (LoW)dYs
0 —00
_ /+OO(L;)*V+ W dYs — /0 (L) V- W dYs — VE(0) - AF WH(0) — V- (0) - A5 W(0).
0 —00

We make the boundary terms at Y3 = 0 explicit thanks to the expression of Agt (see Appendix A), and
use the fact that W= satisfies (3.16). This yields:

+oo N 0 N
|V Wl e [V )]0 dvy
0 —00

~ () + 5 0) )
(3.18) (0t of ) + B BFO) +570)) Gik)
= (a7 07 ) + H)7 B (0) + p(0) Galh)
+ (HJOJr v (0) +u) " B;r(o)) Go(k) + (HJO‘ v (0) +uy~ ﬁ) Ga(k)
— 03 (0) G (k)

where the coordinates of V* are denoted (v, BT, p*) and the seventh coordinate of W¥ is denoted ¢=.
The goal is now to choose the test functions V* such that all the blue terms in (3.18) -those where W+

"Here we forget temporarily about the divergence constraint on the magnetic field since it is meant to be recovered in the
end by the compatibility condition (3.14) for non-zero Fourier modes.
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still appears- vanish. This leads us to introducing the so-called dual problem:

v3 (0) + v3(0) = 0.

After several calculations which are quite similar to those that have been done in the proof of Proposition
3.2, we find that there is a one-dimensional space of solutions to (3.19), that is spanned by the pair:

(3.20) VE(Y;) = T 2% (k)

where the vectors Z*(k) € C” are explicitly defined by (A.5). Plugging the expression (3.20) of V* in
(3.18), and defining the quantities:

(3.21) EF=20%)% —71¢t, and 5 = —(aF + )b,

we find that a necessary condition for (3.16) to have a solution is:

“+o00 R 0 R
(3.22) / e|k|Y3$+(k)-F+(k)|y30dY},—/ elk1Ys 2= (k) « F~(k)|ys=0 dY3

0 —00

+ 05 Gi(k) + € Go(k) + 07 G3(k) + €5 Ga(k) — iTsgn(k) Gs(k) = 0.

At this stage, we have shown that if (3.12) has a solution (which is equivalent to assuming that the
original fast problem (3.1) has a solution), then the conditions (3.2) must be satisfied by the source terms.

We assume from now on that the source terms in (3.12) satisfy (3.2) and wish to show that there
exists a solution Ut € ST to (3.12). This is done by separating the zero Fourier mode from the non-zero
modes and by constructing an explicit solution to (3.12) in each case.

3.3.2 Solvability I. Zero Fourier mode

We first show that we can solve the projection of (3.12) on the zero Fourier mode. Our goal is to construct
a pair of functions UT(0) € ST that does not depend on 6, and that satisfies:

AF 0y, U*(0) = F*(0), yz € I*, £Y3 >0,
(3.23) Oyy A57(0) = FE(0), ys € I, £Y3 > 0,

BT U*(0)|yg=vs0 + B~ U (0)|yyyzm0 = G(0).

Here and below, the coordinates of U= (0) are denoted %+, 7%, 2% for the velocity, magnetic field and
total pressure respectively (we omit to recall the hat notation and the reference to the 0 Fourier mode for
clarity). We also wish to show that solving (3.23) is possible with the additional constraint I1U*(0) = 0

(zero tangential components for the velocity and magnetic field) and @i(O)]yszﬂ = 0 (zero trace for the
residual component on I'F).

Solving (3.23) is rather easy. Using the solvability condition (3.2b), we already know that F£(0) =
ﬁf(O) and ﬁgi 0) = ﬁgi(O). We thus define the fast normal velocity, normal magnetic field and total
pressure by:

Ys N —+o0 N
%3,_*@72/7}/3) :_/ FE*(tvyaKO)dY7 %3—:';(75)3/7}/3) = = F;’F*(t,y,Y,O)dY,
— 00 Y3
Y3 +oo
Aty o) = [ Ftpv.0pay, Ay, Ys) = — [ Ed(ty.Y.00dY
—00 Y3
Y3 R 400 -
2, (t,y,Y3) = / F3 (t,y,Y,0)dY, 2Ht,y,Y3) = —/ F3 (t,y,Y,0)dY .
—0Q0 Y3
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The above formulas define some functions % Ay, * 9F ¢ SF that do not depend on . Because of the

3,%7

compatibility conditions (3.2c) and (3.2d) (which 1mphes Fgfr* = 0), we find that the vectors:

Ut (0) := (0,0,@/&,0,0,@33})?
satisfy the fast equations in (3.23), namely:
A5 0, U2(0) = F2(0) = F2(0), 0n4535(0) = FiL(0) = FE(0),
for all (¢,y,Y3) € [0,T] x T? x I x R*. It remains to add some slow functions @i(O)(t,y) in order to

satisfy the boundary conditions in (3.23). Indeed, any choice of functions @i (0) that are independent of

Y3 will not modify the fulfillment of the fast equations in (3.23). We thus only need to determine @i (0)
such that:

U3 (t,y,0) = Gi(t,y,0) — % (t,y,0,0),
H5(t,y,0) = Ga(t,y,0) — 51, (t,1/,0,0),
U5 (t,y,0) = Gs(t,y',0) — %, (t,y',0,0),
A5 (t,y,0) = Ga(t,y,0) — A5, (t,1/,0,0)
27 (t,y,0) — 2 (t,y,0) = Gs(t,y,0) — 25 (t,4/,0,0) + 2 (t,4/,0,0)

which is always possible. Satisfying the additional constraint @i(0)|y3:ﬂ = ( is always made possible
by multiplying, for instance, by the cut-off function x(y3) that vanishes outside [—2/3,2/3].

The particular solution @i(O) which we have constructed for the problem (3.23) obviously satisfies
U%(0) € S*. Moreover, we have shown that it is always possible to choose T[AJi(O) such that TIU%(0) = 0

~t
and U (0)|y,=+1 = 0. In order to prove Theorem 3.1, we can now reduce to the case where all source
terms in (3.12) have zero mean with respect to 6.

3.3.3 Solvability II. Non-zero Fourier modes

Thanks to the analysis in the previous Paragraph, the only point left in the proof of Theorem 3.1 is to
show that (3.12) admits one solution U* when the source terms satisfy (3.2a), (3.2d), (3.2e), together with
F£(0) =0, ﬁsi(O) = 0and G(0) = 0. (Let us observe that in this case, (3.2b), (3.2¢) are trivially satisfied.)
In order to solve (3.12), we shall first construct an explicit solution for its projection on each non-zero
Fourier mode with respect to 8. We shall then study the summability properties of the corresponding
Fourier series. Let us therefore compute the k-th Fourier coefficient of each equation in (3.12) and thus
introduce the problem:

(AT Oy, + ik a*) U= (k) = F=(k), ys € 1T, £Y3>0,
(3.24) Oy, A5 (k) + ik & A7 (k) = FE(k), ys € I*, £Y3>0,

Bt U*(k)|ys=vs—0 + B~ UF(K)|yyvsmo = G(K).

We focus on the system (3.24), of which we first take the limit at |Y3| = 400 in order to try to
determine the residual component of U* (k). We wish to construct a solution to:

~

(3.25) ik U (k) = F(k), ysel®, YseRE.

Since we already know that the matrices /% are invertible, there is no choice for the residual component,

and we must set: .
O°(0) = — () E ().
7
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Performing some manipulations on the fourth, fifth, sixth and seventh equations of system (3.25), we find
that the residual component which we have just defined satisfies the additional relation:
— ~+ ~+
ikt (k& 2, () = ik Fyy (k) = ikr F5 (k).
where the final equality comes from (3.2d). Since k& and 7 are non-zero, this means that the residual
~+
components U (k) satisfy:
, — ~t
ik& Ay (k) = Fs(k),
which is the k-th Fourier coefficient projection of the fast divergence constraint ; 89%? =F éc.
We now define the boundary source term:
~ /\+ o
G(k) == BTU (k)lys=0+ B~ U (k)lys=0,

—4
in such a way that the pair of profiles % (k) is a solution to:

(AL oy, +ikar®)T (k) = F (k) ys € IF, £Y3 > 0,
—4 ~
(3.26) ikg Ay (k) = Fy (k). ys € I¥, £Y3 > 0,
/\+ o~ o~
B+M (k)‘yaio +B~U (k)’y3:0 = Q(k) .

This is nothing but the residual component of (3.24) except that the boundary source term is not the
same as in (3.24).

The above derivation of necessary solvability conditions for (3.1) implies that the source terms in
(3.26) satisfies the orthogonality condition:

(3.27) / eIV (1) BT (14,0, k) Yy — / HIYs (1) B (14,0, k) dYs
R+

Gty k) + 6 oty k) + €7 Gy(t,y' k) + € Gyt k) — iTsgn(k) Gs(t,y/ k) = 0,

~F
From the definition of the Fourier coefficients U™ (k), k # 0, and the fact that the source term EF*
belongs to S* = H®([0,T] x T2 x I* x T), it is quite clear that the formula:

~t , 1 i~k ,
US(ty.0) = Y U (ty, k)™ =y — (o75) T E (ty, k) e,
k40 k40
defines a pair of functions Z* € S*, and these functions satisfy®:
LFO)U* = F*, ys € I, £Y3 >0,
(3.28) Oy, 5 + 85005 = Fy ys € I*, £Y3 > 0,
3 3 J 7 £ 8
Bt Ut y—vs—0 + B~ U |yy—v3—0 = G,
with an obvious definition for the boundary source term G.

Since we have already constructed a solution to (3.28), we can subtract (3.12) and (3.28), and it
remains to construct a solution to the fast problem:

(3.29) Oy, M5 + & 0g 5" = Fy, ys € IE, +Y3 >0,
B+ [U+’y3=Y3=O —|— B_ U_|y3:Y3:0 = G — Q7
=:Gy

80f course all Ys-derivatives vanish in (3.29) since residual functions are independent of Ys.
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where the main gain with respect to (3.12) is that now all interior source terms are exponentially de-
caying at Y3 = fo00. Subtracting (3.2e) and (3.27), we know that the source terms in (3.29) satisfy the
orthogonality condition:

330) [ gt E ey 0k Yy — [ g () B (k0.0 Vs
R+
+ 0 Gra(t,y k) + 6 Gos(t, ) k) + €7 Gaa(t, ) k) + €5 Gax(t,yf k) — iTsgn(k) Gs.(t,y k) =

By linearity, we also know that the source terms in (3.29) satisfy the compatibility condition on T'y:

(3.31) {Fg*|y3=Y3=0 = —b" G1 + T 0pGaox

Fo lys=vs=0 = —b7 0pGs s + ¢~ OpGap .

We shall also use the compatibility condition for the divergence of the magnetic field, which corresponds
to the projection on S of (3.2d), namely:

(3.32) Oy o + & 00F5 5, — TOpF5, = 0.

In order to construct a solution to (3.29), we are going to find the expression for the k-th Fourier
coefficient of U*, which must be a solution to:

Li@i(k‘)_ﬁ*i7 y3eli7i}/3>oa
(3.33) Oy A (k) + ik & (k) = Fg (), ys € I*, £Y3 >0,
B* U+(k)|y3=Y3=0 +B- U~ (k)|y3=Y3=0 = G*(k) .

Making the fast equations explicit, we must solve (forgetting from now on the hat notation and the
reference to the index k for the solution):

Pkt U — k0 AGE o+ Oy, 2* =ﬁ3i,
—ikbF UL ikt A - F%,
Oy, U5 + ik & U™ — B,
Oy A5 + ik &G AT — Ff.

Using once again the divergence constraints on the velocity and the magnetic field, we find that the total
pressure must satisfy the differential equation:
0%, 2% — 1? 2% = 0y, Fi, —ik(a® + ) F, +2ikbE Ff, +ik& FF

~ 2b+ ~ 27 kb*
(3.35) :8YSF§* 8yF6*—zk(a +c )F;; g 3+]*+zk§] e

= g%

where the second equality comes from (3.32). The total pressure should also satisfy the boundary condi-
tions:
(3.36a) Q+|y3=Y3=0 - Q_|y3:Y3=0 = G5,

(3.36]3) ay3°@+’y3:y3:0 = F\;*’y3:y3:0 —ikc" 617* +1k bt @27* ,
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(3.36C) 8YSQ_ |y3:y3:0 = ﬁ3T*|y3:y3:0 —ikc” @37* +ikb” @47* ,

A solution (27, 27) to (3.35), (3.36b), (3.36¢) is given by:

Y- +oo
(3.37) @ = wte ¥ _ 1 ( / T W 05Y) gy dy + / oI (Y=Y5) gt (y) dy> ,
216 \Us Y,
Y- 0
(338) @ = noltl¥s _ 2|1k| ( / T e MOBY) - vy ay 4 / e lH (Y=Y) g () dy> ,
—00 Y3

where the coefficients x*, which are actually functions of (¢,y), must satisfy at this stage:
(3.39)
1

1 oo ~ . . , ~
K lys=0 = o7 /0 e IHY F gm0 (Y)dY — T F;:*|y3:y3:0 +isgn(k) et G, —isgn(k) b™ Gaox,

1

7 ﬁ?:*|y3:y3:0—i sgn(k) c™ 63,*—1—1' sgn(k) b~ @4,* .

_ 10 _
340) Km0 = —377 / MY Zo| (V) dy+

The choice of the dependence of k* on the slow normal variable ys is completely free at this point since it
does not affect the fulfillment of (3.35). The question now is to determine whether this solution to (3.35),
(3.36b), (3.36¢) also satisfies (3.36a) which will follow from (3.30) and (3.31). Indeed, we compute from
(3.37), (3.38) and (3.39), (3.40):

°@+|y3=Y3=0 -2 ‘y3=Y3=0

1 +o00 B B 1 0 B
= ’i+|y3:0 - m /0 e 1Y yﬂya:O(Y) dY — &7 [ys=0 + m / elY 7 lys=0(Y) dY’

1 +00 _ 1 0 _
= — m /0 e Ikl Y 3Z+|y3=0(y) dY + m / e|k|Y F ‘y3=0(Y) dY
—00

1

I (ﬁ?:r*‘ya:Yazo ! F\?:*’y?’:YS:O) +isgn(k) (C+ G+ Gy —bTGoy — b @4,*) :

At this stage, we go back to the expression of the source terms .#* in the differential equations (3.35)
and we integrate by parts those two terms in the expression of .Z% that involve a Y3-derivative. Using
the expression (A.5) of the vectors £*(k), we get:

Q+|y3=y3=0 - Qi‘y3=Y3=0
jsgn(k) [T ~ isgn(k) [° N
__ isgn(k) / o IFIY @+ (k) « F¥|,—o(Y, k) dY + isgn(k) / MY L= (k) « B | yu—o(Y, k) dY
0 —00

T T

2 ~ o~ . ~ o~ ~ o~
= (07 Bilymvimo + 07 By lmvimo ) + isgn(k) (¢ Gy + ¢ Gy — 0" G — 07 Gy )

k|7
0 ~ o ~ 07 ~ 0 ~ ~
= isgn(k) ((1 + c+> G+ <2 — b+> Gaox + <1 + c_> Gsx+ <2 - b‘) G4,*> + G54
T T T T
2 ~ oA
" W (b+ Fg,_*’ys=Y3=0 +b 6,*|y3=Y3=0>
_ 2(b7)2 ~ 2¢t bt 4 2(67)2 ~ 2¢7b A ~
= isgn(k) ( (T ) G — Gay + (%) G3. — G4,*) + G5
2 ~ _ o~
+ |]€’ T (b+ Fa_*’y3:Y3:0 +b FG,*|y3:Y3:0> )
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where we have used the orthogonality condition (3.30) and the expression (3.21) of the coefficients 5, £+
Using now (3.31), we obtain that the total pressure defined in (3.37), (3.38) satisfies (3.36a).

For convenience, we extend x* to I by choosing them to be independent of the slow normal variable
ys. This has no consequence as far as regularity and integrability are concerned, and we shall see in a
moment why this choice does not affect the solvability of (3.33).

Up to now, we have constructed the total pressure 2% as a solution to (3.35) and (3.36). We now
construct the tangential components of the velocity and the magnetic field. Namely, we set:

Y I e s S T AR ik
! (%)% = (b%)? ik ((¢%)? = (b%)?) ik ((c2)? = (%)) ik ((c5)? = (0%5)7)

e G e b (FE —u)™ FE) . c* (Fy,, — HY" FF) s cFul® 4+ b H)F P
(¢5)? — (b%)? ik ((c*)? = (b%)%) ik ((c2)2 = (6%)) ik ((c5)? = (0%)%)

with j = 1,2. In this way, we already satisfy the first and third equations in (3.34), namely the ‘tangential’
equations. In order to verify the divergence constraint, we have no choice but to set:

Yy oo

Uy = b, — k& dYy, U™ = — F;T*_ikgj%;rdy’
—00 Y3
Ys oo

A = / By, — k& dy, A = / F{, —ikg ot ay.

We thus ensure at the same time the fifth and sixth equations in (3.34) and exponential decay with respect
to Y3 at infinity. It remains to verify that the second and fourth equations in (3.34) are satisfied (the
‘normal’ equations). At this stage we have defined all coordinates of the velocity and magnetic field so
we can only hope that our previous definitions will automatically yield the missing relations for verifying
(3.34) and the boundary conditions in (3.33).

Let us therefore verify that the second and fourth equations in (3.34) are satisfied. We compute:

O, (i k65U — ik c® A5 + FE,)
= v i, +ik (V5B - RS ) ik (Fikg o —vF ik U
= O F +ik& Ff, —ikrFf, = 0.

Here we have used the compatibility condition (3.32). Since all functions %3i, %’f, F\gf* decay exponen-
tially with respect to Y3 at infinity, this means that we have:

ikbEUE — ik AT+ FE =0,

meaning that the fourth equation in (3.34) is satisfied. By the same argument (differentiation with respect
to Y3 and limit at infinity), we can also show that the second equation in (3.34) is satisfied. We now
explain why the boundary conditions in (3.33) are satisfied. Taking the double trace of the fourth equation
in (3.34), we first get:

(3 41) —1 k‘b+ %3+’y3:y3:0 + ) kCJr %’—F’y?):y:;:o = F\g:*’y3:y3:0 = —1 k?b+ Gl,* + 1k C+ GQ’* s
—ikb™ 52/3_|y3:y3:0 +ikc” e%%_|y3:y3:0 = FG_,*’?ISZY?):O = —1kb Gz, +ikc Gy,
where we have used (3.31). We now take the double trace of the second equation in (3.34), and use

(3.36D), (3.36¢):
(3.42)

. + . + DA . .
1 k C+ %3 |y3:Y3:0 —1 k b+ % ’yS:Y:)’:O — F3’*|y3:Y3:0 - 8Y3Q+|y3:Y3:0 =1 k C+ G17* —1 k: b+ G27* 5
ike” %37|y3:y3:0 —1kb™ %7’%:)/3:0 = Fg:*‘yngs,zO — 8y3.,@_|y3:y3:0 =ikc™ G37* —1kb™ G47* .
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Combining (3.41) and (3.42), and (¢*)? — (b%)2 # 0, we obtain:
02/3+’y3=y3=0 = Gix, %ﬂys:Ys:O = Gaox, 02/37‘213:3/3:0 = G34, %ﬂy:&:}’s:o = Gyx-

Together with (3.36a), which we have shown to be valid, this proves that the boundary conditions in
(3.33) are satisfied. In other words, we have completed the construction of a solution to the fast problem
(3.24). It remains to verify that the sum

Z@:ﬁ:(k) eik07

k0

defines a function in S. This question is addressed in [Mar10, Lemma 4.2] in full details, so rather than
repeating the same arguments, we refer the reader to that reference (the integrals in (3.37), (3.38) are
exactly the quantities to which the result of [Marl0, Lemma 4.2] applies). This completes the proof of
Theorem 3.1.
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Chapter 4

Solving the WKB cascade I: the leading
amplitude

In this Chapter, we start solving the WKB cascade (2.15), (2.17), (2.21), (2.23) together with the nor-
malization conditions for the total pressure. Namely, we are going to construct the leading amplitude
(UY* 42) in the WKB ansatz (1.9a), (1.9b) by first identifying the degrees of freedom that we have,
and then by determining all functions at our disposal by imposing (some of) the necessary solvability
conditions (3.2) for the fast problem that must be satisfied by the first corrector (U%*,¢3). This is
the standard procedure in geometric optics, be it linear or weakly nonlinear, see, e.g., [Raul2], with the
main feature here that some of the solvability conditions (3.2) must come for free in the WKB cascade
since we shall have more constraints to satisfy than we have degrees of freedom at our disposal. These
compatibility -rather than solvability- conditions will not be examined in this Chapter but will play a key
role in the inductive corrector construction of Chapter 5.

Let us therefore begin with solving the WKB cascade. We focus in this Chapter on:

e the interior equations (2.15) for m = 0 and m = 1, where the source terms F%*, FLF are explicitly
given by (2.14),

e the fast divergence constraint (2.17) on the magnetic field for m = 0 and m = 1, where the source
terms F8O x F81 * are given by evaluating the right hand side of (2.16b) for m = 0 and m = 1,

namely:
(4.1a) )= =0,
(4.1b) Fgt = =V HY 4 & 09?0y, HF |

e the boundary conditions (2.21) for m = 0 and m = 1, which read explicitly (2.18b), (2.18¢c),
e the top and bottom boundary conditions (2.23) for m = 0,
e the normalization condition (2.33) for the slow mean Ql’i (0) of the total pressure.

Collecting (2.15), (2.17) for m = 0, and (2.18b), we first observe that the leading amplitude (U"*,)?)
must satisfy the homogeneous fast problem:
LHO) U =0, ys € [T, £Y3 >0,
(4.2) Oy Hy™ + & 0pH, ™ = 0, ys € IT, £Y3 >0,
Bt U1’+‘y3:Y3:0 + B~ Ul’i‘y3:Y3:0 + 39¢2 b=0.
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Let us recall that we denote UT = (u*, H*,¢")T and that (t,7') enter (4.2) as parameters only. We
apply Proposition 3.2 and deduce that the leading profile can be decomposed as:
T
UM (. Ya,0) = UM (ty) + (ur gt 0, HU HE0,0) (1, Y5)
(4.3) + Z L (4, y, k) eF IR Yotk g gy
kez\{0}
where UY* € S* is independent of 6, ub jE,u1 jE,H1 o+ H1 * ¢ SE. the vectors Z* (k) are given in (A.5),
1% 2% *

1*7

the coefficients v& satisfy yE(t,1/,0, k) = +|k| ¥ 2(t, o/ ,k:) for all (t,y', k) € [0,T] x T? x Z*, and

YE Y, —k) = YLE( k),

which ensures that the leading profile UM is real-valued. The slow mean UM% should also satisfy the
boundary conditions on I'y:

1,:‘: 17:t ) — [
(4.4) U3 Jys=0 = H3" |ys=0 = 0, Q1+|y3=0 = Ql |ys=0 -

One point to keep in mind here is that we have not determined the final time 7" > 0 so far. The time
T > 0 appears in Definition 1.1 of the functional spaces S*, SF¥. Fixing the time 7" > 0 will be done
once and for all later on in this Chapter when we prove the solvability of the leading amplitude equation
(4.33) below, together with a property of propagation of regularity in time. Hence the first part of this
Chapter is mostly a matter of using necessary conditions in order to determine the form of the leading
profile. At the very end, we shall show how to construct the leading profile and we shall clearly list which
(solvability) conditions for the first corrector construction are satisfied. We split the identification of the
various functions in the decomposition (4.3) in several Sections below. This splitting, in the exact same
order, will be used when constructing the correctors in the WKB ansatz (1.9a), (1.9b). This explains why
we give all details for the derivation of the leading amplitude equation (4.33), and we shall feel free to
shorten similar arguments in Chapter 5. R

Another key point to keep in mind is that the mean of the leading front v2(0) does not appear in
(4.2), nor will it appear in the leading amplitude equation (4.33) that only involves the oscillating modes
of 12. The mean of the leading front will appear later on though as an extra degree of freedom that we
shall use to determine the slow mean of the first corrector U%(0).

4.1 The slow mean of the leading profile

As identified in the decomposition (4.3), we have already seen that the residual component of the leading
amplitude does not depend on the fast variable 0, that is UMT = U i(15 y). To avoid overloaded notation,
we feel free to omit from now on the reference to the zero Fourier mode in 6 and keep the notation UV*

A17:t .« . .
rather than U ™ (0). The decomposition (4.3) has a first important consequence for the top and bottom
boundary conditions. Indeed, we already see that in order to satisfy the conditions (2.23) for m = 0,
which are conditions on all Fourier modes with respect to @, it is now sufficient to verify:

£ +
Ug ’Fi:ﬂé ’1’*:{::0,

where, keeping the notation of (4.3), uy’ i, H zl,,’i are functions of (¢,y) only. The validity of (2.23) -with

m = 0- for the non-zero Fourier modes is automatic. (See Chapter 5 for a similar statement for the
correctors in the WKB ansatz.) The slow mean U should also satisfy the boundary conditions (4.4) on
[y. Let us eventually recall that we wish the total pressure to satisfy the normalization condition (2.33)
which, in the notation of (4.3), now reads:

(4.5) ve. [ @ty [ o a)dy = o.
Q4 .

0
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Recall that QF in (4.5) denote the sets T2 x I*.

The evolution equations that determine the slow mean of the leading profile are obtained by imposing
the solvability condition (3.2b) on the fast problem that must be satisfied by the first corrector. Let us
note indeed that, among several equations, the first corrector (U*¥, ¥3) must satisfy:

LEO)UrE = Fh*, y €0, +Y3>0,
(4.6) Oy Hy™ + & 0pH ™ = Fy™, ye N +Y3>0,
BT Uy oyym0 + B~ U% " |yymyy—0 + Op3 b = G*,

where F1# is given by (2.14b), Fgl’i is given by (4.1b), and G' is given by (2.22) with m = 1. In order
to solve (4.6), by Theorem 3.1, we must necessarily have:

~1 ~1+

FH0) =0, Y0 =0

Using (2.14b), (4.1b), of which we first compute the limit as Y3 tends to infinity and then take the mean
with respect to @ on T, we find' that the slow mean U should satisfy the linearized current vortex
sheet problem:

o O O O

( atgl,:t + u?:i angl,:t o HJQ’i ayjﬂldz + vgl,:l:
1,+ 0,+ 1,+ 0, 1,+£ _
(47) v 'ﬂLi =V ﬂld: = Y, (tv y) € [07T] X Q(:)t7
1,+ +
@37 :ﬂ;{ = [gl] = y y3:O7
up® = Hy* =0, yz=+1.

We are now going to prove that the homogeneous system (4.7) admits a unique smooth solution, which
is identically zero if we choose to prescribe zero initial data?:

(ubt, HY ) =9 = 0.

This choice for the initial conditions of (4.7) is free, up to the obvious compatibility conditions for the
divergence and boundary conditions that need to be satisfied at the initial time. Consistently with our
choice (2.37) for the tangential components of the fast mean, we are going to choose the easiest possible
initial conditions for the slow means. In the case of the leading profile, the easiest possible choice of initial
data for (4.7) corresponds to prescribing zero initial data. This choice is indeed compatible with the
divergence constraints on u"* and HY* and with the boundary conditions in (4.7). We refer to Chapter
5 for the choice of initial data for the slow mean of the correctors (in that case, we shall not be able to
prescribe zero initial data any longer due to the divergence constraints and boundary conditions).

We can refer to Catania [Cat13] for an existence and uniqueness result in the space H' for the linearized
incompressible current vortex sheet system, without the fixed top and bottom boundaries I'* but with a
linearized front appearing in the boundary conditions on I'g. The analysis below of the linearized system
(4.7) differs from [Cat13] and is somehow much simpler so we choose to give it here with all details. Let us
start by determining the total pressure (g™, ¢%~) which must satisfy the following homogeneous linear

Laplace problem (where the time ¢ € [0, 7] plz;ys the role of a parameter):
ngl’i =0, in Qoi,
[¢'] =0,
[(‘%BQI} =0, only,
dysqt =0, onT*.

(4.8)

We see here why it was useful to start with the conservative form of the MHD system in order to use the symmetry
of the bilinear mappings A,. Indeed this symmetry property allows to write some of the terms as partial derivatives with
respect to 6, which automatically have zero mean on T.

2Initial data for the total pressure should not be prescribed since the total pressure is defined, as we shall see below, as
the Lagrange multiplier associated with the divergence constraint on the velocity.
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The total pressure should also satisfy the normalization condition (4.5). Using the Lax-Milgram Theorem
[Eval0] in the Hilbert space:

A = {(a*,07) € HNQf) x H'Qg) | [a) = 0 and /q*dw/ 0~ dy = 0},
7 2

we can prove that there exists a unique solution (¢1F, ¢%7) to (4.8) in J#, and since zero is an obvious
solution, we necessarily have gl’i =0in (47).

To finish with system (4.7), it remains to determine (u"*, H*). Since the total pressure vanishes,
the evolution equations in (4.7) can be rewritten under the form of the symmetric hyperbolic system:

atyl’i + u?,i ayjyl’i _ HJQ,i 8yjﬂ1,ﬂ: =0,
1,4+ 0,+ 1,4+ 0, 1,4+ _
atﬂ + ’LL] ayjﬂ - Hj 83/]-@ =0

Since we impose zero initial conditions for the velocity and magnetic field, the energy method [BGS07]
immediately implies ub*, H'* = 0. No boundary condition is needed on I'y or I'F since we have ug’i =
Hg =0 (this means actually that ys is a parameter in the latter system).

Let us recall that prescribing zero initial conditions for the slow mean of the leading profile is only
done for the sake of simplicity, in order to focus on the surface wave component Ub. In particular,
we shall explain in Chapter 5 why the compatibility conditions that are necessary for solving the WKB

cascade are independent of this specific choice of initial conditions.

4.2 The fast mean of the leading profile

Another necessary condition for solving the inhomogeneous fast problem (4.6) is (3.2c). Using the ex-
pression (2.14b), we have:

o —

FLE0) = —LE@)TL4(0) + (89¢2 od* ayg,Ui’i)(O) - %% (A3<U LU 17i>)(0>7

and since we already know that our choice of initial data (2.37) implies UL =0, we get?:

~ ~ - T~ 1 -,
(49) FIE(0) = ~LEOTX0) + (90u2 o/* 0ha (U = T15(0) (0) = 5 0va (Aa(U2*,UL5)) 0).
In a similar way, starting from (4.1b), we compute:
(4.10) FUH0) = =V HE(0) + (& 0002 0y, (H) = H3(0))) (0)

Let us split the expressions in (4.9), (4.10) in several pieces. We first introduce:

1 —_—
(4.11) = S oy <A3(U*1’i,U*1’i))(O), Fot = 0.

Using the decomposition (4.3) and the explicit expression of the Hessian mapping Ag given in Appendix
A, we have:

Ag(U15(0),T14(0)) = 0,

3The more general case UMF # 0 can be dealt with the same arguments as the one we use. One just needs to take care
of a few extra terms but there is no new difficulty.
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independently of the determination of the tangential components u;’ *i, H ]1 *i in (4.3). We thus compute:

1
T = o [ D0 TS Ay (31, k) B (), v E (L, k) ZE (<))
k#0
= F ) T2 | |y 2y, k)| As(Ri,ﬁ),
k#0

\)

where we have used (A.5), the symmetry of Az, and the reality condition:
VHE( Y, k) = AME (k)
Now using (A.3), we find that the vector Ag(R*, ﬁ) is proportional to the third vector of the canonical
basis of R7: .
ag(RERE) = 2(0,0,(c5)* = (65)%,0,0,0,0)

which means that the source terms Sl’i,gé’i defined in (4.11) automatically satisfy the linear system

(compare with (3.2¢)):
w T FT - H TR = § j=12,
HOEghE _ DEglE gl g

independently of the choice we can make for u; = H- i = and 71# in the decomposition (4.3).

Let us go on with the splitting of the expressions in (4.9) and (4.10). We now introduce:
(412) FLE = (a(,w o E By, (UL* — ﬁji(o)))(o), FhE = (gj D2 Dy, (H 1 — H}”f(()))) (0),

and we compute:
FEE = £ ik [k 02ty —k) Y E (k) e T MY = 2% (k)
k£0
= Y KAty —k) v E (. k) e AT 2 (),
k0

with %% (k) given by (A.5) (here we have used the relation «/* %* (k) = Fisgn(k) Af %% (k)). We also

compute:
F=x) isen(k) 0T Ky, k)7 E (L y k) T

k40
and it is now a rather straightforward exercise to verify that the source terms in (4.12) automatically
satisfy the linear system (compare again with (3.2¢)):

7 Iy

HO:I:g~1:i: yl:l::g?l:t j:1,2,

{ gili HO:I: ﬁ‘li:gili ji=1,2,
347

independently of the choice we can make for 1% and v"* in (4.3).
Summarizing, the source terms given in (4.9) and (4.10) will satisfy the solvability condition (3.2¢) as

long as there holds:

{u] (-V- (O))—H]Q’i(—V-H*l’ (0) = (—LE@U5(0),, =12,
v

77l,+
(4.13) HY (= V@ (0)) — o CHyE(0) = (= LE@)USH(0),,,, §=1,2.



The latter condition is independent of the choice we can make for the leading front 12 and the coefficients
y1#. The evolution equations (4.13) can be equivalently rewritten as the symmetric hyperbolic system:

uif u?’i 0 —H]Q’i 0 uif
ulj:l: 0 S 0 _ o uli:ﬁ:

4.14) O | A%| + 0,4 J 0,4 J By, | A%| = 0.
( Hi; —H; 0 uy 0 Y H
1+ 0,+ 0,+ 1+
Hy', 0 —H; 0 u; Hy,

Let us observe that in (4.14), the slow and fast normal variables y3 € I, Y3 € R* enter as parameters
since only tangential differentiation in ¢, y1,y2 occurs. Recalling now that we prescribe zero initial data
for the fast mean of the tangential components of the velocity and magnetic field, see (2.37), the system
(4.14) is assigned with zero initial data and we therefore have u%f, u;f, H 11 ’f, H21 f = 0 by applying again
the energy method. 7 7 7 7

At this stage, we have already shown that prescribing zero initial data for the slow mean and for the
fast mean of the tangential components of the velocity and magnetic field simplifies the decomposition

(4.3) into:

(4.15) UYE(ty, Va,0) = > AVE(ty, k) TR RO % (1)
kez\{0}

with the boundary condition v1*(t,¢/,0,k) = +|k|¢2(t, 4/, k) on Ty. In the following Section, we are
going to show that imposing the solvability condition (3.2¢) for the fast problem (4.6) verified by the first
corrector fully determines the evolution of the leading front 12 (or, more precisely, the evolution of its
oscillating modes).

4.3 The non-local Hamilton-Jacobi equation for the leading front

4.3.1 Derivation of the equation

Let us focus again on the inhomogeneous fast problem (4.6) that must be satisfied by the first corrector
(U?>*,43). Applying Theorem 3.1, we know that a necessary condition for (4.6) to have a solution in
S* x H* is the orthogonality condition (3.2¢) for all non-zero Fourier modes. Recalling the general form
(2.22) of the boundary source term in the WKB cascade, we see that a necessary condition for the validity
of the asymptotic expansion (1.9) is:

(4.16) Yk #0, / e s 2t ()« FY (k)| ysmo A3 — / l* s 2= (k) « FY7 (k)| ys=0 dY3
R+

+ 4 Gy (k) + 6 Gyt (k) + 07 Gy (k) + £; Gy (k) = 0,

where, for simplicity, we omit to recall the slow variables (¢,y), which enter (4.16) as parameters. Let us
recall here that the expression of the functions G%’i, G;’i is given in (2.22b), (2.22¢) (with m = 1), and
that the interior source term F'LF is given in (2.14b). There is a subtlety here, which was absent from
[AHO3] but already occurred in the related work [CW18]. Namely, from the expression (4.15), we can
compute the trace of the leading profile UL* on Ty in terms of the leading front 12:

(4.17) UM E(ty,0,Y5,0) = £ > (K02t y, k) eFIFY R0 % ()
kez\{0}

This allows us to write the source terms Gi’i, G;’i in (4.16) in terms of the leading front /2, see below for
explicit calculations. From the expression (2.14b), we also see that the trace F%¥|,,_y can be expressed
in terms of U17i|y3:0, and consequently in terms of 12, for almost all terms on the right hand side of
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(2.14b) but one (!). Indeed, the trace on I'y of the expression in (2.14b) involves the normal derivative
9y, UbE|s—0 and there is no reason why this term can be expressed in terms of 1/2. However, we are
going to see now that the contribution of these normal derivatives in (4.16) is zero, which does not seem
obvious at first sight (see [CW18] for a similar cancelation property in the context of elastodynamics).
Once this property is clarified, it will remain to compute all other terms in (4.16) as functions of 2.

The orthogonality condition (4.16) is a closed equation on the leading front. The goal in this
Paragraph is to examine more closely the quantity

- /R L L (k) - AT 0y, UM (R) =0 Y5 + / ol 2 (k) - A7 9,0 (k)| ys—0 Y5,
with the aim of showing that each of these two integrals vanishes. Since all other quantities in FL.*
involve partial derivatives that are tangent to the boundary Iy, this will imply that (4.16) is a closed
equation on the leading front 2. We shall even see below that it is a closed equation on the oscillating
modes of 1% only.

Let us therefore consider some y3 € IT and Y3 € RT. We recall that the leading profile U+ satisfies the
homogencous fast problem (4.2), which means that each oscillating mode U (k) satisfies the differential
equation:

LiUY (k) =0, Lf = Af oy, +ika™.
We perform the same integration by parts argument as the one that led us to (3.17), and obtain:

+o0 R +o0 R R
(418) 0 = / Vt.LFUY (k) dy = / (L VUM (k) dY — VH(Y3) - AT UM (Ya, k).
Y3 Y3
If we specify furthermore to the choice (3.20) for the test function V', the term (L;)* V™ in (4.18)
vanishes and we are led to: R
Lr(k) - AT U (Y3,k) = 0,

which could have also been obtained -in our rather simple context- by just verifying the orthogonality
condition T (k) + A7 %% (k) = 0 and using the decomposition (4.15). Differentiating the latter equality
with respect to y3 and taking the trace on I'y, we obtain:

/R+ e Z"'(k) * AZJ{ 8y3(71’—~_(]</i)|Z/3=0 dys = 0,

and the same argument applies on the opposite side of the current vortex sheet.

In other words, we can get rid of the terms Agt Oy, ULF in (4.16) and it remains to compute all the
contributions in (4.16) in terms of the Fourier coefficients of 2. This is split in five different cases, which
we shall eventually collect to derive the leading amplitude equation for 2. Unsurprisingly, we shall find
the same amplitude equation as in [AHO03] with however the incorporation of the group velocity transport
with respect to the slow spatial variables 3 (slow modulation with respect to the space variables was not
considered in [AH03] and the original MHD equations in that earlier reference were two-dimensional).

The boundary terms in (4.16). Let us recall the expression (4.17) for the trace Ul*|,,_o, which
gives?*:
(4.19) VEk£0, UYF(t,y,0,Ys, k) = UbE(t,y,0,Y3,k) = + |k 2(t,y, k) eTHYs 2% (k) |

where the vectors Z* (k) are defined in (A.5). In the following, we shall omit the variables (¢,3') which
play a role of parameters. We also recall that k is a non-zero integer since the orthogonality condition
(3.2e) only bears on non-zero Fourier modes.

“Recall that the residual oscillating modes of UY'* vanish because the matrix /% is invertible.
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From the definition (2.22b) and using (4.19), we compute:

—

Gy (k) = 0ub2(k) + ud™ 0,02 (k) + Y ika&ul|ymya—o(k1) 2 (ko)

k1+ko=k
~ -~ . k1 |ko| + ko |k1| ~ ~
(4.20) = 0070 + 0,000 =i Y IR Gy po).
ki+ko=k

In the latter equality, we have symmetrized the kernel that arises in the bilinear Fourier multiplier that
acts on (2, 1?). We shall repeat this symmetrization argument in all bilinear expressions on the Fourier
modes of 2. With similar computations, we obtain from (2.22c) the expression:

Bulbal 4 Rl G 1) 20y

A1+ _ 0,+ T2 .o+
(4.21) Gy (k) = HyF 0,0%(k) £ ib* )~ :

ki1+ko=k
Using the definition (3.21) of the coefficients 1, 3 together with (4.20) and (4.21), the contribution
of the boundary source terms in (4.16) reads:

(422) (GFGYT 4+ GGy + 47 G+ GYT) (k) = (20072 +2067)2) = 7 (¢ +¢7)) B (k)

+ {(2 (bH)?% — TC+) u?’Jr + (2 (b7)? — TC_> u(j)-’* — (" +cM)bt H;-)’Jr —(a”+c )b H]Q’*] 8yj1$2(k:)

+Z'?T(WV—<b‘>2—<c+>2+(c‘)2) S° U [kl + Fa [Ra] ) 92 (k1) §2(ha)

ki+ko=k

Computation of the linear terms in the integrals of (4.16). Recalling the expression (2.14b) of
FY% | we see that the trace Ul*|,,_o enters either linearly or quadratically in it. This means that as in
(4.22), the integrals in (4.16) will contribute to the amplitude equation in the form of either linear or
quadratic terms with respect to ¢2. In this Paragraph, we compute all expressions in the integrals of
(4.16) that contribute for linear terms in 2. Going back to (2.14b), we need to compute:

— /R X e Y5 2% (k) « (Ao O+ AT 0,) UM (k)| ys—0 dY3+ / el*Ys 27 (k) - (Ag 04+ AT 8,,) U (K)|ys=0 AV

with U LH (k)| ys=0 given by (4.19). Computing the latter integrals explicitly, we get the expression:
1 ~
— 5 (LW - A a (k) + 27 (k) - Ao~ (R)) D% ()
1 _ _ _ o~
-5 (.zw{:) AT BT (R) + L (k) A R (k)) 0,02 (k),
which can be further simplified by using the expressions (A.6) for the various Hermitian products arising

above. Eventually, the collection of all linear terms in ¢? in the integrals on the left hand side of (4.16)
reads:

(4.23) — (2 b2 +2(b7)2 + 7 (¢t + c*)) B2 (k)
- [(2 (bT)2 47 c+> u?’++(2 (b7)2 4T c‘) u?’f—(Z T+at+c) bt HJQ’J“—(Q T+a +c )b~ H](-)’f} 8%422(]4:) .

To derive the expression (4.23), we have also used the relation (H4) to cancel part of the coefficient of
9y, %(k). At this stage, the sum of the contributions in (4.22) and (4.23) reads:

(4.24) —27(ct +¢) O (k) — 27 (c+ A I A Hf‘) 0,02 (k)

+ %((b+)2_(b_)Q_(C—i—)?_i_(c_)?) Z (k1|k’2|+k2|]€1|)72}\2(k1)1$2(k‘2)

k1+ko=k

We now turn to the computation of all quadratic expressions in the integrals of (4.16).
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The quadratic terms in the integrals of (4.16). I. In the decomposition (2.14b) of F1'*, we isolate
the term with a dy; derivative, which contributes in (4.16) for:

1

=5 [ L) - (O AU T ) () ¥
R+

1 - _
+ 3 /_ekY3$ (k) + (Oyy A (UL=, UL )]ygmo) (k) dY3,

and by integrating by parts, this contribution can be rewritten as:

—

5 L) (Ao (UL T ymvmo) () + 5 2 (k) + (As(U= Ty ms0) (F)
L

2 R+
Ll

e Y5 2t (1)« (Ag(ULT, UTH)|ym0) () Y3

el¥s = (k) « (As(UL—, UL |ysm0) () dYs
o
=5 X Iallkl L) < As( BT (), B (k) D2(hr) (o)
k1+ko=k
+3 M;k;:klm (ko £ (k) « As(% (K1), 2 (k2)) 0* (k) % (k)

1 P P
;2 klk!+|k1|+|k2|$ (k) - Ag(%* k1), 2 (k2)) 02 (k1) 9 * (k2)

ki+ko=
1 k| |kl |k ~ ~
5 X |k|'+'lk1l'j|'k2|$(kr)-Ag(%<k1>,%<k2>>w2<k1>¢2<k2>
ki1+ko=k
1 k1| |k2| (|k k ~ ~
=5 2 |1|z|€|i||(zll|1|++|k|2|2|)$+<k>'Az@?*(kﬂ,%*(kmw(klw?(kz)
ki1+ko=k
1 k1| |k2| (|k k -~ ~
3 2 'j,L‘,j‘,%'jLﬁ,lj”f(k)-Agw—(kl),%—(m)w%)w?(z@).
ki+ko=k

Using the expressions (A.7), we end up with the contribution:
(425) = (67 = (b7 = () + (7))

Z k1| k2| (k1] 4 |k2])

]+ ] CR(R0) + sgn(ka) + 2sn(k) sgnlh) sn(k2) (k1) §(k2)-

k1+ko=k

The sum of (4.24) and (4.25) can be simplified and now reads:

(4.26) —27(ct +c)Bw2(k) — 27 <c+ T A A HJO_) 0,,0°(k)

1T

5 (657 = (67)2 = ()2 + (¢7)?) se(k) x

|| [K2] || ~ -
klgk;:k <2/~:1 b = Tl 4 (sen(k) (sgn(kr) + sgn(ks)) +28gn(k1)sgn(k2)>> 32060 52 (ka)
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The quadratic terms in the integrals of (4.16). II. With rather similar calculations, we can
compute the contribution in (4.16) of the terms in (2.14b) with a dp derivative:

=5 [ L) (6 p U T ) o) () Vs
R+

1 B —
+ 3 / elfYs 27 (k) + (& BpA; (UL, UL )| yem0) (k) V3.
Using once again the expressions (A.7), we get the contribution:

LT

(4.27) (67 = (b7) = () + (¢7)?) sen(k) x

k1] k2] |K| k1| || k ) ~o
2 + S k1) +s k k ko) .
lirzk;_k( k| + k1| + k2| K]+ [Ka| + (A2 (k) + sgn(ka)) | 7 (ki) ¥ (k)

Adding (4.27) with (4.26), we get the expression:
(4.28)

—27(ct 4+¢7) atJQ(k:) —-27 (c+ u?’Jr +c ug’f — bt H;.)’Jr - b HJQ’f) Gyj@EQ(k)

: 2 (-2 2 (2 [ [Ra| [K]
+ir (7P = 0 = (P 4 (e >)Sgn<’“)kl+%:k FI+ k] + [k

—ir ((0F)2 = 0702 = (€0)? + (¢)?) sen(k) x

57 (ke = g S () () + b))+ sgnlin) senh)) ) 9200) 5%(02)
k1+ka=k

D2 (k1) 2 (ko)

The quadratic terms in the integrals of (4.16). III. Conclusion. The last term to take into
account in (2.14b) for computing all the contributions in the integrals of (4.16) is 932 &+ Oy, UM*E. We
thus need to compute:

/ +e_‘k‘Y3$+(k¢)~(891/)2s2{i/6);U1’+|y3:0)(k)d1§— / el1Ys 2= (k) « (Bg1h? /% Dy, U F | oo () AV
R

Using the last equality in (A.6), we get the contribution:

LT

(429) = - ((67)2 = (07)2 = ()2 + (¢7)?) sgn(k) x

2 2 n b
> <m (sgn(k) — sgn(k1)) + m (sgn(k) — sgn(kz))> )2 (k1) 92 (ka)
k1+ko=k

where we have symmetrized the kernel acting on (¢2,1?) once again. Adding (4.29) with (4.28) and
dividing by —27, we end up -after a little bit of further simplifications- with the leading amplitude
equation that must be satisfied by the non-zero Fourier modes of 1)?:

(4.30) (¢t +c) 0% (k) + (cTudt + e ud™ — 6T H)Y — b7 H)7) 9,42 (k)

J
. - - kal [kl k1 + Kol
+\2 2 _ b-‘r 2+ b 2 k | 1
+z<(c )T = ()= (bT)"+(b7) )sgn( )]ﬁ%k k1| + [ka| + k1 + ko

02 (k1) 2 (ko) = 0.

The main novelty here with respect to [AH03] is the slow modulation with respect to the spatial
tangential variables yi, y2. It is evidenced by the transport term in the first line of (4.30). Let us observe
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right away that the coefficients in front of 8t1; 2(k) and (?yjaz 2(k) are real, which means that provided that
¢t + ¢~ # 0, we shall have indeed a (constant coefficient) transport operator with respect to yi,y2. Let
us also observe that the ‘kernel’ :

|| [ [k1 + Kol
k1| + ko] + k1 + ko’

(4.31) (K1, ko) —

is well-defined for all relevant values of (k1, k2), that is for k; + ko # 0. In particular, the kernel vanishes on
all couples of the form (0, k2) and (k1, 0), which means that the equation (4.30) is an evolution equation for
the non-zero Fourier modes of 12 only. The kernel (4.31) is the same as the one arising in a simplified model
for weakly nonlinear Rayleigh wave modulation in elastodynamics, see [HIZ95], and in a related problem
of magnetohydrodynamics, namely the plasma-vacuum interface problem [Sec15]. Further consideration
on amplitude equations for weakly nonlinear surface waves may be found in [AHP02, AH13]. The kernel
in (4.31) coincides of course with the one derived in [AHO03] in the two-dimensional case. This is not
surprising due to the isotropy of the MHD equations.
Let us also observe that the kernel in (4.31) can be written as:

[ kol k3]
A(ky, ko, —k1 — ka2),  A(k1, ko, k3) := ,
(K1, k2, —k1 — ko) (K1, ko, ks3) e | + [Fea| + [F]
where A is symmetric with respect to (ki, k2, k3). As evidenced in [AHPO02], this symmetry property
is linked with a (formal) Hamiltonian structure for (4.30), see further investigation of this property in
[BGC12, BGC17, AH13].

4.3.2 Solvability of the leading amplitude equation

In order to prove a (local) well-posedness result for (4.30), we first perform some reductions. Let us first
show that the coefficient ¢ + ¢~ in front of 9;1)2(k) is non-zero, which means that the equation (4.30)
is of evolutionary type. Indeed, we recall that the Lopatinskii determinant for the current vortex sheet
problem is defined in (3.11). Under Assumption (H1), A has two simple real roots, and since we know
by Assumption (H4) that 7 is one of these two roots, there holds 0, A(T,&1,&) = 2 (¢t +¢7) # 0. We
also compute

0 A6, 6) = 2(F ) + e Bt HDY b H)).

which means that (4.30) can be rewritten as:
O¢, A ) ) -~
87'A(7_7 §I7§2> !

()2 = ()= (b)) 4+ (07)? e | |ea| k1 + Kol
+ k
’ pm— sen(k) > k1| + |ka| + k1 + ko

(4.32) 92(k) +

D2 (k1) 2 (ka) = 0.

k1+ko=k

The transport operator in (4.32) is governed by the group velocity associated with the manifold along
which the Lopatinskii determinant vanishes. This observation is a general fact that we can directly check
for our particular problem, see [Marl0, CW18, WW17]. Let us now define a bilinear symmetric operator
A that acts on €°°, 2mr—periodic functions in 6 as follows:

o —

k1| |k2| |k1 + K N ~
VheZ\ (0}, Bl = 3 IR o) k.
ki1+ko=k

—

The variables (¢,y’) play here a role of parameters in ¢,1. We do not need a definition for Z(p,)(0).
Let us observe that the operator % preserves real valued functions. This property is used below since the
leading front 12 is meant to be real valued. Then (4.32) can be recast in the more compact form:

0, AT, 61, &2) (b))% = (b7)% = (cF)? + (c7)? e

~q . _
(433) 8t¢ (k) + 87—A(T, {17 ‘52) ot + ngn(k) ‘@(¢27 ¢2)(k’) - 07

aijZQ(k) -
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where we recognize in the bilinear term the action of the so-called Hilbert transform 7. In other words,
we can also rewrite (4.33) as:

aﬁjA(Tv 617€2) T2
aTA(Tv 51762) aij (k) *

Let us observe that because of Assumption (H3), the coefficient in front of the bilinear nonlocal operator
is non-zero, for otherwise, combining with (H4), we would get (¢*)? = (b%)2 and it is proved in Appendix
A that (c¢)? # (b%)2. Hence (4.33) is genuinely a nonlinear nonlocal equation of Hamilton-Jacobi type
(since the kernel defining Z is homogeneous degree 2). The well-posedness of nonlocal equations of
the type (4.33) has been systematically studied in [Hun06, BG09, Mar10, CW18, WW17] in either the
pulse or wavetrain framework (k € R or k € Z). The most convenient references for our purpose here are
[Hun06, WW17] where the following result is proved®. For notational convenience, we introduce H. &9, s> 0,

D D et G0 e o ) P

0> (k) + e A (B, 07) (k) = 0,

as the Sobolev space of functions g € HS(TZ, x Ty) with zero mean with respect to 6, and H* =n.H;.
The space HﬁS is equipped with the obvious norm defined with the help of Fourier coefficients in (y’, ),
see, e.g., [BCD11].

Theorem 4.1 ([Hun06]). Let s > 7/2 and let g € Hf. Then there exist a time T > 0 and a unique
solution ¢ € €([0,T]; H) to the Cauchy problem:
(4.34)

VE£0, 83k + aﬁjA(Ta €1,62)

aTA(Tv 517 ‘52)

Y2 _ ()2 — (¢)2 4 ()2 .
OO CT AN ity 500, 2)(8) = 0,

ayj @(k) -

with @li=o = g.
Moreover, if g € HB’O(']TS), then the unique zero mean solution ¢ to (4.34) belongs to (foo([(), T]; H&’o),
where T > 0 is given by the previous result with, for instance, s = 4.

The fact that the time 7" > 0 can be chosen to be independent of the Sobolev index s follows from
a tame estimate for the solutions to (4.34). Such a tame estimate is somehow hidden in [Hun06] but
a detailed proof is given in [WW17] with even the incorporation of spatial tangential variables. The
problem of global existence of solutions to (4.34), either in a weak or strong sense, is still open (see
[Hun06]); numerical simulations in [AH03] seem to reveal that some smooth solutions to (4.34) develop
singularities in finite time.

4.4 Construction of the leading profile

At this stage, Theorem 4.1 is sufficient to fully determine the oscillating modes of the leading profile 1)2.
For future use, let us indeed introduce the decomposition:

Aty 0) = b3ty ,0) + Yty 0),

where %2 has zero mean with respect to the fast variable 6 for all (¢,y). As follows from the expression
(4.32), the leading amplitude equation (4.32) only involves %2 . Furthermore, in order to fulfill the initial
condition (1.8), we impose: R

ili—o = ¥5, ©2(0)|i=0 = 0.
Consequently, the oscillating part %2 of the leading profile ¢)? for the front is given by Theorem 4.1 as the
only solution, with zero mean with respect to 6, to (4.34) with initial condition 2. This fixes the time

T > 0, this final time depending only on a fixed Sobolev norm of the initial condition ¥3. Once we have
determined %2, we get thanks to (4.19) the expression of the leading profile UL* at y3 = 0, that is on

®One can even consider more general kernels than the one in (4.33) but we rather refer the interested reader to the
references rather than quoting the corresponding results in full generality.
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the boundary I'g. It then remains to lift U1 to any value of y3 € IT, with the only constraint that U*
should be of the general form (4.3) (meaning that we have only some scalar components YL E), k #£0,
at our disposal to lift +|k|12(k)). For simplicity, we lift the trace of ¥'* in the most simple way, that
is, we set:

(4.35) UV (y, Ya,0) = £ S [K[92(t, 5/, k) x(ys) eF F5H80 % (1
k40

where the vectors #*(k) are defined in (A.5). Let us recall again that y is a fixed cut-off function
that equals 1 on [—1/3,1/3] and that vanishes outside of [-2/3,2/3]. In particular, the form (4.35) is
compatible with (4.3), and there holds U+ = UL* € SE. The lifting procedure (4.35) is the same as in
[Mar10].

Let us now summarize how we have constructed the leading profile (U%*, +?) and which properties it
satisfies:

e Since the leading profile (U'*,?) must satisfy the homogeneous fast problem (4.2), we have ob-
tained its general decomposition (4.3).

e By imposing the (necessary) solvability conditions (3.2b), (3.2¢) on the inhomogeneous fast problem
(4.6) satisfied by the first corrector (U%*,3), we have shown that the slow and fast means in (4.3)
vanish (this property is linked to our choice (2.37) of initial data for the fast mean and to the easiest
possible choice of initial data for the slow mean).

e By imposing the (necessary) solvability condition (3.2e) on the inhomogeneous fast problem (4.6)
satisfied by the first corrector (U 2+ 1?), we have determined the evolution of the non-zero Fourier
modes of the leading front 2.

e The expression of the leading profile (U*,1)2) for any value of the slow normal variable y3 is defined
by the simple lifting procedure (4.35).

We have thus solved the homogeneous fast problem (4.2), and enforced the solvability conditions
(3.2b), (3.2¢), (3.2e) on the system (4.6). We have also satisfied the top and bottom boundary conditions
(2.23) for m = 0, and the normalization condition (2.33) for the slow mean of the total pressure. The
expression (4.35), as well as the fulfillment of (3.2b), (3.2¢), (3.2¢) on the system (4.6), are independent of
the slow mean v 2(0) of the leading front. The latter function will be determined in the following Chapter
when constructing the slow mean of the corrector U?¥.

As a concluding remark, let us observe that the solvability conditions (3.2a), (3.2d) are not yet satisfied
at this stage for the inhomogeneous fast problem (4.6). Namely, we shall have to check the relations:

1,+ + 1,+ + 1,+
F ‘y3:Y3:0 = —b" 9GyT + ¢ 09Gy

Oy o™ + & 0pFy . — 7O Fy ™ =0,

see Lemma 5.1 and Lemma 5.2 in Chapter 5. Since we now only have the mean 1} 2(0) of the leading front
which has not been fixed yet and this function does not enter the quantities involved in the previous two
relations, these solvability conditions will need to come ‘for free’.

o6



Chapter 5

Solving the WKB cascade 1I1: the
correctors

In this Chapter, we complete the construction of a solution to the WKB cascade, namely we are going
to construct iteratively the corrector (U™*h% ¢y™+2) being given the collection of profiles (U, )?),
<oy (U™E 4pm+1) . This construction is based on an induction assumption stated as H(m) below. This
induction assumption includes several items, which we list as (H(m) — 1), ..., (H(m) — 7) below.

The verification of the initial step H (1) has been performed in Chapter 4, as we shall recall below, and
our goal in this Chapter is to verify that H(m) implies H(m + 1) for any integer m > 1. At the very end
of this Chapter, we shall explain why the sequence of profiles (U™*,™*+1) allows for the construction of
an approximate solution to (1.3) with oscillating data.

Our induction assumption is the following: there exists a time 7" > 0 and a collection of profiles

(UE 2, ..., (UT—LE ym) (U™, w;nﬂ) that satisfy the following seven properties:
(H(m) —1) (OS5 92) o, (U8 ™) (U, ) € S 5 H([0,T] x T? x T),
where the functional space S* in (H(m) — 1) is given by Definition 1.1,
(H(m)—2)
zf(a) Uwt = pr-lE yeQf, +Y3 >0,
V= 1,...,m, {Oy,HYS +&0HM" = FL~W y ey, Y3 >0,

Bt UH’+|y3=Y3=0 + B~ U“’_|y3=Y3=0 + 39¢“+1 b= Gr1 )

where the source term F#~L% resp. F;fl’i, is defined by (2.11) (with g — 1 rather than m as the index),
resp. the right hand side of (2.16b), and the boundary source term G#~1 is defined by (2.22) (with pu— 1
rather than m as the index),

(H(m) - 3) Vo= Lm, ey = HEF|, = 0.

(H(m) —4) Vp=1,...,m, Ytel0,T], FH(t) =0,

with ## defined by (2.30), (2.31) (once again, with p rather than m as the index),

~m,+ ~m,+
(H(m) —5) F7(ty,0) =0, Fg" (ty,0) =0,
0,+ Hm,+ 0,+ m,+ ~m,t .
U F?,* (0)_Hj FS,* (0) = Fj,* 0), =12,

0,+ 73m,+ 0,+ 7m,+ m,+ .
HY*® EE(0) — o0 F FE0) = EE0), j=1.2,

(H(m) —6)
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(H(m) —7)
vk £0, / e KV 2t (k) < Bt (24,0, 3, ) dYs — / HYs = (k) B (8,40, Y3, k) Y3
R+

+ 0 GTT (Y k) + 0 Gy k) + 6 G (LY R) + 4y GEY (Y k) = 0.

Several points should be emphasized. First of all, the time T in the induction assumption H(m)
should not depend on m. In the analysis below, we shall prove that if H(m) holds for some time 7" > 0,
then H(m+ 1) holds for the same time T' > 0. This will give eventually a uniform positive lifespan for all
profiles. The lifespan is dictated by the solvability of the leading profile nonlinear equation (4.32). (Let us
recall that global existence for (4.32) is an open issue so far.) Another important point to notice is that,
in the induction assumption H(m), the profiles for the front 92, ..., ¥™ are completely given, namely
both their oscillating modes in # and their mean with respect to the fast variable 8, but the very last
profile 9™ *! is given only through its oscillating modes. The mean of ¥ *! with respect to 6 does not
enter the definition of the source terms Fm’jt,an’i7 G™ in (H(m) —5), (H(m)—6), (H(m)—T7). The
determination of the mean of ¥™*! with respect to @ will be one of the main steps in the analysis below.

In the particular case m = 1, (H(1) — 1) should be understood as (U*, %2) € S* x H*®, which is
consistent with the analysis of Chapter 4 where we have only determined %2. We now briefly recall why
the analysis of Chapter 4 implies that H(1) is satisfied for some time 7" > 0.

5.1 The initial step of the induction

From Theorem 4.1, we know that the leading front %2 belongs to H*([0,T] x T? x T) for some time
T > 0, and consequently, from the expression (4.35), the leading profile UL* belongs to S*. (It even
belongs to SF.) Furthermore, the expression (4.35) shows that the leading profile (U*,?) satisfies the
homogeneous fast problem (4.2) (independently of the determination of the mean " mH+1(0) with respect
to #). This means that for some time 7' > 0, (H(1) — 1) and (H(1) — 2) are satisfied.

The expression (4.35) shows that U vanish, so (H(1)—3) is also clearly satisfied, as well as (H(1)—4)
since, recalling (2.30), (2.31), we have:

0 QO

A0 = [ B0+ [ 30y =o.

In Chapter 4, we have enforced the necessary solvability conditions (3.2b), (3.2¢) and (3.2e) on the
inhomogeneous fast problem (4.6). This means equivalently that (H(1) —5), (H(1) —6) and (H(1) —7)
are satisfied for m = 1. With our choice of initial conditions for the slow and fast means, conditions
(3.2b) and (3.2c) even allowed us to conclude that the slow and fast means of U* had to vanish. We
have thus proved so far that there exists a time 7" > 0 such that H(1) is satisfied. All partial differential
equations to be solved later on will be linear, which is the reason why there will be no further restriction
on the final time T (see [Raul2] for the case of one phase weakly nonlinear geometric optics in the whole
space).

In what remains of this Chapter, we assume that H(m) is satisfied for some time 7' > 0 and some
integer m > 1. We are going to show that H(m + 1) is satisfied for the same time T" > 0. Let us quickly
observe that, because of (H(m) — 2), the fast problems:

LEO) Ut = probE
Oy HY™ + & 0pHI"S = FY™1F p=1...,m,
B* UM7+|y3=Y3=0 + B~ UM’_‘Z/3=Y3=0 + 86¢u+1 b= Grt )
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have a solution in S* x H>([0,T] x T2 x T). Using Theorem 3.1, this means that the source terms
(FO* . G9), ..., (F™~ L% G™~1) satisfy the solvability conditions (3.2). This will be used in some cal-
culations below. Observe that at this point the source terms (F™* G™) do not satisfy all solvability
conditions (3.2). They only satisfy (3.2b) (because of (H(m) —5)), (3.2c) (because of (H(m) —6)) and
(3.2e) (because of (H(m)—T)).

In order to prove that H(m+1) is satisfied, we first need to show that we can solve the fast problem (5.1)
below, which corresponds to enforcing (H(m + 1) — 2). Using Theorem 3.1 as well as the above remark,
being able to solve (5.1) reduces to verifying that the source terms (F"*, G™) satisfy the solvability
conditions (3.2a) (compatibility at the boundary) and (3.2d) (compatibility for the divergence of the
magnetic field). The verification of these two remaining solvability conditions is the first task to achieve
in the induction process, and this will already determine a large part of the corrector U™1%, Note that
verifying (3.2a) and (3.2d) for (F"™*,G™) is independent of the mean $m+1(0). This function as well
as the remaining degrees of freedom in U™*+h* will be used to enforce the relations (H(m + 1) — 3),
(Hm+1)—5), (Hm+1)—6), (Hm+1)—-7).

5.2 Reduction to (almost) homogeneous equations

In order to show that H(m) implies H(m + 1), the first task is to solve the fast problem:

L) UmthE = prmt y€QF, +Y3 >0,
1,+ 1,+ +
(5.1) Oyy A" + & g = FVT y€OT, Y3 >0,
pruymtht ys=Ys=0 + B~ Ut lys=va=0 = G™,

which is possible if and only if the source terms satisfy the solvability conditions (3.2). Here we keep
the notation of Theorem 3.1 and look for a particular solution to the fast problem (5.1) of the form
UmthE — (gmtlt ppmtlE gm+1LH)T with no front in the jump conditions on I'g. We recall that the
verification of (3.2) is partly included in (H(m) —5), (H(m) —6) and (H(m) — 7), but we still need to
verify that the source terms in (5.1) satisfy the conditions (3.2a) and (3.2d).

There is one point to keep in mind for later. Though the verification of (3.2a) and (3.2d) for the fast
problem (5.1) will be independent of the mean P™HL(0) (because it only involves 9yG™), the source term
G™ does involve ¢»™+1(0) and therefore the solution U™*+5F to (5.1) must depend on 1™+ 1(0). We shall
go back to this after proving Lemma 5.1 and Lemma 5.2.

We start with the compatibility condition (3.2a) at the boundary I'y.

Lemma 5.1 (Compatibility of the source terms at the boundary). Under the induction assumption H(m),
there holds:

(5.2) FE | mvimo = —bF 0G4 ¢F 0pGYE

Proof of Lemma 5.1. The proof of Lemma 5.1 follows from rather elementary algebraic manipulations,
which we make explicit for the sake of completeness. We recall that by the induction assumption H(m),
the profiles (UM, 4?), ..., (Um’i,ibgnﬂ) are given, and we then compute the source term F™% from
the definition (2.11). The boundary source term G™ is defined by (2.22). Once again, the expressions
of ng’i, ng’i do depend on the mean of Y™ with respect to 6, but the partial derivatives OgGT’i
and 89G;n’i do not. It follows from inspection of (2.11) that the source term F™% is uniquely defined in

terms of wgnﬂ. Hence the fulfillment of Lemma 5.1 is independent of how we shall determine the mean

of ¥™*1 (which will be done in the following Section).

The verification of (5.2) is split in several steps. We first simplify the expression of the double
trace Fg ’i|y3:y3:0 by using the fast divergence constraints that follow from the previous steps in the
induction. After these reductions, the expression of Fg" ’i’y3:y3:0 will only involve tangential derivatives
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of the traces of u3’i,H§"i, w=1,....,m, with respect to I'g. The verification of (5.2) will then follow
from differentiation of the jump conditions on I'g at the previous steps of the induction. To make the
expressions below easier to read, we omit in all the proof of Lemma 5.1 the superscripts . This is of no
consequence since the expressions are absolutely identical on either side of the boundary I'g.

e Preliminary reductions. We start from the general definition (2.11), of which we compute the sixth
coordinate (see Appendix A for details). We then compute the double trace on y3 = Y3 = 0, the main
effect of which being that the cut-off functions ¥ vanish if ¢ > 1, and x[% equals 1 at y3 = 0. We also
have ¥ lys=0 = 0 for all £ > 0, see (B.32) and (B.33) in Appendix B. We then get the expression:

(5.3)
—FMysmvim0 = (O +ud 0y ) HY — HY 9y + > 9pp" (bOy,ulf — cOy, HE?)

l1+lo=m—+2
0 12 1)
+ > " (bOy,uf — Oy, HY?)
l1+lo=m—+1
0 01 12 0 01 12
+ ) HY 9,01 Ovyu — (0 + ) 9y, )" Oy, H
l1+lo=m—+1
0 01 0o 0 01 Lo
+ Z Hj ayjd) Oy 3 _(at"'ujayj)w Oy Hy
l1+lo=m
4 4 Y4 4 l l 4 %
+ Y &Guit 0pH + Hy' & 0pul — & Hi Ogus? — ul! & OpH
l1+0o=m-+1
l1>1
41 Lo {1 Lo L1 b 0 O
=+ Z u; Oy, H3?* + Hy 6yjuj —Hj Oy, uz* — usy (()?JJHJ'
l1+lo=m
1>1

00 ( Lo o : L Y ) ) L ) £:
+ Z Opp™ (“32 & dY:st +&; Hj2 Ovyuy’ — H3* &5 8Ysuj3 =& “j2 81/3,H:)>3)
1 4+-ba+l3=m~2
la>1

by (, Lo < {3 1) 43 15 43 12 {3
- > By, 0" (ug? Oy, H® + Hj? vyug® — Hy? dyyus® — uf? Oy, H®)
l1+-la+l3=m+1
l5>1

i 0 ¢ i i ¢ ¢ ¢
+ E : gy (ug” & Oys H? + & H;? Oygug’® — Hy? § Oysu® — & uy? Oy, Hs”)
l14+Lla+l3=m+1

le>1
V4 0 1% Y4 l 4 l 4 74
+ Z Oy, ™ (“32 ayst + Hj2 Oyyug’ — Hy? 8y3“j3 - uf 8y3H33) )
l14+-La+Ll3=m
la>1

where it is understood that all functions on the right hand side of (5.3) are evaluated at y3 = Y3 = 0. We
use the induction assumption H(m), and more precisely the fast divergence constraints on the velocity
and magnetic field included in (H(m) — 2). This simplifies accordingly the blue and red terms in (5.3),
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and we get:

—Fg"ys=vs=0 = (815 + u? ayj)Hgn - HJO 8yjugn + Z & uﬁl 89H§2 =& Hfl 89“?

l1+lo=m—+1
01>1
01 Lo 1 12
él—g@Tm
1=
14 . % A % 14 ¢
+ Z Optp™ (bOv,uy’ — Oy, Hy?) + Z o)™ (b0Oy,us’ — c )
l1+lo=m-+2 l1+0o=m—+1
0 by o, 02 0 {1 1)
+ ) H) 9y, 0" Oyl — (9 + uf 0y, )" Oy, HY
l1+lo=m-+1
0 l 14 0 0
+ > HY 0" 0yu — (9 +uf 0y, )"
l1+4o=m
(5.4) + D ug OnHP — Hy'Ovug + Y ug — Hy' 9y,uy
l1+lo=m+1 l1+0o=m
621 6H2>1

/ Y4 1z Lo « 1%
+ E ™ (& Hj? Ovyug’ — & ug? Oy, H®)
U1 +lo+l3=m~2
l2>1

¢ Ly - L: Ly « L:
+ E Oy, ™ (Hj2 Oyyug® —u;? Dy, H5?)
l1+ba+l3=m+1
la>1

l Y4 l l
+ Z O™ (5j Hj2 Oysuz® — & “j2 )
l1+La+l3=m+1
l2>1

bY ot (RO — 0,11
Li+la+l3=m
br>1

At this stage, we may use the boundary condition in (H(m) — 2) to further simplify all normal deriva-
tives. For instance we have highlighted in green all the fast normal derivatives 8y3u§2 |lys=v3=0, which are
simplified by using Hél |lys=v5=0 = Ggl_l for ¢1 < m. Other groups of terms that simplify are highlighted
in pink, blue and orange. Relabeling the terms when necessary, we find that all normal derivatives in
(5.4) disappear thanks to the fulfillment of the boundary conditions in (H(m) — 2). In other words, we
are reduced to the amazingly simple expression:

—F§ |ys=vs=0 = (O + “2 0y, ) H3" — H]O Oy, uz"

0 ts e gl b 0 0 0 0
(5.5) + Y GulaHE —GHY dulr - Y Wl o, HE — HY 9,
l1+0o=m-+1 l1+lo=m

61>1 6>1

and in (5.5), there are only tangential derivatives (0;, 9,; or 9) with respect to the boundary {y3 = Y3 =
0}. This means that we can differentiate the boundary conditions in (H(m) — 2) and then substitute in
(5.5) in order to further transform the expression of F§"|,,—y;—o. This substitution process is performed
below.

e Step 1. The linear terms. We split the right hand side of (5.5) in three pieces. The first piece
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gathers the ‘linear’ terms. Using the boundary conditions in (H(m) — 2), we get:
F1 = (00 +uf 0y, ) HY* — H) 8yus" = (0, +uf 9y,) (bOp)™ 1) — H}) 0y, (c Ogyp™ )

+ Z 131 g™t <(at +u§-) 8yj)H£2 HO 8y]u§2)
l1+lo=m~+1
(5.6) + Z 6y,w ( (0 +uf ayj)Hfz Y ayjufz)
l1+Llo=m

+ D (Ot uf )00 & HiF — HY 0,000 &5l

l1+lo=m—+1
la>1

0 14 4 0 by,
+ > (04 uf0y,)0,, v HE — HY 0,0, 4" ulf .
l1+la=m
la>1
The first (pink) line in the above decomposition (5.6) of .%; will directly contribute to b 9pGT* — c Dy GY'.
The blue terms are highlighted in view of future cancellation. We now focus on the quadratic terms in
the second line of (5.5), which we are going to simplify with the blue term on the right hand side of (5.6).

e Step 2. The quadratic terms. (Fast derivatives.) Let us go on splitting the right hand side of (5.5)
and use the boundary conditions in (H(m) — 2) to get:

4 12 %
Ty = Y GuilOpHP — G H Ou = Y g (b ulP — g H?)
l1+lo=m+1 l14+lo=m~+2
1>1 lo>1

4 0 4 v/ £
+ E fj’ 89’¢ 1 (fj Uj2 89H]-,3 —fj Hj2 89u]f})
L1 +la+l3=m+2
lo>1

(5.7) + Z y ,111 ! (f] L2 ael‘fé3 &) HfQ 89uf?)
L1+lo+l3=m+1
lo>1

121 o b2 prls s opple ) 03
+ E 8yj/80¢ (fj U Hj/ & Hj Uj/)
L1 +lo+-l3=m+1
l2,03>1

+ Y HY 0y, 000" & ulp — (0 4l By, ) 000" &5 HZ
l1+lo=m—+1
lo>1

The blue term in (5.6) simplifies with the last line in the decomposition (5.7) (also highlighted in blue).

62



We thus get:

T+ Fy = ((?t + /u? Oyj)(b Dpp™ ) — H]0 9y, (c o™ + Z (93’1;&[1 (b & uj‘-? —cé&j Hfg)

l1+blo=m~+2
l>1
V4 0 74 0 Y4
l1+lo=m-+1
¢ 0 y) 0 ¢
+ 3 a0 ((00+ a0, HE — HY0,u%)
l1+lo=m
+ > (%+uf0y,)0,, v HE — HY 0,0, v ul?
l1+lo=
(5.8) lzél m

¢ ¢ £ 72 £
+ Z fj' agw E (fj uj2 agHj/s —gj Hj2 aeuj‘?)
L1 +lo+l3=m+2
0531

by (¢, 02 L3 Crrle L3
+ S By, 0" (& u pHY — &5 H' 9yu’s)
l14-la+l3=m+1
l2>1

3 01 o b2 1rls bl ) 03
+ E (r)yj/()gw (fJ w;? HP — &5 H uj/).
l1+la+l3=m+1
Lo l3>1

Some terms in %7 + %o are highlighted in green in view of further simplification with what remains of
the right hand side of (5.5).

e Step 3. The quadratic terms. (Slow derivatives.) We now consider the last term in (5.5), that is:

Fom Y ubo,HE - HY o,
l1+l2=m
1>1
so that with our previous definitions, (5.5) reads:

—F§"lys=vs=0 = F1 + Fa+ 3.

We simplify the expression of .#3 by adding it with the green terms on the right hand side of (5.8) and
by using again the boundary conditions in (H(m) — 2). We get:

Fs+ > (0 +ud0,,)0,, " Hf — H) 0,0, " uf

l1+lo=m
lo>1

b (¢ .02 gpls ¢ ppla , 03
+ S 0y, 00" (GuP H — & HP ulf)
L1+lo+-l3=m+1
L2 l3>1

= > 0,00" (bul —cH?)

l14+lo=m+1
lo>1

+ S 0" (uf 0, H — Hy? 0,u')

5!
b1 4+-la+l3=m++1
lo>1

¢ 1 4 £ 0
+ Y 0y v (WP o, Hp — H?0,ulf).

L1+lo+-l3=m
lo>1
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Collecting (5.8) and (5.9), we have derived so far the expression:
—F§ |ys=vs=0 = (O + 1] 9y, ) (b O™ *") — HJ 0, (c Opyp™ )
+ Z ngsbél (b & u?z —c§; HfQ) + Z Byj(?gl/)él (b u?Q — ('H]EQ)

bitlo=m+2 l14+-Llo=m+1
lo>1 lo>1
¢ 0 ¢ 0 ¢
+ Z ﬁj/ 89'¢) 1 ((Ot—l—uj 8yj)Hj/2 _Hj ﬁyjuj$)
l1+0o=m-+1
+ ) 9,,u0 ((at +ul 9y, ) H? — HY ayjuﬁg)
l1+la=m
¢ L v/ 7] ¢
(5.10) Y & ot (§uP OpHy — & H Ogul)

L1 +Lla+l3=m+2
l5>1

0y (¢ .02 L3 Cr7be l3
+ E (9yj,7,/1 (fjuj agHj, —ﬁj Hj aguj,)
l1+Lla+l3=m+1
lo>1

) (L2 L3 rrlo 43
+ Z & Opp™ (up? Oy, Hy? — Hj? Byyu?)
b1 4+-la+l3=m+1

lo>1
Ly (02 ls _ prla L3
+ 0> 0y v (WP o, Hp — H?0,u}) .
l14+-Lla+l3=m
lo>1

e Step 4. Conclusion. Going back to the definitions (2.22b), (2.22c), we compute:

bOYGT — cOpGY = (8, +ul Dy, ) (bIpy™ ) — HY 8y, (c Dpyp™ ™)
+ > G (b — e HE )Y+ D g™ (bE; Dpul? — & 0pH?)

41+§2§T+2 l14+la=m+2
/2>
n < y4 y4 % 0 ¢ 4
(5.11) + D 0,000 (bulp —cHE) + Y 9y, 0" (bOpul? — cOpHS?) .
l1+0o=m-+1 l1+lo=m-+1
la>1

Comparing the decomposition (5.11) with the first two lines in (5.10) (identical terms are highlighted in
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pink), we see that the proof of the relation (5.2) reduces to showing the identity:

ST Go (bopulF o)+ >0 9y " (bOpul? — cOpH?)

01 +bo=m-+2 £y +lo=m+1
A b ‘ .0 9 Lo 0 « 02
= Z £ Opp™ (((),, + uj ();,//,>[]J-) - Hy ()U/,, u; )
{1 +0o=m+1
01 0 {2 0 0o
> Oyt (O, ) HE — HY 0, ul?)
l1+ls=m
e b, o ls  ryla 5 L3
(512) + Z &; :}/ O (“,7 (,)(/H// H] do”,ﬂ)
l1+lo+l3=m~+2
lo>1

f1 . 52 53 _ . 52 [3
+ E Gij (5]' uj, 80H] {7/ H], 89Uj )
l1+L2+l3=m+1
03351

- o : lo o L: Uy « L:
+ g & D! (“'ﬁ ()i/,/’H/"i — HJ.;) ()UJ’ U :‘)

J

Zl 62 63 62 63
+ ) By, ™ (uj? Oy, Hy* — Hi? 0y u?) .
l1+La+L3=m
lo2>1

As we are now going to show, the latter identity (5.12) is a consequence of the relation:
- _ H o 0 p—1 0 p—1
Vji=12, Vu=1,....m, b&guj—cagHj = (8t+uj,6yj,)Hj —Hjlﬁyj,uj

(5.13) + ) Gpu 0pH? — & H} Ogusy

l14+-la=p
l1>1

+ > ulboy, HP— HY 0, ul?,

l1+la=p—1
6>1
which holds on the boundary {ys = Y3 = 0}. Indeed, the relation (5.13) can be proved in a similar
way as we have derived the relation (5.5). (Observe the similarity between the right hand sides in those
formulas.) Namely, we consider the fourth and fifth equations in the fast problems (H(m) — 2), take the
double trace y3 = Y3 = 0 and use the fast divergence constraints on the velocity and magnetic field.
We then use the boundary conditions in (H(m) — 2), which make again all normal derivatives disappear.
We feel free to skip the details of these calculations since they are really similar to those that can be
found above for deriving (5.5). Eventually, we get the relation (5.13) for the tangential components of
the velocity and magnetic field.

Substituting the expression of b89u§2 - cBerQ in (5.13) on the left hand side of (5.12), we see for
instance that the light blue term on the left of (5.12) can be decomposed as the sum of all three light
blue terms on the right. The black term on the left of (5.12) can be also decomposed as the sum of the
three black terms on the right, which completes the proof of the validity of (5.12), and therefore of (5.2).
This means that the source terms in (5.1) satisfy the solvability condition (3.2a). O

We are now going to prove the validity of the condition (3.2d) for the source terms of the fast problem
(5.1).

Lemma 5.2 (Compatibility of the divergence source term). Under the induction assumption H(m), there
holds:

(5.14) Oy F{"™ + & 0gF3y — 7 0pF™ = 0.
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Proof of Lemma 5.2. We start by recalling the expressions of the source terms Fﬁf and Fy" + In all
the proof, we omit to recall the superscripts + in order to clarify the expressions below. It should be
understood of course that the calculations are done on either side of the interface I'y. The source term
Fg" associated with the fast divergence constraint on the magnetic field reads:

By = -V-H"™ + Y 0 onGHP+ Y 0,00 Oyl

l1+0o=m—+2 l1+0o=m-+1
/. Y4
(5.15) + > dawtougEp+ Y KMoyt o, HP
1 +lo+l3=m+1 Li+la+l3=m
. 4
+ > AMuto,Hg,
L1 +lo+l3=m

while the tangential source terms F3% ; read:
0 0 0 0
—F; = (8t + u 8yj,)Hjm —Hy ayj,u;” —u; V-H" + H;V-u™
+ Z 391/)61 (() OY;; ?1,?2 —C OY;; Hfz — HJO (9)/35'7‘/ ?16% + /II,(]) 0};5571 Hfrz)
l1+bo=m-+2
+ Y 9y, (H) Oyl —uf Oy Hy? — HY dy,ulf +uf dy, Hi?)
€1+62:m+1
SR
l1+lo=m+1
+ Z X[gl] 891%2 (b ay:; uj;; - c ay:; Hf; o H? ay:éfj/ u?f + ’u? ay:afj' HJ[/;)
b1 +lr+l3=m+1
¢ ¢ 0 ¢ 0 ¢ 0 12 0 1
+ Z X Oy, P (Hj’ Oysu;® — wj Oy H* — Hy Oy + uj 81/3Hj’3)
l1+Lla+Lg=m
_ Z X[El] atwﬁz ayBHJlfs + Z X[ZI] wéz (U? 8y3H§3 _ HJO a%ug:s)
l1+-La+l3=m l1+La+l3=m
l L Ly, L l L Ly, L
(5.16) + Z Op (fj/ uj} Hj2 — & H7,1 uj2) + Oy, (u31 Hj2 - Hy' ujQ)

l1+lo=m-+1
£1,422>1

. by Lo b1 prle
+ Y V- (Hu® —uft H?)
l1+lo=m
£1,62>1

E ¢ lo prls  ppla ) l3 E 1% Lo 17l _ gyl , L3
+ 89w fjl OYS (U,j HJ' EI-7 U,j, ) + ayj,w ayg (UJ Hj’ H] U]/)
{1 +lo+l3=m~+2 L1+Lo+l3=m+1
la,03>1 t2,t321

+ Y XMooy (u & HyF — HP &)

O+ ly=m+1
l3,042>1

+ > xMo, v oy, (uf B — HP )
14 Hla=m
l3,04>1
. L 4 L3, L
S o ).

L1+ +Lly=m
£3,642>1

In (5.16) and in all what follows, the symbol V- refers to the divergence with respect to the y variable.
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Eventually, the normal source term Fg" reads:

—F§" = (0 + “? Oy, ) H" — HJQ Oy uz" + Z Opy)"! (b 8Y3“§2 - CaY3H§2)
l1+lo=m~+2
COX 0ot (o 0, )00 e
l1+lo=m—+1
+ Y X (boy,ug - coy, HyY)
L1+Llo+Ll3=m+1

ST (H0, 0% 0l — 00 080, )0 0, 1)

L1+lo+l3=m
. Ly prlo by, lo 01 r7lo 01 Ao
G17) o+ > Gop(ul HY —HIE W)+ N 9y, (ul HY - HI uf)
l1+lo=m~+1 l1+la=m
l1,42>1 £1,622>1

+ Z 89771)61 & Oy, (ugz Hfs _ H§2 uﬁs) + Z ayj¢€1 Ay, (ugz Hfs _ H§2 uﬁs)

U1 +-la+l3=m+2 b1 +lo4-L3=m+1
l2,03>1 l2,03>1

0 ot 0 (u H — Hy )

b+ +Lla=m+1
l3,4>1

COS Ml ).
A p—
£3,042>1
We now define the quantity:
gm = 8y3Fén —|—§j 89F§:L_j - TagFén,

and the goal of course is to show that 2" vanishes under the induction assumption H(m). The calculation
splits again in several steps.

e Step 1. Collecting the terms.

Let us first observe that the above highlighted blue terms in F3 , contribute to zero in the calculation
of 2™ (since they correspond to a fast curl of which we take the fast divergence). We also note that the
red terms in F3"t ; drop out for symmetry reasons when we compute the linear combination ¢; F3t ;. and
the green terms also drop out when we compute &; F3t;, — 7 Fg". For the following calculations, it is also

useful to recall that the profiles ¢* only depend on (¢,7/, ), the functions x depend on (t,y,6), and the
profiles U%* depend on all variables (t,v, Y3, ). Using the fast problems (H(m) — 2) that are satisfied at
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the previous steps of the induction, we are left (!) with the following expression for 2™:

. ()0(6/ Ujl [1(3 o g/ 1[/(] u(’)

Ff

3+ T TFéfQ)

05
F\_

X[Kl] 89'¢€2 83;3 (5] F?fij N TFSZS)

X[el] 8t¢€2 ay3F§3
1

Dy u' + b Oy u?

4
3l _CaysHj3>

)

P = O 40, F Y 9w onl(g
l1+lo=m+1
+ Y WG oRH+ > Oy,
l1+la=m+1 l1+lo=m
+ Y 0,000 (W) Oy HiE — HY & Ovyulf + bOy,us? — c Oy, H?)
l1+lo=m+1
4
- D Ut ovnF - )]
l1+Lla=m l1+La+L3=m
LY st Y
Li+Lla+l3=m L1+lo+l3=m—
J4 y4 0 Y4 0
+ S Mo, (uj & Oy Hip — HY &)
l1+Lla+l3=m
4 V4 4
- Z X Oy, 1™ Oy F3
{1 4+lo+l3=m—1
+ Z 0y, Oy, (U;l 11,;(;)2 — ujl Uég) + Z \Y
l1+lo=m l1+lo=m
l1,02>1 l1,02>1
) £ 2 V4 £
+ Y o O (HP &uf —ufp & HP)

l1+lo+03=m~+2
lols>1

2.

l1+lo+03=m~+1
Lo l3>1

2.

L1+l 4-l3=m+1
la,03>1

>

b+ Hly=m+1
l3,€42>1

>

L1+ +Lly=m
03,6421

>

L1+ HLly=m
£3,042>1

>

b1+ HLly=m
l3,64>1

2

li+La+Ll3=m

2

L1+ +lyg=m
l3,04>1

o Y

l14+-Lla+L3=m

_l’_

(5.18)
+

_l’_

H

l3 Ly 43

t J

le] 8@/]- wb ay3 Oy, (
+
+

+ DX 0y, 4" (ul &0 By HP — HY &5

+

X[h] 1%2 (b ay3ug3 - cay3H§3) +
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+

)

X 0,,000" 0, (u§3 &1 Hf’4 - Hfg & “%) +

lo
E — Uz
l1+lo+03=m~+1
lols>1

0 a2 (frtz b
Oy ™ Oy, (Hy* u®

. e ppls  ppla o L
Oy; 9™ Oy (“jz & Hy? — Hy* & “j%>

By, 009" Oy, (ufP? &5 HiP — Hy? §rulf)

XL 09yt 0y, 0v, (HE & ult — ulp &5 HIY)

X[Zl] 8ij€2 (9y389 (u§3 5]/ Hf;l - Hfg’ 5]/ U?})

>

l14+-La+l3=m

0px'“1 0" & 0, H?

Oy ub

£ 4
5 U +b8y3uj3708y3Hj3)

D! Oijb Dy (ufs &' Hf’4 N Hfg &' ujjl)

Z X[h] wéz Dy (5] H]lfs ugzl — ¢ u§3 H§4)} '
L1+ +Lyg=m

l3,4>1
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e Step 2. Substituting in the fast derivatives.

There is now a series of substitutions that we need to make in order to use the fast problems that
have already been solved at the previous steps of the induction. Namely, we proceed with the following
manipulations in the decomposition (5.18) of 2™ by using (5.16) and (5.15):

e we collect the green terms and substitute the value of §; F?fj_j — TF§2,
e we collect the brown terms and substitute the value of Fﬁj,

e we substitute the value of Féf2 in the orange term.

For possible intermediate verification of the interested reader, let us give the detailed expression of these
first manipulations. We isolate the green, brown and orange terms in 2™, and therefore introduce the
quantity:

It == Y 0 On(G L TR = ) 0,0 On Byl - 0" Oy Y
l1+lo=m—+1 l1+lo=m
D> o (G - & )

l14+-ba+l3=m+2
lo,l32>1

/1 92 O A3 0o {3
+ Z Oy, ™ Oy, (Hy u;t — ug Hj)
l1+La+Ll3=m+1
L2321

l lo {3 Y2 l3
+ E 6ij1098y3(uj Ej/Hj/ —Hj fj/uj,).
l1+La+Ll3=m+1
L2321

After substituting, we get:

g =~ N AV aHR+ Y 0 g 00vH + Y 0,00 80y, HE
Li+la=m 0 +bo=m+1 li+lo=m
+ > 0w (u) & 0,0y HiF — HY &1 0y, 0vulf + bV - Oy,u'> — ¢V - Oy, H'?)
l1+lo=m++1
+ > 9 u" (u) 0y, 00 H? — HY 0y, 0v,ul? + HYV - Oy,u'? — u) V - 0y, H")
l14+-la=m

V4 lo 1 1% Iz
+ Y 0V O (& HpPu - G u HY)
l1+lo+l3=m+1
l2,03>1

(5.19) + Z ay]»ﬂ)él AV aYg (Hfz ufs o u? Hig)

l1+-La+l3=m
Lo, l3>1

+ Z X1l g2 ggopte (c Oys Oy Hy' — b8y38Y3u§4)
b1+ +Lyg=m+1

+ Z ylalyte ((&t + U? 3yj)¢63 8y38Y3H§4 - HJQ Oy, " 8938Y3u§4)
b+ +ly=m

n Z X[Zl] 1/}62 86¢Z3 61/383/3 (H§4 §j u§5 _ u§4 é-j Hfs)

L1+ +ls=m+1
£y,05>1

bOY R0 0, 0 0,0 (B — il ).

l1+-+ls=m
£y,l5>1
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Some terms in the decomposition (5.19) have been highlighted in red in order to exhibit as clearly as
possible a cancellation with the decomposition for the next term Z3* which we are just going to introduce
Nnow.

e Step 3. Substituting in the slow derivatives.

In the previous step, we have made all substitutions in the terms 0y, F*, and collected various other
terms that cancel after making these substitutions. Once this is done, we now need to make substitutions
in some slow derivatives. The first, and actually longest, task is to substitute the expressions of Fg’}rgél
and Fy"~! in the pink terms of (5.18), using again (5.15), (5.16), (5.17). Since some cancellations are
going to appear, it is useful to incorporate the blue terms of (5.18) with the pink. In other words, we
introduce the quantity:

Dy = = O FYT 4 0, F )+ Y a0 GoHE + Y X a0pw™ ¢ 0,,H
l1+Lla=m+1 l1+La+l3=m

+ Y 0,000 (u§ & Oy HE — HY & Ovyulf + bOy,ul? — c Oy, H?)
l1+lo=m-+1

+ Z X[el] ayj80¢e2 (u? gj’ ayst? - H]O 5]" ay3“§§3 + b3y3u§3 - Cay3HfS)
l14+-La+Ll3=m

+ Y 0y, 0vi(Hp uf —uf HP) + Y V-0p(&ut H? — & H u?)
l1+Lla=m l1+lo=m
l1,02>1 l1,02>1

0 by ¢ 77l3 by ¢ 03
+ Y Oy 0" Oy (U & Hp — HP Ejrulh)
l1+-Lbo+l3=m+1
l2,63>1

D X0,000% 0y, (uf & H — HP Grult).

G+ tl=m
£3,01>1

Substituting the expressions of Fﬂ;l and Fg”_l in the above definition of 25" and rearranging, 25"
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decomposes as follows:

5= Y 0NV onH" = Y 0 Ga0vH? — Y 0,01 00y H

l1+lo=m l1+lo=m—+1 l1+lo=m

+ 0 O™ (HY &y 0y, 0v,us — ) €5y 9y, 0y, Hi + eV - Oy, H — bV - Oy, u’?)
l1+lo=m-+1

+ > XM (HY & 0y,05,ul) — 1l &y 0,0y, H + V- 0y, H — bV - 9,u")
l1+La+L3=m

+ > 9w (HY 0, 0v,u —u 0, 0y, H* +u) V- Oy, H — HY V- Oy,u?)
l1+lo=m

+ Z X[fﬂ (‘)yj wb ( HJQ’ ayj/ ay
ly+Ho+L3=m~—1

Y T, Y guowt o, HE

l3 0 g l3 0 3 'z 0 1
sU;  — Uy Oy, 0y Hi* +ui V- 0y, H® — Hi V- Oysu )

//]+(3+(,;—le| £1+£2+£3:m71
4 V4 0 {3 0 {3 {3 L3
+ Y oo™ (HY & Oysuly — u &y Oy H + Oy H® — bOy,u?)
b1 +Lla+l3=m

+ Z 8yj/X[€1] Oy, $ (Hgo’ ay3u§3 - u?, 8y3H]e3 + U(J) aye»Hf’s - HJO ay3u§?’)
b1+l +03=m—1

+ Z Dy X[Zl] 89¢Z2 (C Oys H§3 - baysugg)
l14+-La+l3=m

+ Z 8y3X[Z1] 81/;‘7/152 (Ug 83/3H?l:3 - HJO aysugs)
l1+ba+l3=m—1

+ > 9V Oy, (g HY — & HP )

l1+La+l3=m+1
lo,l3>1

(5200 4+ Y 0y,u" V- Oy, (uF H — H?u)

li+Lla+l3=m
lo,l3>1

+ > o V-o,(Gup Y -G HP) - Y Yo 00, H]

O+ +ly=m L1+-Lla+L3=m
03,0421

+ Z X[h] ayj wk’z V - Dy, (,u§3 Il Hf:} u€4> _ Z X[h] ayj wk’Q D¢y Hfs

b4+ Llyg=m—1 Ly +lo4-L3=m—1
lal3>1

Y O XA 0y, (¢ H — & HYP u)

£1+-+La=m
l3,042>1

Y 0oyt 0y, (uf e )

l1+-+lg=m—1
L2 03>1

. 12 L
+ 8?43‘ { Z X[él} w& (HJO 8:’43“33 - “9 a‘7431133)}
l1+la+03=m—1

+ ayj { Z X[h] wb ayg (Hfs ug4 _ u§3 H§4)} _ Z atx[fl] aewb gj angfS

b1+ Hly=m—1 L1+Lo+Ll3=m
£3,04>1
2 2 L3 - [€1] 1,62 L3
- Z atX[ ]8ij 8ygI'Ij _at{ Z X[ }1/} 8313}13 }
b1+l +b3=m—1 l14+-la+l3=m—1

Those terms in the decomposition (5.20) that have been highlighted in red cancel exactly with their
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opposite which has also been highlighted in red in the decomposition (5.19). Other colors used to highlight
some of the terms in (5.20) will be explained in the following step of the proof.

e Step 4. Simplifying and rearranging.
Up to now, we have decomposed the quantity 2™ into the sum of three quantities, namely we have
written:

9" = T+ D+ T

where 21" is given by (5.19), 25" is given by (5.20), and 25" is the sum of all black terms in (5.18), that
is:

4 14
=~ > X ot o, (g FL, - T FE) +
l1+La+L3=m
- > oo+ Y X 0gw™ 0y, (Hg &ult — ugt & HS)
U1 +ly+l3=m—1 L1+ F+Lg=m+1
L3,04>1

+ Z X[él} Oyj wfz Oy; Oy (H g:} “‘,{]}1 - “’gg H f])

l1+-+lg=m
l3,04>1

(5.21) + > Mo, w000 (g T - HEG W)+ >0 a0t & 0, HP

O+t ly=m L1 +lo+Ll3=m
l3,04>1

+ >0 a0y, 0" (u) & 0y HiP — HY &0 0yulf +bOy,us — c 0y, HL®)
L1 +lo4-l3=m
D Oy 0y, (uf & HY — HP &y ult)

L1+ +Lag=m
£y, ly>1

co Y K (b0l — o, HY) |
Li+lo+l3=m
i 89{ Z X[h] ¢€2 ayg (5] Hjlf3 u§4 —¢ u?s H§4)} )

L1+ +Lg=m
£3,042>1

It is now time to regroup some of the terms from 25" and 25" together in order to further substitute
and simplify 2™. Observe that all terms in the expressions (5.19), (5.20) and (5.21) involve the functions
x4 or x!¥, whose symmetry properties will be crucial for the final argument of the proof. But before
exhibiting those symmetry properties, let us rearrange the expression of ™. We are now going to
decompose the quantity 2" under the form:

D™ = EM+ E 4 T+ E

where:

e &" corresponds to the collection of the blue terms in 25" and Z5",

e &" corresponds to the collection of the green terms in 3" and 25",

e &3" corresponds to the collection of the orange terms in 5" and 25",

e & corresponds to the collection of all remaining (black) terms in 21", 25" and 25".
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In other words, we set:

Srm - Y oo (G E, ) - Y o € 0,
Li+la+l3=m Li+la+l3=m
> X0’ (HY &0 0y,0y5u5 — ) €50 0,0, HiP + ¢V - 0y H® — bV - dyyu’®)
Li+lo+l3=m

D X0 8y,0y, (Hy & uft — ug g HIY)
Ot ly=m+1

£3,042>1
1z 4 l3 1
+ > YoV 0y, (G B — & HP ™)
L1+ +Ly=m
l3,04>1
4 V4 0 4 V4 L
L Z X[ 1] By, V" aygng_j _ Z X[ 1] 8y, 0" 8t8y3Hj3
l14-ba+l3=m—1 l14+-ba+l3=m—1

+ Z X Oy, )2 (H]Q/ 8y].,8y3u§3 - u?/ Oy, Oys Hf" + u? V.0, H" — H]Q V- Oy,u’®)
l1+la+l3=m—1
+ X8, 4% 0,0y, (Hy “?1 —ug Hi*)

J
Ly+-+Llg=m
l3,042>1

> X0y 0,00 (ui & HiY — H Epult)

Ly+-+lg=m
l3,042>1

COX XMy g, ),

l1++ly=m—1
b2 l3>1

&= > xMowho,(FP+ v HS),
l1+lo+03=m—1
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and according to the expressions (5.19), (5.20) and (5.21), the final term &;" reads:

EM = > Oy o™ — o™ o, w2) 0,1+ > dy XM o™ 0, HP

l14+-la+l3=m—1 b1+l +l3=m—1

+ Z (aex[fl] o2 — o] 391//2) 13 ayBHjlfs
G+ +l3=m

+ > (9 apy — g 0, 0%) (HY & Dyuly — u €50 0y HiP + Oy H® = bOy,u?)
l1+Lla+l3=m

+ Z aysx[gﬂ 691/}62 (C 8y3H§3 - baysuf’?)
l1+La+Ll3=m

+ > 9y X0y, (HD Oyyut — 0, H + ) 0, H — HY 9,7
€1+€2+53:m71

> o, 0 (W0, Hy — H) 0,0
l1+lo+l3=m—1

T Z (893' X 9yt — 9y aij62> Dy, (Hfg &' U?’l N u§3 &' Hf;l)

l14-+Lyg=m
43,0421

b oo 0, (Gl HY - HP o)

L1+ HLly=m
£3,04>1

(5.22)
l l ls £
+ S 9, Xa, 0" 0y (uff HF — H ult)

l1++ly=m—1
l3,64>1

Y 00,0 0y (uf B H )

J
O1+-+Lg=m—1
l3,4>1

. V4 4
+ Oy, { Z il yte (Hgo Oysusz® — “2 8ysH?,g)}
L1 +lo+l3=m—1

4 8yj { Z X[fl] wb ay3 (Hf3 ug4 _ u§3 H§4)} _ at{ Z X[El] d]éz 8y3H§3}

Oy 4ty =m—1 l+la+L3=m—1
l3,04>1
- [¢ V4 l £ - [¢ V4 l3 L 4 £l
ool Y X (b0l - co )+ Y X oy, (g HP U - g ul HE) |
Li+lo+l3=m bi+-+la=m
£3,64>1

+ Z X[eﬂ 1/}62 691%3 (C ay3aY3H§4 - bay3aY3u§4)
Oty =m+1

+ Z X[m w@ ((8t + U? 8y].)¢£3 6936Y3H§4 - HJQ Oy, ¢£3 6y3ay3u§4)
b+ +l=m

I Z X[Eﬂ ¢£2 691//3 8y3 (9)/3 (H§4 fj u§5 _ u§4 fj Hf5)

O+ 5 =m+1
£4,052>1

+ Z X[Kﬂ wﬁz ayj wﬁg ay3 8Y3 (H§4 uﬁs _ u§4 HJ&;) )

L1+ Hls=m
lals>1

Some terms in the expression of & have been highlighted in blue in order to exhibit some symmetry
properties. These terms will be dealt with later on thanks to some specific structure of the functions X[e].
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e Step 5. Substituting in the slow derivatives, and (partially) simplifying.
We use again the expressions (5.16), (5.15) of Fy 34, and F¥ to simplify the expressions of &™ and &3".
Going straight to the final result, we end up with:

&r=— S o 0y ¢ 0,0y, HY
b1+ +Ly=m+1
+ Z X1 0y, 42 gy (HY &5 0,0y, U ;=& dJ%‘)*%Hu e OnOn i b()“dhu ")

l1++lg=m+1

_ Z Yl g2 9gepts Dy (X[M Oys (& Hf5))

l1+4-+Ls=m
+ Z s (I)y‘/l' D™ ()1/%( " (HO S ()ua“ 7 “9 37 ({).l/:stf + CE)LU:iHj — b0y >>
bi+4-+ls=m
+ Y Aoy, w09yt 0,0y, (HE €5 uly — ult € HY)
l1+-+ls=m+1
Ly, 1j>l
+ Z X[(l] aﬂ./ )2 ([:)6/15"63 Dys (X[ s Oyy (H 5 l/(/) - Ugir) & H;f)>>
l1+-+lg=m
/5.%621
. Y4 £
Y xR o 0, (X (0, HE ~ b))
L1+-+Lls=m
. / £
+ Z X2 agyte Dys (X[m Dy (H35 & “ - “3 & 6))
L14-+lg=m
05,061
and
EF = — Z X[él] atwﬁz aijf:s ay30Y3Hjlf4
O1+4-+Ly=m

— Z 'X[h] 0, (0] b2 ()91 (H E} (),MC)Y% ut , u? &y (‘)y:;(‘)ngjf +c (‘)y:;(‘)y%Hf — bay:;(‘)Y:s“j’I)

l1++lg=m+1
L5

- Z X[gl] 3)&@%2 81/_1 7/)23 8@;3 (X[&] 8213Hj )
l1++ls=m—1

_ Z XVL] Oz/j wﬁz 00’<5’ff‘ 0;/3( (H §jr ¢ [/311 7 ’u,S.) 3% 0;,/3]‘[;/‘_' +c 0;1/:3]{.)’ —bOy,u; j ))
bi+-+ls=m

— Z il Oy, z'“ Dp*3 01/;‘)Y5(H 3% u’ i~ u,ji’* 131 Hff)

L1+ +ls=m-+1
Oy,05>1

- Z X Oy, W Ogypt Oys ( o Dys (H( ST ”1(/) - “’,iB 9% Hf’(>>

Ui+-+lg=m
l5.06>1

£ N o (0 (6 2,1 - H 005))
l1+-+ls=m—1
+ Z X[ZI] ¢€2 Oy, 7%3 Oy ()'([&1] Oys (Hgs “§6 - “55 Hf6)> .

l1+-+Lle=m—1
l5,06>1

Let us observe that in the above expressions of &7 and &5, the pink terms in the decomposition of &7"
cancel exactly with the pink terms in the decomposition of &5".
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We also use the expression of Fff in &" and get:

éa?’m = Z X[ﬁl] (‘)twkz 001;‘)23 51 0}/3 OY:; H}“ + Z X[h] 051/)22 0{)1/‘/,&; ayg (X[m] ayg (51 Hfs))
l1+-+lp=m-+1 l1++ls=m
+ Z X[[l] af,wk'z 0,1/‘]' 1})[3 ayg By, H}h + Z X[él] (‘)t,wfz 0:!/_,' ui,(%:s 01/} (X[[4] ays Hjj)
l1+-+lya=m b1+-+ls=m—1

+ Z X[El] wKQ 6t¢£3 8?/3 (X[&d 8y3 H§5) :
l1++ls=m—1

The green terms in the decomposition of &3" cancel exactly with the green terms in the decompositions
of & and &3". Summing the contributions &7", &", &3", and canceling the terms with the same color,
we get:

gm =&+ Y X ot 0y, (X (cOy HY — bO,uf) )

b1+ Als=m
+ Z X[Kl] ¢Z2 aewés 8y3 (X[&;] ayg (H§5 gj u§6 _ u§5 fj Hffj))
l1+-+Lle=m
l5,06>1
(5.23) + Z X[fl] T/)@ ayj 1%3 8y3 (X[g‘d (u? ays H§5 - HJO 8y3u§5)>

l1++l5=m—1

’ ) ¢ . [e ls5 0 s prle
I Z X[ 1]¢ Qayﬂ/}?’ayg (X[ 4] ay3(H3 uj6 — Uy Hjﬁ))
Ot log=m—1
45,0621

+ Z XD 2 gapts Oy, (X[m Oys H§5) :
l1+-+ls=m—1

e Step 6. The first symmetry formula.

In order to go further in the simplification of the quantity 2™, we need to exhibit some relations
between the functions x! and the profiles 1*. Until now, we have never used any relation between these
functions, which is the reason why there remain so many terms in the decompositions (5.22), (5.23). Let
us recall that the functions X[e] are defined as the coefficients in the asymptotic expansion (2.8), where
t,y', x3,ys, 0 are related by (2.7) (which needs to be inverted in order to get x3 as a function of all other
variables). In particular, it should be kept in mind that ¥ can be expressed as a sum of products of the
functions 2, ..., 1*. The first symmetry formula is as follows.

Lemma 5.3 (The first symmetry formula). The functions x!) and ¥* satisfy the relation:

(5.24) vez0, > opd™ow® = > oo,
01+0=¢ L1+Lla=C

and similar relations with any couple of tangential partial derivatives chosen among {0, Oy, , Oy,, 0}
For convenience, we have used in (5.24) the convention ¢¥° = ' = 0, see (1.5). Since ¥ = x(y3),
both sums actually run over the couples of integers (¢1,02) with 1 > 1,0y > 2 and {1 + {3 = .

We postpone the proof of Lemma 5.3 to Appendix B and rather examine right now its implications
on the decomposition (5.22). Applying Lemma 5.3 and possibly using a change of index j +> j/, we find
that all blue terms in the decomposition (5.22) vanish. In view of (5.23), this means that 2™ can be
written as the sum of the black terms on the right hand side of (5.22) and of the right hand side of (5.23).
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Expanding some of the partial derivatives on the right hand side of (5.22) and regrouping, we derive the

expression:
"= 3 (O 0wt — Gy 42)) (cy, HY — bO,,uf)
l1+Lla+l3=m
4 14 - [¢ 12 0 L 0 l
+ Z (8y3X[ 1 Oy, 0™ — Oy, (X[ 1 (U 2)) (uj Oy H3* — H; ay3“33)
L1+Lla+Lz3=m
. L
Y @™ot - o)) oy, 1Y
L1+Lla+L3=m
. 4 £ l3 L
+ > (BT opw® — g (X 92)) By, (¢ u Hy' — & H )
Oy ety —
1—;3,21241 "
J4 4 - [0 V4 4 1 l3 L
+ Z (8343)([ 1 Oy ™2 = 9y, (T 2)) Oy (“js Hy' — H}? us')
Ot la=m—1
st
+ Z Yl yte Dy (b (',)(;'1/:(;" — (:(i)(/ll:i")
U1+lo+l3=m
+ > Xyt o, (H? 0, ug — (0, + ) 9,,) HS?)
01 +bo+l3=m—1
+ Y X2 0,,0(¢ H ugt — & u Hy')
b1+4+li=m
I l3 .0 1>]l
+ ;\',:’1] (ﬁh (.)!/:;(.)!// (ij “:/{1 o “3:; H:/;w)
b+—4lp=m—1
03,04>1
=+ \ [61] L 2 (',)’,/‘,; {()()'l b3 ((‘ (i));;ffi(;] —b (',))j,) llgl) }
U1+-+lp=m—+1
+ > a0+ a,) 0t dy HE — HY 0,05 oy |
Ui+4-+Lli=m
+ S gt Uu.-;{(")ﬁlf("‘ Oy, (& vy Hy> — & HY' “;/{')}
¢ ct-ls=m—+1
I 03,04>1 |
+ Z X Gl qpte Oy, {(i)_(// 3 Oy, (”.{/\ Hé‘ — U.;] {/;"’)}
(17 '»71(;,1 m
. L 4
3 o o, (X (c0, HE —b0,,0) )
14t ls=m
. 4 0 L £
SN A o 0, (0 0y (B €t — e L))
£1+-+Lle=m
£5,l6>1
. Y4 4
n Z Al gt 9y, ¥t 8y, (X[m (u(; Oy HL — HJO ay3u35))
L+ AHls=m—1
Y Xty 0y, (X 0y, (HE ule — s HL))
b+ lg=m—1
45,061
. L
+ Z X[m Y2 9t Dys (X[M 3y3H35) :
l14-+ls=m—1
In the above first orange term, we use the relation b89u§3 — cagH§3 = —Fé3_1, which cancels all other
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orange terms and introduces five new remainders. Once this final (!) substitution has been performed,
the expression of 2™ reads:

9" = Y (0o = (XN 9)) (cOy, Hy' — b0y uy)
l1+l2+l3=m
b DT (a0 () (O D)
l1+Llo+l3=m—1
+ ) (B X1 00" — By, (x19 2)) B, HE?

li+lo+l3=m—1

> @XM an — ap( ) 0, (5w Ht - & H )

L1+ +Lag=m
£3,042>1

+ Z (ay3x[€1} aij& — 8y, ()'(Vl] wﬁz)) By (uﬁs H§4 _ H]lf3 u§4)
l1+-+ly=m—1
L3421

+ Z X[m 77[152 391//3 Oys (XW] (C Dy H§5 o b8y3U§5>>
li+-+Hls5=m

l1] 1.0 3« el (,,0 ls 0 Us
+ Z X[ 1] Y ’ 83/_;‘ (% ’ dy:s (X[ 1} (“j aysHS - H} ay:s“:j ))
l1+4-+ls=m—1

+ Z X[&] wfz aﬂ/JZ?’ By (X[Q] 8y3H§5)
l1+-+ls=m—1

o a0y, (X 0y, (H & o — ol 6 )
b1+ +lg=m
45,0621

bSO, 0, (10, (B o - o )
€1+~~-+€6:m71
l5,662>1

- Z X[el] 77/)52 897»%8 ayg (XW] (C ay:s Hﬁ‘ - b8y3 1L§5)>

l1++ls5=m

IS4 oz 4] (,,0 143 0 U5
- Z X[ 1] (i ayj ™ Oy <X[ 4 (“j Oys H3® — Hj Oysug )>
bi+-+ls=m—1

- Z X[m wb atwég Oy, (X[m 8y3H§5)
bi+-+ls=m—1

B Z )'([gﬂ ¢E2 aewég ay3 (X[€4] 8y3 (H§5 ’Sj u?G — u§5 fj Hf‘i))
L1+4-+Lg=m
U5 l>1

LY 0,0y, (N 0y, (e — e )

l1++lg=m—1
l5,6>1

There are overall fifteen terms, which we can match into five groups, each of three terms. For instance,
the two first groups have been highlighted in red and green. Once a last cancellation in the ys-derivative
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has been made, we are led to the final expression of 2™:

7" = Z Xgl (Cay3H§2 - b3y3u§2) + Z X? (U(J) 8y3H§2 - HJO ay?)u?)

l1+0o=m l1+lo=m—1
01 {3 121 3 ‘62 53 A £2 L3
+ Z X¢' Oy Hy® + Z Xy ays(fj u;? Hy® — & H; u3)
l14+la=m—1 l1+La+Ll3=m
l2,l3>1

Y ol HD - HA),

L1+l +l3=m—1
L2 03>1

with
(5.25) V4 =0,...,m—1,

X = Y O Mo —op () + T (9 - 9y, x 1) g gyt
L1 +La=¢ b1+ +La=t
and similar definitions for X{, Xg, X! by just considering another tangential derivative acting on the front
profiles ¥ or ¢* in (5.25).

e Step 7. The second symmetry formula. Conclusion.
The final argument comes from a second symmetry formula which relates the ys-derivatives of the
functions y¥ and ¥ together with tangential derivatives of the front profiles ¥H.

Lemma 5.4 (The second symmetry formula). The functions Xg defined in (5.25) vanish, and similarly,
the functions X{, Xg, Xf also vanish.

Since both Lemma 5.3 and Lemma 5.4 rely on combinatorial arguments that are independent of the
analysis of this Chapter, we also postpone the proof of Lemma 5.4 to Appendix B. (As the reader will see
in Appendix B, the result of Lemma 5.3 and Lemma 5.4 even holds if the first profile ¢! does not vanish.)

Because of our final decomposition for the quantity 2™, the result of Lemma 5.4 implies 2™ = 0,
which was exactly the relation we were aiming at. This completes the proof of Lemma 5.2 and shows that
the source terms of the fast problem (5.1) satisfy the solvability condition (3.2d). O

We now know that the source terms (F™*, Fg" a G™) in (5.1) satisfy all five solvability conditions
(3.2) of Theorem 3.1. Since the solvability condition (3.2) does not involve the mean of the boundary
source term G™(0), the existence of a solution to (5.1) does not depend on the choice of ¢ ™+1(0). However,
the solution itself will depend on the choice of 12 m+1(0), which is the reason why below we deal separately
with the zero Fourier mode of U™+1:+,

Rather than solving the fast problem (5.1) for all Fourier modes in 6, it is convenient to first solve
(5.1) for all non-zero Fourier modes in #. Namely, we set:

o+ ., ' + .t i — e i
F7 = Y P k)R BT = Y R (R) N G = ) G (k) e
k#0 k#0 k#£0

Observe in particular that Gg” is fully determined at this stage since it is independent of gE m+1(0), which is
still unknown. Since the solvability conditions (3.2) represent linear conditions (with constant coefficients)
on the Fourier modes of the source terms for (3.1), we know from the induction assumption (H(m)),
Lemma 5.1 and Lemma 5.2 that the source terms (Fﬂm’i, Fﬂ’i, Gﬁ”) also satisfy the solvability conditions
(3.2) of Theorem 3.1. By applying Theorem 3.1, we can therefore construct a solution U1+ ¢ SF to
the following fast problem (observe the slight difference with (5.1)):

LF @) UmthE = ye O Y3 >0,
(5.26) Oy A 4 & Op T = Y yey, Y3 >0,
Brumbt y3=Y3=0 T B-uUmthe ’y3:Y3:0 = G;in ’
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Let us already state the following result, which is crucial in view of showing that the condition
(H(m) — 3) will be satisfied for p =m + 1.

Lemma 5.5 (The top and bottom boundary conditions for non-zero Fourier modes). The solution
UmtlE € % to (5.26) satisfies:

m—+1,+ m—+1,+ o
oYU 5 lys=+1 = OpIC5 lys=+1 = 0.

Proof of Lemma, 5.5. The source term F/™* in (5.26) collects the non-zero Fourier modes in 6 of F™
whose expression is given in (2.11). Computing the limit Y3 — +o0o and restricting to |ys| > 2/3 (recall
that all functions ¥, ! vanish for |y3| > 2/3 since the original cut-off function y in (2.7) has compact
support in [—2/3,2/3], see (B.32) and (B.33) in Appendix B), we get:

FrE = —(LEQU™ ) - Y AU U - Y AU, 0, UF).

l1+0o=m-+1 l1+02=m
41,6221 01,6221

We know furthermore from (H(m) — 2) that the functions UM*, ..., U™ satisfy for |y3| > 2/3:
Vp=1,....,m, SToUHt = Fr-bLE,

The argument is now the following: since F%* = 0 and since /* are invertible (see Appendix A), we
have gU"* = 0 for |y3| > 2/3. Specifying the above expression of F"™¥ to m = 1 shows that 9gF"* =0
for |ys| > 2/3, hence G2U>* = 0 for |y3| > 2/3 and therefore dpU>* = 0 (which implies in particular
F1% =0 for |y3| > 2/3). We then show inductively that dpUY% = - = 9pU™* = 0 for |y3| > 2/3, and
this implies ultimately 9y F™* = 0 for |ys| > 2/3. By computing the limit Y3 — 400 in (5.26), we have:

527:': 89Um+1’i — va,:l:7

and therefore U™+ = 0 for |ys3| > 2/3. This proves the result of Lemma 5.5 (and actually even
more). O

The next corrector (U™+1#+ 4™+2) in the induction process will be constructed in the following way:

(5.27) gmtlE L pgmtlE fjm+1,i(0) 4+ Z || TZerQ(t,y/, k) x(y3) e$|k|Y3+ik0%i(kj) 7
0

where the vectors Z%* (k) are defined in (A.5), and we still need to explain how we construct »™L(0) €
H>, Um*+hE(0) € S* and @/Jé”“ € Hp®. To make sure that (5.1) is satisfied, we need ¥™*1(0) and

U™ HLE(0) to verify:

A7 0y, U THE(0) = FE(0) yeNE, £Y3 >0,
(5.28) By, Hy TH5(0) = F"5(0), yeQt, £Y3>0,

Bt ﬁm+1’+(0)|y3=Y3:0 + B~ ﬁm+1’_(0)|y3=Y3=0 = @m(())

Because of the compatibility conditions (H(m) — 6), solving the fast differential equations in (5.28)
amounts to solving:

K@ TE(0) = FH(0), Oy " E(0) = FH(0),

(5.29) O 3 (0) = FH(0).

-~

which is possible because we know from (H(m) — 5) that Fi™*(0), FI**(0) and F"*(0) actually belong
to SE. We thus define the functions g™ "*(0), ﬁg?:l’i(()), Hg?:l’i(O) as the unique solutions in S to
the ordinary differential equations:

~m nm,+ ~m+1,+ ~m,+ ym~+1,+ ~m,t
Oy, @ () = FVE(0), Oty E(0) = FUE(0), Oy HyE(0) = FFUE(0).



Whatever choice we make for the remaining functions ﬂ;nj L=(0) and fljﬁﬂ’i(o) (j = 1,2), and for the

= £ . . . . .
slow mean QmH (0), we shall verify the fast differential equations in (5.28). Observe however that the
functions g™ H¥(0), ﬂg?jl’i(()), Hg?jl’i(()) enter the boundary conditions on I'g of (5.28).
-~ 1,+£ .
In the following Section, we explain how we construct the slow mean U m (0) together with the
slow mean of the front profile ¥ ™*1(0). The remaining fast means, namely 7"""=(0) and H;”*H’i(O)

u.
]7*
(j = 1,2), will be dealt with afterwards.

5.3 The slow mean

1,+

In this Section, we explain how we construct both U b (0) and ¥ ™1(0).

5.3.1 Collecting the equations

In order to verify the fast system (H(m) — 2) for 4 = m + 1, we have seen in the previous Section that it
remains to verify the boundary conditions:

B+ ﬁm+17+(0)|y3=Y3=0 + B~ ﬁm—i—l,— (0)|y3:Y3:0 = @m(o) )
which equivalently reads:

14 ot 1,4
an (O)‘yszo = ng (0) — Ugf* (0)|y3:Y3:07

Am+1,i -~ ,:l: 77 17:|:
(5.30) Hy 7 (0)lye=0 = G5 (0) = HYY (0 yy—vi0
§m+1,+(0)|y3:0 _§m+1,—(0)|y3:0 = —§ﬁ+1’+(0)|y3:Y3:0 + qulH’i(ONys:Ys:O'

For future use, we use short notation to denote the source terms in (5.30), and rewrite (5.30) as:

~ +
@5 E(0) gm0 = G,

~m+1,%
(5.31) Hy' 77(0)]y5=0 = G5,
/g\m—&-l,-i-(o)‘yszo _Qm+1,—(0)|y3:0 — G%n'

At this stage, only G is known since GT’i and G;”’i incorporate in their definition the slow mean
¢ ™+1(0) which has not been fixed yet.

The boundary conditions on the top and bottom boundaries I't for the slow mean correspond to
enforcing the condition (H(m) — 3) for 4 = m + 1 and for the zero Fourier mode only, that is:

/\m+1,:‘: ’\erl,i

(5.32) uz T (0)lr= = Hy " (0)|p= = 0.

The evolution equations inside the domains QF correspond to enforcing the condition (H (m) — 5) for
1 =m+ 1. Let us make this point clear. Recalling the general expression (2.13), we have:

Em+1,i _ L;t(a)Qerl,i + Z X[El] 891/)82 T ay?)gfg,i
l1+lo+l3=m~+2
+ Z X[m (51&1/1@2 A0+aij£2 A;}:)aygg@g,i i Z X[tzl] ¢52 ASi 8y3geg,i

l1+0o+03=m~+1 l14-ba+l3=m+1
f1,+ fo,+ l1,+ o, +
- Z AU, 00UF) — Z A (U™, 0, U™%)
1 4+lo=m~+2 L1+lo=m+1
l1,02>1 l1,02>1

+ Z X[iﬂ 691[)[2 fj Aj (Qég,:l:7 ang&,:I:)
L1+ +Lg=m~+2

l3,042>1
+ > XMaut AUt e ut )+ Y Xe AUt 0,00,
b1+ +la=m+1 L+ +Lla=m+1
l3,042>1 l3,042>1
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where we have highlighted in blue and red the only quantities that are not completely known at this
stage. Let us first remark that the above red term has zero mean with respect to 8 on T whatever choice

~m+1,% . .
we make below for U (0) (use the symmetry of the A;’s). In other words, enforcing the condition

(H(m) —5) for 4 = m + 1 corresponds to verifying the linearized (inhomogeneous) MHD equations:

LE@) T 0) = Pty e 0F,
(533) Am+1,i m,j: +

\Y E (0) = FS ) NS Q )
with:

L LD I G A it
b1 +-la+l3=m~2

+ Y @ Ao+ o, ut AR o, U+ YT Byt AF g, U

l1+-Lla+l3=m+1 b1 +lo+-l3=m+1
(5.34) = DL AU UM+ Y Mot g AU, 8,,U )

bi-Lo=m+1 O+ Ly=m+2

£1,62>1 l3,042>1
+ Z ylal ayﬂ//z Aj U+, aysg&,ﬂ:) + Z ylad ot A, U+, (%SQZ“’i)},
01+ +=m+1 O+ +l=m+1
l3,4>1 l3,4>1

and

+ 5,4 l5,4
(.35 FTi=eof{ Y MawtouGHP + Y X0, 0,H]

l1+la+l3=m~+2 L1+l +l3=m+1

. 5,4+
+ Z gt Oy Hy’ } :
l14+-la+l3=m+1

Let us recall that the operators LE(9) in (5.33) are defined by:
L7(0) = Ao Oy + A3 O,

and the expressions of the matrices A are given in Appendix A.
The evolution equations (5.33) and boundary conditions (5.31), (5.32) are supplemented with the
initial conditions:

N ~m+1,+
(536) Qm+17i(0)|t:0 _ ugn-l—l,:l:’ ﬂm (0)|t:0 _ g)’(r)n-l-l,:t’

for which we still need to explain how they are chosen.

5.3.2 Solvability of the linearized current vortex sheet system

In this Paragraph, we consider the linearized current vortex sheet system in its general form, that is, with
arbitrary source terms. In the following Paragraph, we shall specify to the source terms that are explicitly
given in (5.33), (5.30), (5.32) and we shall explain why Proposition 5.6 below allows us to construct both
™1 (0) and O™ (0).

In what follows, the vector U still denotes the collection of unknowns (u, H,q) € R”. We consider the
following linearized MHD equations in the fixed domains Qoi:

LEO)UE = F+ OF
(5.37) { S ( ) ) y e bl

V-H* =Fy, yeQf,
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which reads explicitly:

(0 +u2% 0y, )ud + bV ut — HYF0, HE — HOEV - H* +0,,¢* = F:, a=1,23,

(5.38) (O +u)™ 0y, ) HE —ud™ V- H* — H} 0y uf + Ha* V -u* = Fi a=1,2,3,
. V- -ur = IF'?,
V.-H* = F;.

The top, bottom and intermediate boundary conditions are:

(5.39) ui|pe = Hilps = 0,

uij‘s:‘yszo = Gliv
(5.40) Hfly—0 = Gy,

q+|y3:0 - q7|y3=0 = Gs,

where the source terms F¥, FE considered in (5.37) belong to H>®([0,T] x QF), and the source terms
Gli, (Gzi, Gs in (5.40) belong to H>([0,T] x T2). Our goal is to understand the compatibility conditions
on these source terms and on the initial data for (u*, H*) that ensure the existence and uniqueness of a
solution in H*([0,T] x QF) to (5.37), (5.39), (5.40). Our result is the following.

Proposition 5.6 (Solvability of the linearized current vortex sheet system). Let ui, HY € H®(QF).
The problem (5.37), (5.39), (5.40) supplemented with the initial conditions:

(" HS) =0 = (ug, Hy),
has a unique solution in H*>([0,T] x Qac) if and only if the following conditions hold:

° Iﬁ‘ét\yszil =0 (compatibility at the top and bottom boundaries),

FE| =0 = (9 + ug’i ayj)GQi - H](.)’i Oy, GY (compatibility on Ty),

&glﬁ‘gt = 6yaF§E+a (compatibility for the divergence of the magnetic field),

V- u§ = F?\tzo and V - ng = F§t|t:0 (compatibility for the divergence of the initial conditions),

+ + + + + + - o
Uy slys=+1 = Hyzlys=41 = 0, g 3lys=0 = G7 |i=0, Hyzlys=0 = Gy li=0 (compatibility of the initial
conditions at the boundaries),

for all time t € [0,T], the Laplace problem:

~Aq* = —0,,FE + (0, +2u)" 0, )FF —2H)" 0, F¥,  in QF,
+
8?Ja‘qi’:%::l:l = Fg ’y3::|:1a
0,+ 0,+
00 lysmo = F¥lysmo — (8 +u)™ 8,)GE + H)™* 9,65,

]
C]+|y3=0 - q_‘y3=0 = Gs,

(5.41)

has a solution (g*,q7) € H*®(QF) x H®(Qy).

Let us observe that the elliptic problem (5.41) looks a little over-determined, as will become perhaps
even more clear in the following Paragraph. Indeed, on each domain Qoi, we impose Neumann boundary
conditions for ¢* but we also impose a jump condition across I'g. As in [SWZ18], this is precisely this
coupling equation which will govern the evolution of the slow mean of the front profile.
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Proof of Proposition 5.6. The proof is quite simple so we sketch it quickly. That the conditions stated
in Proposition 5.6 are necessary follows from classical manipulations on (5.38). For instance, taking the
divergence of the first three evolution equations yields the Laplace problem for the total pressure, and
taking the divergence for the evolution equations for the magnetic field yields the compatibility condition
OFs =0, Fx o The other conditions are rather straightforward.

Let us therefore now assume that all conditions stated in Proposition 5.6 are satisfied. We wish to
show that the problem (5.37), (5.39), (5.40) has a unique solution in H*([0,T] x QF). Let the total
pressure (¢*,q~) be defined as the solution to (5.41). (This is precisely part of our assumptions that
the latter problem has a solution.) We then determine the velocity and magnetic field by solving the
hyperbolic system:

(0 +ul™ 0y, ut — H)T 0, HE = Fr —ul* FE + HO FE - 0y, o =1,2,3,
(9 —i—uOiG JVHE — Oiay]ugg_r§+a+u3’irg—ﬂg¢r$, a=1,2,3,

with initial data:
(u™, H)[=o = (ug, Hy).

There is no boundary condition required on 8Qi because the vector fields uo + 0y, and H; 0.+ 9y, are both
tangent to the boundaries I't and I'y (which means that the normal Varlable y3 is a parameter) At this
stage, we have determined (u®, H*,¢¥) and we need to verify that all equations in (5.37), (5.39), (5.40)
are satisfied. Applying the divergence operator and making use of the elliptic system satisfied by the total
pressure, we get:

(0 +u)™ 0,,)V - u — H)F 9, V- HF = (0 +u)™ 0,,)FF — H)* 9, Fx
(0 +u) ™ 0,,)V - H* — H} 0,V -u* = (9, +u°ia JFs — H)* 0, Ff .

Since the initial conditions ua[, HOi have compatible divergence with F?!tzo, ]th|t:0, we get by the energy
method:
Vte[0,T], V-ut =TF, V.uf =TFF,

which already proves that we have indeed solved (5.37).
Restricting to the top and bottom boundaries I'* and using the compatibility condition on the source
terms Fg as well as the Neumann condition satisfied by the total pressure, we get:

(0 + u)™ 0y, )i lyy=t1 — H)™ 0y Hi |yy—1 = 0,
O:I: 0,+
(8 + U 8y])H§:‘y3:ﬁ:1 - HJ 8yjuét‘y3::tl =0.

By the compatibility conditions satisfied by the initial data, we get (5.39). The verification of the first
four conditions in (5.40) is in the same spirit. (The fifth condition in (5.40) is already included in (5.41)
and is therefore satisfied.) To complete the proof of Proposition 5.6, it remains to examine the smoothness
of the solution. From all previous arguments, we see that it is sufficient to prove that the solution to
the coupled Laplace problem (5.41) can be chosen smoothly. This is true indeed because the solution
o (5.41), if it exists (which depends on compatibility conditions for the source terms in (5.41)), can be
explicitly determined thanks to the Fourier series decomposition with respect to the variable 3. We do
not pursue this issue here since we shall perform such a Fourier series decomposition in the following
Paragraph in order to derive the evolution equation that governs the slow mean of the front profile. [

5.3.3 Determining the slow mean of the front profile

In this Paragraph, we explain why part of the result of Proposition 5.6 determines the evolution of the
mean (with respect to @) of the front profile 11, Indeed, we focus on the problem (5.33), (5.31), (5.32)
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(the source terms in (5.31) correspond to the right hand side of (5.30)). Applying Proposition 5.6, a
necessary condition for the solvability of (5.33), (5.31), (5.32) is that the coupled Laplace problem:

—AGTTE0) = =0, FIF + (0, + 2u)* 9, )F T — 2 H)F 9, FPF, in OF,
3y35m+1i( )‘y3::ﬁ:1 = th ‘y3::t17
Bys@ ™ (0)[gamo = F5"F|yum0 — (0 +udF 9,)GTF + HIE 0, G,

" (O)ys=0 =" (0) =0 = GE,

(5.42)

has a solution in H>®(2) x H>®(Qy). We therefore examine the solvability of (5.42) by splitting the
analysis between the non-zero tangential Fourier modes and the zero tangential Fourier mode (that is,
the mean with respect to /).

e Solving the coupled Laplace problem for the non-zero Fourier modes.

Due to the very simple geometry of the domains QF = T2 x I*, there is no difficulty in solving (5.42).
Indeed, we decompose the functions qu £(0)

aEO) = Y e @TEO) ) e

j/ EZQ

into Fourier series in ¥/

For the non-zero Fourier modes j' # 0, the Laplace operator A is uniformly elliptic, hence the Neumann
boundary conditions on I'* and I'y uniquely determine cjr (qu jE(0)). We obtain the expressions:

cjr (gm—i—l,—i— (0))

Y 1
- I/;,_ oli'lys _|_ij e~ 17’ lys + 2|1.,‘ (/ 3e*|jl|(y372) Cj’(9m7+)d2+/ ol7'l (w3 —2) cj/(ym’+)dz) :
J 0 3

and
ey (@"7(0)

! s/ ]. y
= ijeljlys _,_wj—,eflﬁlyrw_m (/ e~ 17" (ys— z)c,( )dz+/ 131 (y3— z)c,(y )dz) ,
J 3

where .Z™* stand for the source terms in the Laplace equations of (5.42), that is:

FME = 0, FIE 4 (0 + 20 9, )FP — 2 H)* 9, Ty
and the coefficients I/;l,:, w]jE are obtained by solving the (invertible) linear system:
1Y e
Vi |e|J| —1j'le M’ \w], =3 /0 e li'l(1=2) cj,(fm’+)dz+cj/(1£?g”’+)(1),
: : R
v =iy = =5 /0 e V1% cj(Fm™) dz + ¢ (F5F)(0)

—cjr (0 +uy™ 9,,)GY" — H)F 0, G )
P B S
vy = 1i'lwy = 5 /1 1% ej(F™7) dz + ¢y (F5)(0)

— (8 + u;-)’_ 8, )G — H]Q’_ 8,,Gy ),

J

3 4t . v 1 0 4t _ _
l5] e |‘7‘1/;7—|]'|e|‘7‘w;7 =3 /le |J|(1+Z)cj/(9’m’ )dz + cjr(F3"7)(—1).
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Since we have the expression of cj (@™H%(0)) on the whole interval I=, solving (5.42) for the non-zero

Fourier modes in 3’ simply amounts to imposing the solvability condition:

¢y (@ (0)(0) — ey (7™ (0))(0) = ¢y (G

Solving the above linear systems and restricting to y3 = 0, we thus find that solving the coupled Laplace
problem (5.42) for the non-zero Fourier modes in 3 is possible if and only if the source terms satisfy the
relation:

(5:43) ¢y (9 +u)0,,)GI + (9 +u)™ 9,,)G™ — HY™ 0, Gy — H)™ 9,657

1 - .
_ m (Cj/(IE‘g +)(1) + Cj/(IE‘3 )(_1))

Leosh(lf (L= 2)) [ O cosh(lf[(L+2)
Sl AL e L

= 15| tanh(lj']) ej (GF") + ¢jr(F5"7)(0) + ¢ (F5"7)(0)

It remains to make more explicit the equation (5.43) which we are going to show to be a wave type
equation on Ty for (the mean free part of) the front profile ) "1(0). Indeed, we recall that the source
terms GT’i, ng’i are defined, see (5.30), by:

£ Am,+ ~m+1,% ,E Am,t Ty 1,+
G 1= GPH0) ~ T Olrico. G5 1= GF4(0) = B (O)yyrymo
with GT’i, G;n’i defined in (2.22b), (2.22c). Let us recall that at this stage, the only unknown quantity
is ¢ ™*1(0) which enters the expression of G"*(0) and G5"*(0). We can thus rewrite (5.43) as:

(5.44) (0 + u?v+ dy,) (0 + u;)fr 8yj,)\1/m+1 + (0 + u;.)v— dy,) (0 + ug,’_ 8yj,)\1;m+1
0,4 770+ 41 0,— 170,— 11
— HY* H%* 0,0, v — HY HY 9,0, 07 = @™,

where U1 denotes the mean free part (in y') of the slow mean (in 6) $m+1(0):

gml (t, y/) — Z cji ({Em—l—l(o)) eij/,y/ ’

j'ez*\{0}

and the source term &™ on the right hand side of (5.44) is already determined in terms of all previous
profiles. The exact expression of & is useless. The only important property to keep in mind is that &™
belongs to H>®([0,T] x T?) and has zero mean with respect to y’.

The wave like operator on the left hand side of (5.44) has already been highlighted in [SWZ18].
Unsurprisingly, its symbol corresponds to the Lopatinskii determinant (3.11). Observe also that several
terms in (5.43) correspond to the action of the Dirichlet-Neumann operator (this is recognized by the
symbol |j’| tanh(]5’])), which is also reminiscent of several terms ocurring in the analysis of [SWZ18].
The main point is that, under the assumption (H1), the wave operator on the left hand side of (5.44) is
hyperbolic in the time direction. We therefore easily get the following result:

Lemma 5.7. There exists a unique function ¥™+1 H>([0,T] x T?) with zero mean with respect to y'
that satisfies (5.44) together with:

Ut _g =0, U —g = 0.

Let us recall that solving (5.44) amounts to solving the original coupled Laplace problem (5.42) for the
non-zero Fourier modes. At this stage, we have thus fixed the mean free part in ' of 1) ™*1(0) and ensured
part of the solvability of (5.42).
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Let us observe that the prescription of initial conditions for (5.44) is arbitrary. Once again, we have
chosen in the statement of Theorem 1.2 to stick to the easiest possible case, but we could equally well
consider more general initial data for ¢ ™*1(0) and the oscillating modes in 3 of 9y ™+1(0).

e Solving the coupled Laplace problem for the mean.

It remains to determine the mean on T? of 12)\ m+1(0), which is a function of time only. Integrating
(5.42) on T? and using some obvious cancellations, we need to find a solution to the problem:

—Ap* = —d,, co (F5"5) + 0y co (FIVF), in QF,
Dy (1) = e (F5"™)(%1),

0y p=(0) = co (F55)(0) — 9y o (GF),

pH(0) —p(0) = ¢ (G,

(5.45)

where p* is a short notation for ¢ @mﬂ’i (0)), and the reader should be careful that in (5.45), c¢ refers
to the zero Fourier coefficient with respect to y’ (the source terms to which we apply cg in (5.45) are
themselves means with respect to the fast variable 6 of some quantities !).

The solvability of (5.45) is submitted to the fulfillment of the Fredholm condition:

d m,+ m,+ /
5.46) = / FEdy+ [ G™Fdy | = 0.
( dt ( Q(:)t 7 Ty 1

Let us make it clear that the condition (5.46) should be satisfied on either side of the current vortex
sheet, that is both for the + and for the — sides. In Lemma 5.8 below, we examine the quantities involved
in (5.46) and derive a necessary and sufficient condition on the front profile ™% for the verification of

(5.46).

Lemma 5.8. The source terms in (5.31), (5.33) satisfy:

Vit e0,T], /iwi dy+ [ GMFay = = [ 9™ 0)dy,

Qy To To
/ FoE dy + / Gy Edy =0.
of To

Consequently the Fredholm condition (5.46) holds on either side of the current vortex sheet if and only if:

d2

@ \/I‘ T¢m+1(t7y/70> dy/d0 = 0.
oX

Proof of Lemma 5.8. We give the proof for the relation between ]F;n’i and GT’i, and leave the other
(easier) case for the magnetic field to the interested reader. Let us recall the expressions!:

m,t 14 I L3, £ 4 L 43, =+
IF7 = Co { Z X[ d Optp™? 8y3§j U, + Z X[ 1 aij 2 8y3@j
L14-Llo+l3=m+2 L1 +lo+l3=m+1

LT e,

l1+-la+l3=m+1

"We warn the reader that in all the proof of Lemma 5.8, the notation cg refers to the zero Fourier coefficient with respect
to the fast variable 6.
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see (5.35) for the similiar expression associated with the divergence of the magnetic field, and:

G = (9 +u)™ 0,,) Y™ (0)

l E s 01 ba,t ~m+1,+
+ CO{ Z Do ™! §J 2 Z 8ij ! uj2 }‘y3:Y3 =0 — u?* ( )‘y3:Y3:0'
l1+lo=m~+2 l1+lo=m+1
la>1 lo>1

Splitting inside the expression of GT’i between the residual and surface wave components, we obtain the
decomposition:

/F%"’*dyi Gy =+ [ om0 dy + 37 £
Qét 1) To

where we have used the following notation:

~m,E 3.+ £3,
(5.47) I = /i Z X[ellawtfggjaysgjv» + Z xla, Qpﬁay 3%
Qo xT g 10y +t3=m+2 l+02+03=m+1
¢ ) £3,+ ’ 0y l3,%
—on( Y dWawtguite 3 aaut )
l1+Llo+03=m~+2 l1+l2+l3=m~+1
t5>1 l3>1

+ Z X[h] wﬂz ay3y§3,i dy de 7
l14+-la+l3=m+1

and
~ g 67 - ,
a9 s = [ (o X awteuite X auturthomlto)| o
To 01+l =m+2 01 +lo=m—+1 y3=Y3=
lr>1 la>1

To complete the proof of Lemma 5.8, we see that it is sufficient to prove that the quantities J7" * and
I™% defined in (5.47) and (5. 48) vanish, which is done below separately for each of these two quantities.

e The surface wave integral. Let y3 € I satisfy |ys| < 1/3, and let Y3 € R*. We then define:

) = [wf X awtedrte 3 ot a0,
0

01 +£2:m+2 01 +€2:m+1
l22>1 la>1

in such a way that the definition of 3= in (5.48) coincides with J™%(0,0). Thanks to the exponential
decay at infinity of profiles in SF, we easily see that for any given ys, the function J™*(ys3,-) decays
exponentially at infinity. We now compute the partial derivative 8y33m’i (y3,Y3). Using the equation:

aY am+1,:|:(0) = ¢ (F;’Z::E) 7

3%3,x
. + .
and the expression of F;'2™, we obtain:

aY ~m, i(y?”y?)) - /F CO{ Z aewh gj aYS ﬁi + Z 8y3¢51 aY3ue27 _ F;T:i} dy/
0

l1+lo=m~+2 l1+lo=m+1

[ ad e Y antgaait o Y a0 aaw

PoxT li+lo=m+1 l1+lo=m
_ 14 fz, ¢ 52,
= 0y3/ o0 GurT + Y Byt T — it dy' do
F0XT51+£2 =m+1 l1+02=m
la>1 lo>1

= 9,3 (ys, Y3).
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Inductively, we obtain:
am g i<y37 }/3) = (_1)m a;;:ioi(y& Y3) =0.

Thanks to the exponential decay of ™% (y3, -), we obtain J™*(y3,Y3) = 0 for all y3, Y3 and in particular
at y3 = Y3 = 0. This means that the integral ST’i in (5.48) vanishes.

e The residual integral. From the definition (5.47), we have

~m,E - [01] 1,02 43, =+ 51 ly ¢, 03t
J1 o /:I: Z X[ }w @y3ﬂ3 o Z 8y3X[ }aew f]ﬂj
% xT L1 +Lla+l3=m+1 L1 +la+l3=m+2
1551

— > ax o g ut T dyds,
L1 +lo+-l3=m+1

l3>1
and more generally, we define for any integer n € N:
~m,E - [¢ - [ln] 1 ln oy, 52n+17i
am ._/ S T gl gl gt g
QEXT _
0 b4+l r1=m+1
-l o 0] 1l lop— lon bopt1, %
YD R gl g ) g gt gyt
bt +lopp1=m+2
Lon4121
- [¢ - [ln—1] A ] 21l Cop— lon  bon+t1,E
—n Z Xl ooyl g, ol gptnsn gt 1Oy, dy dé.
l1+-+lopp1=m+1
lont12>1

By performing integration by parts and a substitution, we are going to prove the relation J" o+ = Jgjlt
for all n > 1, which, by choosing n large enough, will imply J = 0. We first use the second symmetry

formula (Corollary B.3 in Appendix B) for the green terms in the above definition of 37" to get?:

- . . loni1,t
J;n’:l: = /S;i E X[gl} “e X[zn} wkn“’l e w€2n 6:!,(3@32 +1

o xT b1+ +Llopr1=m+1

~mi

— Z X[M X[Zn} Op (wfnﬂ . ¢€2n)§ lanq1,®

L1+ tlopp1=m+2
lapt12>1

- Z yial . ylen] d, (w€n+1 . djezn) a1, E

L1+ +lopp1=m+1
lopt121

-n Z X[fll . X[ﬁn] 3y3x[fn+1] Plnt2 L qplenit ggepbante & @§2n+3vi

L1+ +lopy3=m+2
Lont+3>1

-n Z XVI] ... X[fn] aygx[fnﬂ] ¢€n+2 . ¢€2n+1 3yj¢€2n+2 M§2n+37i dyde.

L1+ +Llopyz=m+1
lont3>1

2Note that we have symmetrized some terms that involve tangential derivatives of the front profiles.
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We now integrate by parts in the second and third sum with respect to § and y; to get:

~m,E - [¢ -[e O, lon €2n+1, é i1,k
Jn _/i Z X[ﬂ"'X["Wﬁ 1 gt (7 4V -yl )
o T i+ +lopyp1=m+1

+n Z Al L ylnaal gyylinl gtnsr L qpten & gt

b4 ALl 1=m+2
lont12>1

+n Z ylal .. ylen] aij[fn} Pkt L qpten yﬁ%ﬂ’i

b+ +lopr1=m+1
lont12>1

—-n Z X[fll ... X[fn] 8y3X[Z"+1] otz L qplantr gplanta &u f2n+37i

Ly+-+Llopy3=m+2
loni3>1

—n Z Xl ylnl gyl ytnia Lo glani By, lan+2 Q§2n+3vi dyde.
L1+ +loptz=m+1
lans3>1

We then substitute the expression of F'; f2n+1:% and use the second symmetry formula (Proposition B.4 in

Appendix B) for the blue terms 9y and 8%)'([2”], which yields:

Tt = T+ / " Do el gl g gpylanee €9, ui
Q0 XT gy folony s=m+2
+n Z X[fﬂ .. X[fn—l] 3y3>-<wn] X[£n+1] Ptz . ¢€2n+1 391//2“2 &u £2n+3,i
L1+ HLlopr3=m+2
lony3>1
+ Z ylal ... ylen] aygx[fnﬂ] Pl L gtanst gyyptante & g§2n+3i
f+-+lony3=m+2
lony3>1
+ Z Yl gl ylnial bnez plonia g ez gy f2n+3,i
4 +Llonp3=m+1
+n Z yial .yl 3y3>-<wn1 yllnt1l gpbnta o gtonsa 3yj¢52n+2 u§2n+3vi
b1+l t3=m+1
lon43>1
+ Z X[Zl] ... X[Zn] 8y3X[€"+1] wen-v-? ... ¢52n+1 8yj ¢£2n+2 ﬂ§2n+37i dy do
f4+Llony3=m+1
lony3>1
= 3;’”ﬁ+ /i 8y3( Z X[fl] X[fn] X[€n+1] Plnt2 L qpleni 36¢42n+2§ 52n+3’i)
Qg xT L1+ Alapt3=m+2
lony3>1
+ 3y3( Z X[’Z” . X[fn] XWH} Ptz L gpleni By, lente Q§2n+3vi> dy df
b1+ Alony3=m+2
Lony32>1
N +
=T+

where the conclusion follows from the fact that all functions ! vanish on I'* and Ty (and n > 1 so
there is always at least one function ¥ in each product). We thus have 37" o E foralln > 1 and,
choosing n large enough (recall that ¢° and ¢! vanish), we thus get J I * = 0. This completes the proof
of Lemma 5.8. ]

At this stage, the front profile ¥/ *! is fixed as follows. The oscillating modes in @ that compose ¢m+1
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are given by the induction assumption H(m), and the slow mean 1? m+1(0) is given by:
Jm-&-l(o) — \Ilm+1

where the function U+l s given by Lemma 5.7, and we have chosen the mean (with respect to y') of
1™*1(0) to be zero in order to match the initial condition (1.8) and the second order differential equation
imposed by Lemma 5.8 (see the following Paragraph for a discussion on the choice of the time derivative
at t = 0 of the slow mean of the front profile). With the above choice for 1)™%1(0), we ensure solvability
in H () x H*(£)y) of the Laplace problem (5.42). Moreover, up to adding a function of time only to
the solution to (5.42), we can fix the mean value:

/ g (0)dy + / " (0)dy
af Q

as we want. In other words, we can always choose the solution to (5.42) such that the constraint #™1(¢t) =
0 for the slow mean of the total pressure is satisfied (we recall that the quantity #* for any integer u
is given by (2.30), (2.31)). In other words, we have already managed to enforce (H(m + 1) —4). In the
following Paragraph, we are going to examine the remaining steps in the determination of the slow mean

Qerl’i(O).

5.3.4 Determining the slow mean of the corrector

~m+1,4+ .
In order to construct the slow mean U (0) of the corrector U™+1* | we need to verify that the source

terms in (5.33), (5.31), (5.32) satisfy the solvability conditions of Proposition 5.6. The corresponding
items of Proposition 5.6 are examined one by one below.

Compatibility at the top and bottom boundaries. Recalling the definition (5.34), we have:

£ _ 0,+ Lo, +
F™ ’y3=i1 = —¢Co { Z Aoz(Q ! ?8yaQ 2 )|y3=i1 } )
l1+lo=m—+1
l1,822>1

which gives (the Hessian mappings A, are given in Appendix A):

m,£ _ 0, prlot bt Loty |
Fs |y3=i1——C0{ Z Oy, (u;"™ Hg™ — H"™ g )}—O’

—J
l1+lo=m-+1
£1,022>1

where we have used the boundary conditions (H(m) — 3) and the fact that only tangential derivatives
with respect to I't are involved.

Compatibility on I'g. The verification of the conditions:
=+ 0,+ £ 0,+ s
F§  lys=0 = (O +u;™ 9y,)Gy"™ — Hy™ 9, G~

is performed in Appendix B, see Lemma B.7. The (long) proof is in the same spirit as the proof of Lemma
5.1 above so we have thought it more convenient to refer the interested reader to Appendix B and proceed
with those ingredients that are new in the analysis. We just emphasize the fact that the verification of
the latter relation is actually independent of our previous determination of the slow mean of the front
profile ¢»™*1(0). In particular, verifying this compatibility condition is independent of our choice of initial
conditions for the front profiles .
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Compatibility for the divergence of the magnetic field. Once again, the proof of the relation:
+ +
at]an’ = 8yo¢ nga )

is postponed in Appendix B (we refer the interested reader to Lemma B.9).

Existence of compatible initial conditions. We now explain why it is possible to find compatible
initial data (5.36) for the slow mean system (5.33), (5.31), (5.32). We recall that at time ¢ = 0, we wish to

have ¢ ™*1(0) = 0 because of (1.8). In particular, the initial condition 57" in (5.36) for the magnetic
field should satisfy the following relations:
Vot = FE e, in QF,
(5.49) A5 =1 = 0,
965 =0 = G5 Flemo,
where:
7+ b, £ Oy, + ym+1,4+
Gy Ji=0 = co { Yoo N GHPT+ Y 9,y HP }’t:yza:Ya:O — Hy" " (0)|i=yg=va=0
l1+lo=m—+2 l1+lo=m—+1
lr>1 21

£ —-1,+ rm~+1,£
= Co {69111(% & H]m + 8yj¢(% H]m }|t=y3=Y3:0 - H:zl* (O)|t=y3=Y3:0 :

The existence of a solution to the divergence problem (5.49) is equivalent to the fulfillment of the condition:

/Qi an’ih:o Cly:l:/Ir2 G;n’i‘t:o dy/ =0.

0

Applying Lemma 5.8, we know that the latter condition holds not only at time ¢ = 0 but also at any time
t € [0,7]. Since the domain QF has an infinitely smooth boundary and the source terms in (5.49) have
H® regularity, we can indeed find a solution ﬁglJrl’i € H®(QF) to (5.49). There are of course infinitely
many possible choices, and each choice will give rise to one solution to (5.33), (5.31), (5.32). (This is the
reason why we have not claimed any uniqueness property in Theorem 1.2.)

Let us now examine the existence of a compatible initial condition for the velocity field. The system

to solve for ugnﬂ’i reads:
m—+1,+ m,+ . +
AVARRTY = F.""|i=0, in Qp,
m+1,+ _
(5.50) Ugz " lys=+1 = 0,

1+ S+
ug?;_ |y3:0 = GT lt=0,
where:
" ~
G im0 = Ay ™1 (0) =0
o+ lo,+ m+1,+
veaf 2 afgu e Y 0,00 o — BT Olgyovico

01 +0o=m—+2 l1+0o=m-+1
l22>1 l22>1

= O m-&-l(())‘t:o +co {(991#(2) & u;_”’i + 6yj¢(2) u;ﬁ’*l,i}h:%:}%:o — ﬂgj:rl,i(())h:yg:yg):() .

The existence of a solution to the divergence problem (5.50) is equivalent to the fulfillment of the condition:

/Qi F?yi‘tzo dy + /Tz GTi‘t:o dy’ = 0.

0
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Applying Lemma (5.8), we see that a necessary and sufficient condition for solving (5.50) is to impose:

d +1 /
— Mt dy' dé =0.
dt ToxT 1/} y t=0

Let us observe that when we have determined the mean free part (in y') of n m+1(0), the choice that was
made in Lemma 5.7, namely 9,0 *!|,_q = 0, was purely a matter of convenience. However, the choice
we make here for the initial velocity of the mean is not a matter of convenience; it is imposed by the
solvability condition for the divergence problem (5.50). A similar constraint on the mean of the front
arises in [SWZ18]. The initial condition (1.8) for the front profiles together with the solvability condition
for the divergence problem (5.50) and the Laplace problem (5.42) impose that we take:

vVt el[0,7], / ™t dy'do = 0,
FoXT

which explains the decomposition of the front profile ¢)™*1:
Pty 0) = (YL 0) + Tty

Let us recall again that the mean (in §) ¥™*! is obtained by solving the wave type equation (5.44) on I'g
and that U™*! has zero mean in ¢’ on T?. Our choice for ™! implies that we can construct a solution
ug”l’i € H‘X’(Qﬁ) to the divergence problem (5.50). Applying then Proposition 5.6, we have all the

ingredients to solve the slow mean problem (5.33), (5.31), (5.32).

Summary. Let us now summarize what we have done so far and which relations of H(m + 1) we have
already satisfied. We have first solved the oscillating modes in 6 of the fast problem (5.1), which has given
rise to the functions U™*+5F that are part of the decomposition (5.27) of the corrector U™+1#, This first
step automatically gave the boundary conditions (H(m + 1) — 3) for the non-zero Fourier modes in §. We
have then defined the fast means of the normal velocity, normal magnetic field and total pressure so that
the differential equations in (5.28) are satisfied. From there on, no matter what we do for the remaining
degrees of freedom in (5.27), the corrector U™+1* will satisfy:

L (o) umthE — yeQf, +v3 >0,
Oy HYy' ™ E 4 & 0pH T = FMEL g e QF 13> 0.

We have then studied the problem that should be satisfied by the slow mean of U™tL* which led us
to also determine the mean 1 ™"1(0) in order to be able to solve an overdetermined coupled Laplace
problem for the total pressure (™7 (0),3™ "1 7(0)). When determining the slow mean of U™ 1%, we
have enforced the jump conditions in (5.28), the boundary conditions (H (m + 1) — 3) for the zero Fourier
mode in 6, the normalization condition (H(m + 1) —4) and the slow mean conditions (H(m + 1) — 5).
Independently of our future determination of what remains in (5.27), we have thus already obtained
(Hm+1)—2), (H(m+1)—3), (H(m+1) —4) and (H(m + 1) — 5). Moreover, the remaining degrees
of freedom in (5.27) are the fast means of the tangential components of the velocity and magnetic fields,
as well as the oscillating modes of the front profile ¢v™*2. In the following Section, we explain how we
choose he fast means of the tangential components of the velocity and magnetic fields. After that, there

will only remain to determine wé”'”.

5.4 The tangential components of the fast mean

We are going to determine the fast means @ ¥ (0), H™""*(0) by imposing the condition (H(m+1)—6)

Jyk P T gk

together with the initial conditions (2.37). Recalling the general definition (2.11) of the source term F**
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and specifying to the case p = m + 1, we get:

Fm—‘rl,:l: - _ Ls:t(a)Um—i—l,:t + 691[)2 JZfi ay3Um+1,:|: +aewm+2 JZfi 6y3U1,:|:
— & AG(UYE, 0pU™ ) — & A;(U™HHE 0pU)
. Ag(Ul’i, ay3Um+1,i) o Ag(Uerl,i,&YSUl,i) + ﬁwm,i7
where we have first kept all those terms in F™*1LF that depend on U™+1* (and are therefore not fully

determined at this point), and where Fmod g entirely given in terms of all previously determined profiles.
Computing the zero Fourier coefficient with respect to 8, we thus get:

ErtbE(0) = — LE@)TI(0) + (990? /= 0y, Um+1%) (0) + (98m+2 /% Dy, UT) (0)
_ AS(Ul,i’/aZUerl,i)(O) _ Ag(Uerl/,j-t??YSUl,i)(o) 4 Pt

where, again, FmE denotes a function in S* that is entirely computable in terms of all previously
determined profiles (but whose precise expression is useless for our purpose, which explains why we feel
free to use the same notation from one line to the other even though the functions are not the same).
Similarly, we have:

ﬁgrjjl’i(o) =~V H™HE0) + (9g92¢; 8y3Hﬁ+1’i)(O) + (Bpypmt2¢; 6y3H;f)(0) + EE

At this stage, the general decomposition (5.27) can be rewritten as:

(551) Um+1,i — ﬁerl,i 4 (0 am'f‘l,:l:(o) ﬂm+1’i(0)70, ﬁle,i(O) ﬁm+17i(0),0)T

» % » P2,% ) A 2%

>[R[y k) x(ys) eF IYSTIRO g9 (k)
k#0

where Um+hE ¢ g gathers all previously determined quantities, and the remaining unknown quantities
are the fast means of the tangential components and the front profile ¢gn+2 (or equivalently dpyy™+2). We
now wish to make explicit the constraint (H(m + 1) — 6) and perform more or less the same calculations
as in the analogous Section of Chapter 4. Namely, we first define:

FrE = oy (eI UPT)) (0), FETE =0
The explicit expression of the Hessian mapping As given in Appendix A gives®:

Az(UFE(0), U™ H(0)) = 0,

independently of the determination of the tangential components IT ur H’i(()).
Using the above decomposition (5.51) of U™*1% and the decomposition (4.35) of the leading profile
Ul*, we thus compute:

SerL:t _ :F2X(y3)2 Ze¥2|k|Y3 ‘k|3 12;2(1{:) $m+2(_k) As (Ri,ﬁ) _|_g;m,:|:’
k40

where the last term %m’i is a known function (meaning that it can be expressed in terms of previously
determined profiles). Recalling the expression:

As (R{ﬁ) =2 (0,0, ()2 — (bi)2,0,0,0,0>T,

3This property would hold even if we had chosen non-zero initial conditions in (2.37).
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we obtain that the source terms S’mH’i,SgnH’i defined above satisfy the linear system:

O :I:Sm—&-l =+ HO,:I: ggn—ﬁ—l,:l: _ Sm—&—l,:l: + §m,:|: j —1.2
j ) - M )
HO:I:gm—i—l:I: O:I:gm—&—lzl: _ S?J;Z‘Li +33+j 7 ] _ 1,27

independently of the choice we can make for the tangential components IT Uy gt jE( 0) and for the front

profile wm+2 in the decomposition (5.51). Again, here, we use the notation 3™ for known quantities.
Going on with the remaining terms in the above decomposition of F/""5*(0) and F\&H’i(O) (the

calculations are similar to those in Chapter 4 so we feel free to shorten the details), we eventually obtain

that the fulfillment of the condition (H(m + 1) — 6) is equivalent to the verification of a system of four
partial differential equations that reads:

J J D% )

H)* (= V- HH5(0) = o (= V- BIH0) = (- LE@) T 0),,, + 251

{uq’i (= V@t 0) — H)F (= V- HIYH0) = (= LE@) U 0), + 70T
34j4,%

347

where 9’ m,+ ﬂfﬁﬁ € ST are known source terms. The latter system is independent of the choice we can
make for the front profile ¢m+2 and it can be equivalently rewritten as the symmetric hyperbolic system:

Sl I U B A R
A~ +7 5 , N +7 7
T ) Y 0. @ E0) | | P
(5.52) O | g+t e | + 0,% 0,% Oy, | cominx — |22
ql’* 1 :I:(O) —H Oo + Y (?i {Ilv* i(O) ‘Q,*
A (0) 0 —H) 0 u® (o) Fo

for appropriately computed source terms e}iﬁ’i, ﬁ’ﬁ_ﬁ that incorporate, for instance, that part of

LE(0) UmtE (0) that depends on the fast mean of the normal velocity, normal magnetic field and total
pressure.
The symmetric hyperbolic system (5.52) is solved with the initial conditions:

U +*(0)|,_, = 0,

in order to be consistent with (2.37). Since y3 € I* and Y3 € R* are parameters in (5.52), there is no
real difficulty to show that the solution II U™ %(0) to (5.52) belongs to SE. We have thus constructed
IT ﬁlnﬂ’i(O) c St satisfied (H(m + 1) — 6) and it only remains to determine the front profile wi’i”” to
close the decomposition (5.51).

5.5 The linearized non-local Hamilton-Jacobi equation for the front

Unsurprisingly, we are going to determine the oscillating modes in 6 of the front profile 1/™*2 by imposing
the condition (H(m+1)—7). Let us recall indeed that a necessary condition for the existence of a solution
to the fast problem:

gfi(a) Um+2,:i: — }7771—&-1,:&7
Bt Um+2’+|y3:y3:0 + B~ Um+27_]y3:y3:0 + 89¢m+3b — Gm+l ,

is that the source terms F™*5% @™+ should satisfy the orthogonality condition (3.2e) of Theorem 3.1.
Let us also recall that our corrector U™+ has the form (5.51), where the only unknown quantity at
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this stage are the Fourier modes J m+2(k), k # 0. Moreover, the source term F 1% has the expression:
Fm+1,:|: - Ls:t(a)Um—i—l,:t + 69’¢2 &Z{i ay3Um+1,:|: +89wm+2 &Z{i ay3U1,:|:
_ 5] Aj(Ul,i7 a@Um+1,i) o é.] Aj(Uerl’i, anl,i)
_ Ag(Ul’i, aYBUm—‘rl,i) _ A3(Um+l,i,aYBUl,i) + ﬁm,i,

where F™% is entirely given in terms of all previously determined profiles, and U™ 1+ denotes the only
still unknown part in (5.51), that is:

U7 = 37 Ry B) () oF KR ().
k0

Restricting to y3 = 0, all terms but one in F m+1’i\y3:0 can be expressed in terms of the front profile
y™*2 or its partial derivatives. The only undetermined term, or at least the only term that depends on
our choice for the lifting from {y3 = 0} to y3 € IT, is Aét 8y3Um+1’i but as in Chapter 4, this term will
cancel in the orthogonality condition (H(m + 1) — 7) due to the relation:

Vk#0, ZEk)-AfF#* (k) = 0.
Let us also examine the boundary term G™!, whose components read (see (2.22)):
G71n+171|: — 8twm+2 + u?d: ayﬂ/}erZ 4 891/12 5] u;n—i—l,:l: Ys=Y3=0 4 a@merQ g] Uj1-7:t|y3:Y3:0 4 é’lnvi ,

G;n-‘rl,i _ HJQ,:E 8ijm+2 + 8‘9’¢2 fj H;?"b+17:|:|y3zyg:0 + 89¢m+2 fj H;’:t

~m,t
y3=Y3=0 + G2 ,

where éTi and é?i are given in terms of all previously determined profiles.

It remains to plug the above expressions in the orthogonality condition (H(m + 1) — 7) and to follow
the calculations that have been given in full details in Chapter 4 and that we shall therefore not repeat
here. It is eventually found that (H(m + 1) — 7) equivalently reads (here k is a non-zero integer):

(553) (c"+e7) ™2 () + (T ufT + T uT = 0T HPT — 0T HPT) 0,0 (k)

F20 (@2 - (@ - 672+ ) sy YD el R G e, — o,

A |k1| + |k2| + k1 + Fo|

which corresponds to the linearization of (4.30) around the leading front profile 2.

The solvability of (5.53) in the space €">°([0,T]; H®) follows from the linear analogue of Theorem
4.1, which we shall omit to state precisely but the reader will easily fill the gaps. (Namely, the reader
may follow the arguments in [Hun06] and verify that the linear analogue of Theorem 4.2 in that reference
can be proved with similar arguments as those given in [Hun06], the proof being actually simpler since
lifespan is not an issue for linear equations). We can thus construct a solution w;nH to (5.53) in such a
way that the profile U1+ ¢ ST in (5.51) now satisfies (H (m + 1) — 7). This completes the proof of our
induction, meaning that with the positive time T being fixed by Theorem 4.1, the induction assumption
(H(m)—1), ..., (H(m) —7) holds for all m > 1. In particular, we have almost given the entire proof of
Theorem 1.2, the last point to examine being the accuracy of the approximate solutions.

5.6 High order approximate solutions

We follow the notation of Theorem 1.2 and define the approximate solutions:

i Tt+& a2
PP Mt o) = 0 el + ) Y™ (ta: E) :

m=2

M+ 0,4 - + a3 — PP gl g
UZPP-A=(t x) o= UP + ng U™* |t x5 — x(x3) PP, . , 5 ,
m=1
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where the profiles (U 1% prt1) o 1 satisfy the condition (H(M)) stated at the beginning of Chapter

5, and in the definition of U app. 1
clear, at least we hope so0).

Let us start with the easiest estimate, which is the one on I'*. Restricting to 23 = 1 in the definition

app, M+ .
of ug - , we get:

appM:t ng m:l:< /1 L Tt+§/ ) ngugb*i< ,1 1 4Tt+£l >>
IS

where the second equality follows from (H (M) — 3). Using the exponential decay in Y3 of functions in
S, the conclusion of Theorem 1.2 on the error terms R3 and R £ follows immediately.

Let us proceed with the error terms for the jump condltlons on the (approximate) current vortex
sheet. We compute:

the approximate front wgpp’M is evaluated at (t,2’) (as should be

M,+ M,+
Heapp’M’i|ngp,M,i : Neapp,M - H;Ep’ ’ ’Fapp M,+ — a d}app,M Happ7 |F2PP7M¢
M ! /
4 Tt+¢& - x
= g g™ ;n (t,x’,0,0,
m=1 €
M ! /
M 0,4 m,+ / Tt+& o
— Oy, PP (Hj + g e™ H; <t, 2, 0,0, — -

m=1
where we have used the relation y(¢2P") = 1 which holds for any sufficiently small e. Expanding the
partial derivative 0, wapp’ with respect to e:

M
Oy, 2PN Zemﬁ ¢m+1< /”Jrf/ ) ilgma wm( t o Tt+§":v’>
Ty J Yj ’ ’

£
m=1

and collecting terms, we end up with:

M ! !
M+ M m,+ + +1 m—1,+ , Tt+E
HZPPME| gy ar - NZPPM = % 7 e (H3 lys=va=0 — b= O™ — G} ) (t’w e

m=1

+O0(EMH) = O™,

where the final conclusion comes from the fast that the profiles (U “H’i,w’”l) u=0,..,M satisfy the fast
problems (H (M) — 2). With the notation of Theorem 1.2, we have obtained:

2,4+
sup  |REE| = O,

(t,z)er2PPM

and the estimate for Rb follows similarly.
It remains to estimate the error terms in the partial differential equations that should be satisfied on
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either side of the current vortex sheet. We begin with the divergence constraints and compute:

M-1
V- u?pp’M’i = Z g™ <3Y3u?+1’i +&; (%u;nH’i + V™t
m=0
4 lo, £ VA lo,+
= DL gt - Y 9ut v | ()
li+lo=m~+2 l1+0o=m~+1
M-1
Tt+ &
- em X(xg)Bysu?l’i(...)%@bgpp’M (t,x’,g)
m=1 €
M—1 P
+ Tt + f T
= X e 0w (!, T ) o),
m=1

where the short notation (...) is a substitute for the evaluation at:

app, M o
T3 — Tt+& -
(ta :L‘,, xr3 — X('I3) ¢€app,M’ & 2 ; 5 ) .

€ 5
It remains to expand x(z3) and x’(z3) with respect to € by using the inverse map of:

x5 — y3 1= 13 — x(x3) YIPPM (¢, 27

The expansion of x(z3) and x’(x3) with respect to ¢ is given by the so-called Lagrange inversion formula,
which is recalled in Lemma B.5 of Appendix B, and which ultimately gives:

M—1
1
V. ugmM’i = Z g™ <3y3u;n+ + 4 &j Opu

m=0

P B () 4+ 0(EM) = 0EM),

where the final conclusion comes again from the fast that the profiles (U ptlE W‘H) u=0,..,m satisfy the
fast problems (H (M) — 2). We have thus obtained the estimate:

sup |RS*| = O(eM),
t€[0,7] ,weQaPP Mo (1)

and the estimate for the error term R follows similarly.
Since we already have L™ estimates for the divergence of the vector fields u?PP™* and H?PPME the
estimate for the error terms R;’i and Rg’i of Theorem 1.2 will follow from an estimate of the type:

sup |Ag QUEPPME 19, f(U2PPME) = O(eM),
te[0,T], zeQ2PPME ()

where we recall that the fluxes f, correspond to the conservative form of the incompressible MHD equa-
tions (2.1). Since the fluxes f, are quadratic, we have:

1
fa(Ujpp’M’i) — fa(UO’i) + Af . (Uspp,M,i _ UO,i) + 3 Aa(ngp,M,i _ U07i7 Usapp,M,i _ UO,i) )
It then remains to expand the quantity:
Ao 3tU€app,M7i + O, fa(Uspp,M,i) ’

with respect to e (expanding also x(z3) and x/(z3) with respect to €), and use once again the fact that
the profiles satisfy the fast problems (H (M) — 2). We feel free to skip the details and leave them to the
interested reader. We have thus completed the proof of Theorem 1.2.
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Chapter 6

The rectification phenomenon

The aim of this Chapter is to examine whether one can construct a solution to the WKB cascade that
is purely localized near the boundary at any amplitude scale. To be more precise, we are going to show
that without any requirement on the initial front profile 13, the residual component of the first corrector
U?# vanishes (with, of course, suitably chosen initial data for several components). We can thus achieve
UL = U%* = 0 though, as we explain below, it seems unlikely to have simultaneously:

Ul,i — U2,i — U3,i -0.

However, we have not succeeded to get a complete proof of this fact. We note still that the situation
is quite different from the one in elastodynamics [Marll] where the first corrector generically has a
non-zero residual component. This will not happen here due to the specific form of the leading profile
(4.35) and orthogonality properties between some of its components. We therefore examine how the first
corrector U%¥ is constructed and explain why the residual component U? vanishes. We then examine
the construction of the other correctors.

6.1 The first corrector

In the proof of Theorem 1.2, we have first in Chapter 4 identified the leading profile U*. By imposing,
which was shown to be compatible with all other constraints, the initial conditions:

~1,+ ~
U (0)],_, =0, TU"*0)|,_, =0,

we have been led to the decomposition (4.35) for UL*. In particular, the leading profile satisfies:
Uttt = Ut UM0) = 0.

The oscillating modes of the leading front 1)? are governed by a nonlocal Hamilton-Jacobi equation and
the initial condition 13 for 12 is a non-zero function in He (the space of H* zero mean in 6 functions).
As observed in Chapter 4, the choice of how we have lifted UY* from y3 = 0 to y3 € I contained some
arbitrariness, but it presents the nice property, which we shall use below, of satisfying 9,,U 1’j[|y3:0 =0.
Using the expression (4.35) as well as (A.5), we get:

(6.1) UY%(t,y,0,Ys,k) = ULE(t,y,0,Y3, k)

~ T
= 202ty ) (k& 5 b € ¢, ik o, K] € 65, k] €2 bF, % K, ] ()% — (¢5)2)) T 5

Let us now examine how we have constructed the first corrector U** and explain why our choice of
initial conditions in Theorem 1.2 yields U>* = 0. This means that rectification, if it occurs, does not
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arise at the level of the first corrector. This is one major difference with elastodynamics [Marll1]. The
construction of U™ splits in several steps.

e Step 1. The oscillating modes of the residual component U**. Recalling the expression (2.14b)
of FL% and the fact that UY® vanishes, we obtain F»* = 0. Since the residual component U>* must
satisfy:

%:I: 89Q2,:|: _ El,:l: — O,

and since &7 is invertible, we get dgU>T = 0. This means that residual component U%* of the first
~2+
corrector U%* reduces to the slow mean U~ (0).

e Step 2. Collecting the equations for the slow mean. We are now going to examine the equations that

A27:t . . . .
must be satisfied by the slow mean U ™ (0). Using the expression (2.13) for m = 2, a necessary condition

A2?:|: . . . A27:|:
for solving (2.15) with m =2 is I (0) = 0 together with the divergence constraint £y~ (0) = 0 for the
magnetic field. Since we already know that the residual component U vanishes, we obtain the linear
homogeneous system:

FIS
(6.2) {Ls (3)2%

which corresponds, with the notation of (5.33), to F4* = 0 and Fé’i = 0. The boundary conditions

~2,+
on I'+ for U " (0) correspond to imposing (2.23) with m = 1 and for the zero Fourier mode in 6 only,
namely:

(6.3) BE(0)ps = Hy (0)]ps = 0.

The boundary conditions (5.30) on I'g, for m = 1, read explicitly:

A2i( )‘ys =0 — (at‘i'uOia )w ( +c0{89w2§] ] ‘ys =Y3= 0}_u3*( )|y3 =Y3=0>

(6'4) ﬂg ( )|y3 0= HOia w +C0 {891/12 §J |y3 =Y3= }_H3,7* (O)‘y3=Y3=07

/Q\z’ (O)|y3=0_g ’ ( )|y3:0 = _Q*7 (0)’?;!3=Ys=0_|_q*7 ( )|y3:Y3:O-

Let us eventually recall that the normalization condition (2.34) for the total pressure reduces to:

veen1), [ gt ep0dy+ [ 7 (tp0)dy =0
QF Qy
because the fast mean of the leading profile vanishes.

~2,+
In order to go further in the determination of the slow mean U = (0), we need to compute the source
terms on the right hand side in (6.4), and therefore determine the non-characteristic components of the
fast mean of U2+,

e Step 3. The non-characteristic components of the fast mean. Recalling the expression (4.1b) of the

1+
source term Fg'~, we have:

O ZEO),y = —(V-HM0)],, o + o {0002 & v, )}

y3=0 y3=0
2 1,4
= Oy; o {89¢ & H; }‘y3:07
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where we have used the fact that the fast mean of the leading profile vanishes. Integrating with respect
to Y3 with the zero limit at infinity, we get:

252+ 2 1,4+
H37* (0)‘113:0 = ©o {(%w & HJ}* }‘yszo’
and using the expression (6.1), this yields:

HH(0)] ), = F0F Y (ikd>(=k)) (K| 9% (k)) eFH¥s =0,
k40

where the conclusion follows from the change of index £k — —k. In the same way, we can obtain
ﬂgf( 0)|ys—0 = 0. This orthogonality property is specific to the current vortex sheet problem we are
considering here and to the explicit form of the leadlng profile. This is where the analysis differs from
elastodynamics. Note that the two relations u. u3 (0 ys=0 = flg*i (0)|y3=0 = 0 hold not only for Y3 = 0
but for any Y3 € R*.

Let us now study the fast mean of the total pressure. Recalling the expression (2.14b), of which we
compute the third component of the fast mean, we get:

i 1+ 1
1
= By, ¢ {ang AT ULt — 3 Ag(UMF, U17i)}3|y3:0

and we thus obtain the expression:

=~ 1+ 1L+ 1,412 L,+\2
T2H0)] g = co {00 (Fuy® —v* HPE) + (P2 — 1Y,
_ ((C:I:)Q B (b:l:)Q) Zk,Q 1;2(_/{) 1;2(]{) (e:F|k|Y3 _ e:|:2|k|Y3) )
k0
In particular, there holds:

~2,+

ay’ (O)|y3:y3:0 = 0.

Computing similarly two other terms on the right hand side of (6.4), we can rewrite (6.4) more simply
as:

A“( 0)lyomo = (9 +u2F8,,)$2(0),
(6.5) By (0)]ym0 = HY 0,,42(0),
7> (0)lyy=0 — @ ()]0 = 0.

The fact that all source terms on the right hand side of (6.5) have been dropped out for orthogonality
reasons explains why the residual component of U** will ultimately vanish.

e Step 4. The Laplace problem for the total pressure. Making the equations in (6.2) explicit, the slow

~2,%
mean U~ (0) must satisfy the linear system:

B+ u0% 9, )82 (0) + ulEV - aljg[()) HO% 0, H.(0) — HYEV - Ho ™ (0) +0,,3>%(0) = 0,
T B 0) - HO 0, 3250) + HYE T 235(0) = 0,
'ﬂ7 (0) =0,
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with the boundary conditions (6.3) and (6.5). We thus find that the total pressure corrector must satisfy
the coupled Laplace problem:

AA”[(O) =0, in QF,

8?;3@ (0)‘y3:i1 =0, ~ R
ys@°E(0)ys=0 = — (1 + g™ 0y,) (Oh + uyy™ 0y, ) 2(0) + Hy™ HY™9,,.0,,142(0),

~2, ~2

q +(0)‘y3=0 —q” (0 )|y3=0 =0.
Reproducing the same calculations as in the corresponding Section of Chapter 5, we find that the non-zero
Fourier modes in g of ¢ 2(0) must satisfy the linear wave equation:

0,+ 0,+ 2 0,— 0,— 2
(at +uy ayj) (8t +uy 8:’/]")\1/ + (875 +u; ayj) (at +uy ayj/)q’
07+ 07+ 2 077 077 2 —_
—H; Hj, ayjayj,\p —H; Hj, (9yj8yj,\1’ =0,
on the boundary I'g, and the mean of 1//1\ 2(0) on I' vanishes. By choosing, as in Theorem 1.2, zero initial
conditions for the oscillating modes W2, we end up with w (0) = 0 and consequently g 2(0) = 0 thanks to
the normalization condition (2.34).
e Step 5. Conclusion. Since the slow mean of the residual total pressure gzi vanishes, it is not difficult

~2,+ . .
to show that (6.2) implies U "~ (0) = 0. This is the same argument as when we have determined the slow
mean of the leading profile in Chapter 4. In other words, we have just shown that for any initial condition
Y3 € HP® in (1.8), we can construct a solution to the WKB cascade that satisfies (so far):

o ULt = U2F = 0 and ULF = 0,

/\Q:t /\2:|:
i u3*( )‘y3:0 = Hg*( )|y3 =0 = Qx’ ( )‘y;;:Yg:O = 0.

We are now going to examine whether it is possible to construct a second corrector U3* in the WKB
expansion (1.9a) that satisfies U>* = 0.

6.2 The second corrector

We shall not give in this Section a rigorous proof of U>* = 0 but we shall rather explain why this fact
is quite likely to happen. First of all, since both U and U% vanish, we can compute F>* = 0 and
therefore the residual component of the second corrector U>* reduces to the slow mean only:
~3,4
Q3,i — Q (0) )
~3,+ . .

Computing the expression of F3* and F' g’i, we then find that the slow mean U = (0) satisfies the linear
homogeneous system:

LE@)T(0) = 0,
v-B70) = 0.

~3,+
The boundary conditions for U = read:

BH(0)|ps = Hy " (0))p= = 0,
and:
@3 (0)|ys=0 = GT(0) = 3 (0)lys=vs=o0 »
(6.6) By (0)]ym0 = G2E(0) — HE(0)|yumvo
2T (O)lys=0 = 7> (0)lys=0 = =G (0)lys=vs=0 + & (0)lys=vs=0 -
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If we follow the above arguments, the only hope for proving Q S’i(O) # 0 is to show that the right hand
side of (6.6) does not reduce to the linear terms in $3(0). This is where the algebra becomes quite
involved. Some terms can be made explicit though. For instance, the fast mean of the total pressure ¢>+
is obtained by solving:

Oy, 3>E(0) = F5.0(0),

but unfortunately, this yields after integration with respect to Y3 (and quite a few more calculations):

~ 1+ 1+ 1+ 52,4+ 1+ 2.4+
QE’i(0)|y3:0 = Co { Dpy)° (Ci uz" — b+ H, ) + Hy™ Hy™ —ug™ ug
0,4 1+ 0,% 1+
+ (0 + u; Oy, )P ug™ — H; Oy, 1b* Hy

1+ 1+ 1,4 71,4+
+ 00?5 ubFuy® — 9py? ¢ HIF H) }|y3:0,

and from the latter expression, we get:

CYE’i(O) ’y3:Y3:0 = 0.

This means that the last boundary condition in (6.6) reads:
> (0)lys=0 = 7> (0)[ye=0 = 0.

Making the source terms @f’i(O), @%i(O) as well as ﬁng(O)\yg:yFo and I?Ig,’f(O)]%:yFo explicit is
much more difficult. This gives ultimately a sum of terms that are either quadratic or cubic in ¥? and
a sum of products between ¢ and 3. It is likely that the final result will not be zero, though we have
not been able to complete the calculations. If one could prove indeed that the residual component U+
does not vanish, then the expression (2.13) shows that the source terms F** will have non-zero Fourier
modes that do not vanish, due to the products 9ptp? with 9,,U 3% It is then likely that U>* will have
non-zero Fourier modes, which explains why in Definition 1.1 we have considered residual components in
S that also depend on the fast variable @ (as opposed for instance to [Mar10]).
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Appendix A

Linear and bilinear algebra

In this Appendix, we give explicit expressions for various matrices and right or left eigenvectors that are
involved in the analysis of the WKB cascade. It should be remembered, see (1.5), that the two constant
states U%T defining the reference steady current vortex sheet are given by:

0+ 0+ 0+ 04+ 770+ T
UM = (uy™,uy,0,H, Hy,0,0)" .

The fluxes f, are defined by (2.3). The Jacobian matrices AT = df,(U%F), a = 1,2,3, are thus given
by:

249% 0 0 —2H 0 0o 1
st W 0 ~HYE —HY* 0 0
0 0 udE 0 0 —HY™ 0

AF =1 0 0 0 0 0 0 0],

HY* —HY* 0 —uy* 0 0 0
0 0 —H 0 0 W0

1 0 0 0 0 0 0]

IR 0 —Hy* —HY* 0 0
0 2uy® 0 0 —2H* 0 1
0 0 uy*t 0 0 —HY* 0

Ay = |—HYE HYE 0 0 0% 0o o,
0 0 0 0 0 0 0
0 0 —Hy* 0 0 us® 0
L0 1 0 0 0 0 0]
[0 0 2% 0 0 —HY® 0]
00 uy™ 00 —HY* 0
00 0 00 0 1
Ay =0 0 H™™® 0 0 —u2*F 0
0 0 Hy* 0 0 —us™ 0
00 0 00 0 0
00 1 00 0 0
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In particular, we get from these expressions the matrices &+ = 7 Ay + & Aji that enter the definition
(2.10) of the fast operators .,zﬂf(a):

[+ aud® Hud* 0 —(F+&HT) —&H)T 0 &
Guyt  FHHuYE 0 —& HY* —(bE+&HIE) 0 &
0 0 c* 0 0 bt 0
S = | —HyT GHT 0 gt —Gup™ 0 0f.
& Hy™* —& HYE 0 —&ud* t — &uo® 0 0
0 0 —b* 0 0 cE 0
S & 0 0 0 0 0

where we recall the notations:
ct =7 +& u?’i, bt = &; H]Q’i.
We first collect several observations and useful formulas related to the above matrices.

e In many of the calculations below, we shall need to use the property (c¢*)? — (b¥)2 # 0. We now
show why this property follows from Assumptions (H3) and (H4). Indeed let us assume for instance
(c™)? — (b7)2 = 0. Then because of (H4), we also have simultaneously (¢7)? — (b7)2 = 0. Using
ctF =140 weget T+at =070 and 7 +a” =97 b, with 9,97 € {~1,1}. Subtracting, we get
at —a” =91 (bT — 9T 9 b7), which implies either [at —a~| = |bT —b"|or [aT —a"| =0T +b7|. In
any case, the latter relation is incompatible with (H3).

The property (¢*)2— (b%)? # 0 is used below to parametrize some eigenspaces for some given matrices.
Were it not satisfied, these eigenspaces would not be one-dimensional any longer and this degeneracy would
seem to rule to out the validity of our weakly nonlinear expansion.

e Multiplying on the left the matrix «/* by the upper triangular matrix:

_ 041
0,4
—ul
0
0,4
_‘E[1 ,
0,4
_H2
0
1

(A.1) Pt =

OO O O oo
=N eleolleNel e
OO O O O O
OO O = OO O
oSO O O o O
O O O OO O

we can easily show that both matrices &/* are invertible. Indeed, any vector (v, B¥, p¥)T in the kernel
of &/* must satisfy:

(cEof — b= Bf — H) ¢ - (B)* +&pt =0,
Eof —bEBF —HYT¢ - (B): +&pt =0,
civgjt—biBgE =0,

—bEof +E B —udE e (B)E =0,
—bEof + ¢ Bf —udT ¢ - (B)E =0,
—btvi + ¢t By =0,

- ()T =0.

Adding & times the fourth line, & times the fifth line and —b* times the sixth line, we get & - (B")* =0
by using 7 # 0 (this is the first occurence in this Appendix of this condition which will be used in several
other places). Taking the scalar product of the two first lines with &£ (recall that & has norm 1), we
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thus get p~ = 0. Using then (c¢¥)% — (b%)? # 0, which we recall follows from (H3), (H4), we end up with
vt = BT =0.

e We can also compute a right eigenvector for the eigenmode F1 of the differential system:

LdUE +
(A.2) AF S +ig* U =0, Yz eRE,
dYs
Namely, by using again the conditions 7 # 0 and (¢*)2 — (b¥)2 # 0, we can show that the vector spaces
Ker (F Agt +i.27%) have dimension 1 and are spanned by the vectors:

T
(A.3) R* := (51 ¢t & e i e G bE & bF, HibE, (bF)? - (Ci)2) eC’.

These expressions are to be compared with similar ones in [AHO03] for the two-dimensional problem. It
should be noted that the vectors R* satisfy the additional condition:

00 0 i&§ i& F1 0)RT =0
( & i ) ,

which is reminiscent of the divergence free constraint on the magnetic field.
When analyzing the WKB cascade, we have also made use of the dual problem associated with (A.2),
namely:
o dU*
dYs

which admits the same eigenmode F1. By using the conditions 7 # 0 and (¢*)? — (b*)? # 0, we know
that the vector spaces Ker (F Aét +4.27/%)T have dimension 1 and we can show that they are spanned by
the vectors:

(AY) +i(ZHTU =0, Y3eR*E,

T
(A.4) Lt = (51 o T EiT, 261 bE, 260 bF, £20 0%, —7 (ai+ci)) ol

The vectors Z*(k), £* (k) entering the definition of the profiles and the solvability condition for the
fast problem (3.1), are then defined by:

R+, ifk>0 LE, ifk>0
A5 VEeZ\{0}, ZTk):=<_" LR = ’
(A.5) \ 10} ) {Ri, if k <0, (k) {Li, if k < 0.

From (A.3) and (A.4), we get:
T
R (k) = (&ci,fgci,iz‘sgn(k)c#@bi,sgbi,iz‘sgn(k:)bi,(bf>2—(ci>2) :
T
LE(k) = (51 7, & 7, Fisgn(k) 7,261 b%, 26 b, £2isgn(k) bE, —7 (ai+ci>) ,

where ‘sgn’ denotes the sign function, which we need only to define on Z \ {0}.
Using (A.5) and the above expressions for the matrices A;E, we can compute the Hermitian products,
where the equalities below hold for any pair of non-zero Fourier modes k1, ko:

(L (k1); Ao Z* (ko)) = (T +2(b7)%) (14 sgn(ki) sgn(ka)) ,
(LE (k1) AT 7t (ko)) = 7 (u)™ & — HYT0F) (14 sgn(ky) sgn(ks)) + &7 ((65)7 = (¢4)?)
+2bF (ug’i bt — Hf’i ci) (1 + sgn(k1) sgn(ks))
(LE(k1); AT 7t (ko)) = 7 (uy™ * — Hy™ bF) (1+ sgn(ky) sgn(ks)) + &7 ((b5)% = (¢4)?)
+2bF (ug’i bt — Hg’i ci) (1 + sgn(k1) sgn(ks))
(LF(kr); = B (k2)) = 7 ((07)% = (¢5)) (1 — sgn(ki1) sgn(ka)) .

(A.6)
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We recall that (-; -) refers to the Hermitian product in C:

7
VUV eCT, (U;V):=> TiVi.

The expressions (A.6) have been used to derive the leading amplitude equation (4.33) in Chapter 4.

e We now give the expression of the Hessian mappings defined in (2.5).

U= (u17u27u37H17H27H3aQ)T7 V= (Ul,UQ,U:;,Bl,
there holds:

2uivy —2H, By
UL vy +uo vy — Hi By — Hy By
U1U3+U3U1—H1B3—H331
A(UV) = 0
ulBQ+H2U1—UQB1—H1?)Q
u1 By + H3v1 —u3 By — Hy v
0

Ug V1 + U1 v9 — Hoy By — H1 By
2UQ’UQ*2HQBQ
u2 v3 +uzve — Ho By — H3 Bs
Aoy(U, V) = | ug By + Hyvy — Hyvy —ug By
0
U2.B3+H3'U2—H2’03—U3B2
0

ugvy +uyvs — Hy By — Hy Bs
U3U2+UQ1)3—H332—H233
QU3’03—2H333
Ag(U,V) = | us B1 + Hivs — Hy3vy — uy By
ug By + Hovg — H3 vy — ug By
0
0

Using again (A.5) and the latter expressions for the mappings A,, we
non-zero Fourier modes k1, ko, k3:

(LF(k); Ay (BF (ka), 5 (ks))) = 7& ((¢F *)%) (2 + sgn(k

agy LR A (B (o) 5 () = 7o (( ) (2 + sen(k
' (L (k1 ); As (B (ko), #E(ks))) = +iT ((c* £)?)
k

For any pair of vectors in R”:

B2aB3ap)T7

can compute for any triple of

n(ks) +sgn(ks))) ,

(sgn
(sgn(ka) + sgn(ks))) ,

(sgn(ktg) + sgn( 3) + 2sgn (k) sgn(k2) sgn(kg))

The expressions (A.7) have also been used to derive the leading amplitude equation (4.33) in Chapter 4.
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Appendix B

Compatibility conditions for the
construction of correctors

This Appendix is devoted to the proof of the symmetry relations between the functions ! and the
profiles ¥ that have been used in the proof of Lemma 5.2. We also collect in this Appendix the proof of
several intermediate results that have been used in Chapter 5 for the inductive construction of correctors
in the WKB expansion (1.9).

B.1 General considerations

In this first Section, we recall the definition of the functions !, X!, £ > 0, which can be achieved in
a slightly more general framework than what has been considered in Chapter 2. We make the general
form of x! and x!¥ explicit, which will reduce the proof of Lemma 5.3 and Lemma 5.4 -the so-called
first and second symmetry formulas- to verifying certain ‘invariance’ and ‘recursive’ properties in the
decompositions (B.8), (B.9) of x!¥ and x!) below. These properties will be proved by means of some
basic or more advanced combinatorial arguments.

In all this Appendix, we consider sequences p = (pu1, pg, ... ) of integers (s € N for all £ > 1) of finite
‘length’, that is:

el == pe < +oo.
=1

For such sequences, we define the ‘weight’ of u by setting:

() = Ly < +oo,
=1

I’l" = H/J'e!a

0>1

and we shall also use the notation:

where the product is taken over finitely many indices, hence is well-defined, for the considered sequences.
Any sequence of finite length is a sum of finitely many ‘elementary’ sequences e,,, m > 1, which are
defined by:

Vm,fZl, (em)g = 5mg,

with § the Kronecker symbol. In particular, e,, is the only sequence of length 1 and weight m for any
m > 1. Eventually, we write v < u for two sequences v, u if there holds vy < puy for all £ > 1.

In what follows, we consider a sequence of € functions (!,4?,...) defined on [0, T]; x T%yhyz) x Ty,
the final time T > 0 being fixed. The sequence of functions is given here. In particular, we do not
assume that the first element, namely 1!, is identically zero. However, when the results in this Appendix
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are applied to the context of incompressible current vortex sheets, ¢! is zero and the other functions
2,93, ... correspond to the profiles in the asymptotic expansion (1.9b). We shall use the notation:

ph =TT ()™,

>1

which will be useful in several expressions below. Again, the product is taken over finitely many indices
for the considered sequences. We use the convention ¥* = 1 if p is the ‘zero’ sequence, that is pu, = 0 for
all £ > 1. We prove our main results, Corollary B.2, Corollary B.3 and Proposition B.4 below in the more
general context where 1! may be non-zero since this could be useful for other geometric optics problems
with (possibly curved) free boundaries, see, e.g., [Wil99].

In Chapter 2, we have been considering the change of variable (2.7). In our more general framework
here, we consider a function (e, t,y’,0) that is smooth with respect to € € R near the origin, and that
verifies 9(0,-) = 0 and:
o™y
Oe™ (0,:) = mlyp™.

Thanks to the Borel summation procedure, such a function exists. Then for sufficiently small ¢, the
relation:

Ym>1,

(Bl) Yys = I3 — X(J:?)) ¢(87t7 ylv 9) )

defines implicitly x3 in terms of (g,t,y,0). Recall the notation y = (y/,y3). We write the asymptotic
expansion of x3 with respect to ¢ as follows:

(B.2) vy ~ Yy ' XH(t,y,0).
>0

Even without any further knowledge on the X[%’s, we can substitute the asymptotic expansion of x5 into
x(z3), and write:

X(':U?)) ~ Z 6£Xm(t7y79)7
>0

in agreement with the notation (2.8). The functions x!) are defined similarly by substituting z3 in the
first derivative x’ rather than in y. Identifying the asymptotic expansions with respect to ¢ in the relation
(B.1), we immediately get the relations:

(BS) X[O](ta 979) = Y3, X[O}(tyv@) = X(y3)’ X[O](tvyue) = X/(y3)7
(B.4) vex1, X = 37 ylalyt
l1+bo=¢

where in (B.4) we use the convention ¢° = 0. In particular, the function X+ is obtained from (B.4) as
long as we have already determined x[, ..., x!¥. In order to close the loop and to determine inductively
all functions X and x!¥, the last ingredient is the so-called Faa di Bruno formula [Com74]. Indeed,
plugging the asymptotic expansion (B.2) in the function x and expanding with respect to &, the Faa di
Bruno formula yields:

1 Kk
(B.5) vmz 1 ) = > ) T (XM y.0)"
y=m P’ k>1
i 1 e
(B-6) it y,0) = — D (gg) TT (Xt .0)) ™
ay=m P’ k>1



Since pp = 0 for k > m + 1 in (B.5), because (i) = m, we see that the function x™ can be fully
determined as long as we already know the functions X%, ... X[ Hence the following global induction
procedure, which is initialized by (B.3): assuming that the functions XOL o xE 3 0 y8 have
already been determined, one first computes X1 from (B.4) and then uses this expression, as well as
that of X9 ... XM in (B.5) in order to determine Y. Once all functions XY have been determined,
thanks to the ‘auxiliary’ sequence of the y[@’s, the functions )'([m] are given for all m > 1 by (B.6).

Let us observe that the decompositions (B.5), (B.6) also hold for m = 0 with, still, the convention
(X[¥1)0 = 1. One can compute for instance the first expressions of X, ¥l ¥l and get:

X0 = ys, = x,
X0 =,
XM = xy!, M= xx' vt
K =Xt
9 X2 X// 9 9
X = xx (1) + xv?, X2 = < 5 tx(X) ) (1) + xx' Y2,
2.
. XX 2
X = ( 5 +XX'X”> ()" +x X2,
where it is understood that all functions x, x’,x” ... are evaluated at ys, and all functions ¢!, 4?2, ... are

evaluated at (¢,y,6). The latter expressions are consistent with what we have found in Chapter 2 (recall
that in Chapter 2, 1! is zero hence several simplifications).

From a straightforward induction argument, based on the relations (B.4), (B.5), (B.6), we can decom-
pose the functions X" y[m yIml a5 follows!:

1

(B.7) Vm >0, X"ty = > mXu(yz) YLy, 0),
(wy=m "
1

(B8) X[m] (ta Y, 0) = Z ﬁ Fll«(y?)) ’lnb“(ta y/7 9) )
(wy=m "

. .

(Bg) X[ ](taya 0) = Z FFM(:I/?)) ’lnb“(ta y/’e) .

(wy=m "

The case m = 0 in (B.7), (B.8), (B.9) is only a matter of rewriting (B.3), with the notation:

X00,..)3) = y3, Fop, ) (ys) = x(ys), F(o,o,...)(y3) = X'(y3) -

The proof of (B.7), (B.8), (B.9) then follows by induction on m. For instance, the relation (B.4) connects
the functions X, in (B.7) to the functions F, in (B.8) as follows:

(B.10) Vm>1, Xe, = X, (the case of length 1 sequences)

and if |p| > 2, we get:

w!
(B.11) Xp= >, TR
v<p
lv=lpl-1

The relation that gives F, in terms of the X, ’s is less easy to analyze and follows from the Faa di Bruno
formula (B.5) (or (B.6) for the relation that gives F, in terms of the X,’s). In the following Section,
we prove a fundamental property of the functions X,,, Fy,, F}, by precisely analyzing the Faa di Bruno
formula (Lemma B.1 below). This fundamental property will easily imply the first symmetry formula
(5.24) which was used in the proof of Lemma 5.2.

'Normalizing with the constant factor p! will be useful later on.

110



B.2 The first symmetry formula

The proof of Lemma 5.3 and (half) the proof of Lemma 5.4 relies on an ‘invariance’ property of the
functions X,,, F,, F, in the decompositions (B.7), (B.8), (B.9) above, which we prove now.

Lemma B.1 (Invariance). The functions X, Fy, F,, in (B.7), (B.8), (B.9) only depend on |p|. In other
words, there holds X,, = X, if |p| = |v| (and similarly for the Fy,’s and F,’s).

An easy case of Lemma B.1 can be observed in the expressions we have given above for X1, X2 [
x2 and so on. In these expressions, the ‘coefficients’ of ¢! and ? are equal (they are highlighted in the
same color). These coefficients correspond to the elementary sequences e, ea which are both of length 1.
If one computes the expression of Y[, it will be found that the coefficient of 1! 12 equals

X' +2x (x)?,

which is consistent with the result of Lemma B.1 since this coefficient F{q 1 ¢ ..y should be equal to F( ...

which is twice the coefficient of (1/!)? in the decomposition of x[? (keep in mind the p! normalizing factor).
In all this Appendix, we shall use the notation:

(B.12) Xp = 2y Fu = Ty Fu = P,

when we need to use the invariance of the functions X, F,, FH. The functions Zpm, Fm, Fm in (B.12)
are indexed by integers while the functions X, F},, F}, are indexed by sequences.

Proof of Lemma B.1. The proof of Lemma B.1 proceeds by induction on the length of p. The case of
sequences of length 0 is trivial since there is only one such sequence, the zero sequence. We thus ‘initialize’
the sequences of functions (Zm)menN, (Fm)men, (Fm)men by setting:

Zo(ys) = ys, Folys) = x(y3), Folys) == X' (y3).

Let us now examine the case || = 1, that is when p is an elementary sequence e,, for some m > 1.
The relation (B.10) already shows that Xe,, is independent of m and equals x. Let us now show that
F,,, does not depend on m. Since e,,! = 1, the function F,  is nothing but the coefficient of ¢"* in the

decomposition (B.8) of xI™. The complete expression of [ is given by (B.5), which we can rewrite as
follows:

HEk

(B.13) Y ;!qun Il %Xﬂpu

()=m B>1 \(v)=k

The term Fe,, )™ in the decomposition (B.8) is split into (possibly) several contributions on the right
hand side of (B.13). Namely, each time that we can decompose the sequence e, as:

this contributes to Fg,, for:

Since the only possible such decomposition of e,, is obtained with p = e, and v(m,1) = e,,, we get
(here we use Xe, = X):

(B.14) Vm>1, Fe, =xX .

m
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We could have obtained in the same way:
(B.15) vm>1, F,, =xx",

and it obviously follows from (B.14), (B.15) that F,, and F, are independent of m. Hence the result of
Lemma B.1 is valid for sequences of length 1. Moreover, we can recast (B.10), (B.14), (B.15) as:

21 =x, FA=xx, FH =xx"

Let us now deal with the general step of the induction. We assume that up some integer L > 1, there
holds: .
|“|:€§L - Xu:'%‘f’ F“:fg, Fu:gf’

for some appropriate functions 27,..., 27 and so on. We now consider a sequence p of length L + 1.
Let us start by looking at the relation (B.11). Since in that decomposition of X, all sequences v on the
right hand side have length L, we can use the induction assumption and get:

w!
X, = Z ﬁ% = |u|.FL = (L+1).7L.
v<p
v|=lpl-1

In particular, X, only depends on |u| and, keeping consistent notations with those above, we have
obtained the relation 2741 = (L + 1) .%#L. (This relation can be verified in the case L = 1 on the above
expression for X[2.)

The goal now is to show that F), only depends on |u|. We proceed in two steps. The first step is to
show that F}, reads:

L+1

| N
(B.16) Fu = Z Z vl M ol X(N) H %Vn‘7
N n=1

=1 (Vlv'“ 7VN)GQ(”'7N)

where we denote by Z(u, N) the set of all possible partitions of g into N (nontrivial) subsequences, that
is:
p=vi+--+vrvy, mnin lvn| > 1,

and we do not take the order of the v,’s into account (for instance (v1,r2) accounts for the same
partition of vy + vo as (vo,v1) if N = 2 and v # v3). The second step is to infer from (B.16) that
Fy = Fe,4.te,,,, from which we can deduce that F, only depends on |u|. We shall also deduce a useful
‘recursive’ formula which gives # 1 in terms of 27, ..., Z74+1 (hence in terms of %y, ..., ).

Let us therefore prove the validity of (B.16). For a partition (v1,--- ,vy) of p into N subsequences,
we define a sequence of integers 6 = (01,60s,...) by:

Vi>1, 0;:=#{1<n<N/(w,) =3},

so that we have |@] = N and (@) = (u). Then there are 6! possible ways to construct a decomposition
(here the order plays a role !):

where the set of all v(j, k)’s equals the set of all v,,’s (with same multiplicity). From the Faa di Bruno
formula (B.13), each such decomposition of p contributes to F}, for:

NN ) ECC NN, Gkl _ LW ﬁgy
6! PrsE4C RN e vk ety el

n=1

112



where we have used the induction assumption. Hence any partition (v, -+ ,v ) of p into N subsequences
contributes to F}, for:

N
MW €
Vll"'VN!X J;[l [vnl >

whence the relation (B.16). In particular, another way to write (B.16) in the particular case p = e +
o berr s

@17 N D VR CD | P
N=1(%,,%Nn)EP(L+1,N) n=1

where P(L 4+ 1, N) denotes the set of partitions of {1,...,L + 1} into N (nontrivial) pieces [ComT74]
(once again, the order of the .%,’s is not taken into account here). Indeed, partitions of e; + -+ + er41
correspond in a unique way to partitions of {1,..., L + 1} by setting:

Un = Y e, Ln={l>1]/(vy)=1}.
e

It remains at this stage to verify that F, equals Fe, .. e, ,, and the proof of Lemma B.1 will be
complete. We fix a mapping;:
o:{1,...,L+1} — N*|

such that for all £ > 1, uy = #{j /o(j) = ¢}. This is possible since || = L + 1. Then given a partition
(A, ,%N) € P(L+1,N), we can define:
Vn=1,...,.N, v, := Z €s(0) 5
eLn

so that the v,,’s form a partition of p into N subsequences with |v,,| = #.%,. Conversely, given a partition

(v1,...,vN) of pinto N subsequences, the problem is to determine how many partitions (4, -+, %N) €
P(L+1,N) yield (v1,...,vy) in the above process. First we need to choose among the ;1 integers that
are mapped onto 1 by o, a decomposition into (v1)1,..., (¥n)1 packets. This gives:

pp!

(V1)1 ' R (VN)l '

possibilities. The first (v1); integers contribute to %, and so on. Repeating the argument for each ¢ > 1,
we need to decompose the 1y integers that are mapped onto £ by o into (v1)y, ..., (vn)e packets. Overall,
this gives:

w!

Vi b UN !

possible partitions (%4, - , %y) € P(L+1, N) that yield the same partition (v1,...,vy) of p. Collecting
in the expression (B.17) of Fe,1..1e,,, all partitions that correspond to the same (v1,...,vy), and

comparing with (B.16), we end up with Fe 4.1, ,, = Fj, which completes the induction argument. (We
leave the case of the functions F), to the interested reader.)
For future use, let us state here that we have proved the relations:

L N
(B.18) VL>1, Z = () 3 T %
N=1 (Z, ,ZNn)eEP(L,N)n=1
. L N
(B.19) Fr o= X > I 2. .
N=1 (L, &N)EP(L,N) n=1
and 27 = L. % for any L > 1 (with the convention .%y = x). 0
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Corollary B.2 (The first symmetry formula). The functions Y and ™ satisfy the relation:
vez0, > oo = Y ond™ o,
l1+L2=0 l1+02=¢

and similar relations with any couple of tangential partial derivatives chosen among {0, Oy, , 0y,,0p}. (We
keep using the convention ¢° = 0.)

Corollary B.2 is a more general statement than Lemma 5.3 since we do not assume 1" = 0 here. Hence
we shall obtain the claim of Lemma 5.3 as long as we prove Corollary B.2. (We expect that generalizing
to the case 9! # 0 might be useful in other contexts.)

Proof of Corollary B.2. Let us first observe that the result of Corollary B.2 is immediate if f =0 or £ =1
for we have 10 = 0 and Y% = X(y3) hence 9px[ = 9,x1 = 0. We thus assume £ > 2 from now on, and

use 9px% = 0 to simplify:
St = ST and ot

L1+Lo=t l1+Lo=(
b1,2>1

We now use the decomposition (B.8) of the functions x!¥ to get:

> anowt = 3 ot 30 L Fuon(v)

l14-ba=C b1+Lla=l p)y=>~01
£1,622>1 v
_ ) 528 k 1 F. apH—ek
= D D ooty eyl in¥
01— k>1 (y=ty WOk
£1,62>1 pn>ey
1
= D awmoaw™ Y i Fure, ¥,
ml,mQZI <l,>:g,m1,m2 ’

where we have used the fact that only tangential derivatives act here, so JgF), = 0, and it is understood
that if my 4+ mg > £, the very last sum is zero since it contains no term. We now apply Lemma B.1,
which gives Fy ie,,, = Fute,, for any sequence v and any couple of integers my, ma (since |V + en,| =
v +en,| = |v| +1). We can then ‘rewind’ the previous calculations and get by an obvious change of
indices:

1
Z 80X[£1} 8t¢€2 — Z 8.91/1m1 8twm2 Z ; Fu+em2 ’l/)u _ Z atx[ﬁl] 891/JE2 ,

l1+0o=F mi,ma>1 (vy=C—mi—ma2 l1+ba=¢

which completes the proof of Corollary B.2. O

B.3 The second symmetry formula

Lemma B.1 has another consequence in the case where the normal derivative 9, acts on x[. The result
is the following.

4

Corollary B.3 (The second symmetry formula. I). The functions Y, X and ™ satisfy the relation:

(B.20) VE>0, O —x = Z By 2] s
Oy +La+E3=L
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Proof of Corollary B.3. Let us first look at the case £ = 0 in (B.20). We have:
Oy X =X = X =¥ =0,

and the right hand side in (B.20) vanishes since 3 must be zero. We therefore assume ¢ > 1 from now
on, and use the decompositions (B.8), (B.9) to compute:

. 1 5‘/ I 1 / ;
S (7 - E)ot = (Fl - F) '+ Y 1 (Pl = Pha)
()=

ay:a X 4

2] >2

where we have kept the notation introduced in the proof of Lemma B.1, namely Fy, = 7, Fy, = J‘ ul-

Observe that in the very last sum, || > 2, hence 9* is at least a quadratic term in the ¥"’s. In other
words, we have isolated the linear term which will immediately cancel with part of the right hand side of
(B.20). Since .Z#; = x x" and .#; = x X", there holds .%] — %, = (x')?, and we have thus obtained:

(B.21) Dy X1 — Nyt + Z (Tl = Flul) ¥
|M|>2

We now decompose the right hand side of (B.20) as:
Z aygx[@l] vl yls = aySX[O} Ot 4 Z aySX[ﬁl] vl s

01+La+Ll3=0 l1+Llo+b3=0
min(¢1,02)>1

(B.22) = (x’)2¢‘+ Z Dy x 1] 2] s
L1+lo+l3=0
min(£41,02)>1

Comparing the right hand side of (B.21) with that of (B.22), we see that the linear terms in the ¢"’s
cancel, which is a first step in the proof of (B.20). It remains to see why all other quadratic, cubic and
so on terms cancel. To prove this, we first need to express the sum on the right hand side of (B.22) as a
function of the .Z;’s and the .Z;’s. Using the decompositions (B.8), (B.9) with he result of Lemma B.1,
we have:

. 11 v
Z 8y3x[€1] X[b} wﬁ;a — Z Z ; 7 |/H«| yl "lblH— +ey,

L1+Llo+L03=0L Li+Llo+l3=L (u)=0,
min(4q,02)>1 min(¢1,€2)>1 ()=l

(B.23) = > 1 X ,,'Zg, 71701 Pwi-to) ¥

(p)=¢ v<p

lu|>2 \lv|=|p|-1
In the interior sum on the right hand side of (B.23), we collect the sequences @ by increasing length, and
use the so-called van der Monde convolution equalities [Com74] to derive:

V|

1/' v! , 4 ,
(B-24) Zgl f|e|<f|u| o =2 279;(,,_9)! %%VM_Z(V Ty Ply)-v -

v=0 o0<v
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Plugging in the right hand side of (B.23), we get:

. 1 ~ (|p| -1 .
¢ [4 l3 __ !
I AP DR IDVIEE £ DOl (O = R S
L1+lo+L3=L (p)=¢ v<p v=0
min(fy,03)>1 lu|>2 \lv|=[pl-1
1 -1 | —
= 3 g 2 (M) A Ay v
()=~
lp[>2

Substituting the latter expression in (B.22) and then subtracting (B.21) and (B.22), we have obtained so
far:

aygx[f] — x4 - Z aygx[fl] ylal yts
L1 +lo+l3=L

-1
1 .
=2 i\ T~ T - Iu!§: ( >9ﬂﬁp|1y W
—
mzz

In order to prove the validity of (B.QO_)7 we see that it is necessary and sufficient to prove the following
relation between the functions %, and %:

which is equivalent to:

(B.25) VL>2,

Let us observe that the relation (B.25) obviously holds for L = 0 and L =1 (use %y = x, 1 = x X/,
JO =/, F = X X”), hence it will hold eventually for any L € N and not only for L > 2. To prove the
validity of (B.25), we need to go back to the recursive relations (B.18), (B.19). We first need to make
these expressions a little bit more explicit by counting how many partitions (.24, ..., %y) € P(L, N) give
rise to the same product [[, 24, . Let therefore (Z1,..., %n) € P(L,N) and arrange the cardinals of
the .%,’s as:
cp << ocy o,
—~— —~~

Nj times N times

with Ny +---+ N; = N and Njc¢; = L. The group of permutations &y, acts on the set of parti-
tions P(L, N) by acting (on the left hand side) on {1,...,L} and therefore on its subsets. The orbit
{o-(A,...,%N) /o € &L} consists of all partitions (.Z7, ..., %) that share the same cardinals with
(L, ..., ZN) (counting cardinals with multiplicity). Hence the number of partitions with same cardinals
as (ZA,...,2Zn) equals (use the orbit-stabilizer theorem):

L!
Ny! "'NJ!(Cl!)Nl"'(CJ!)NJ ’
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Hence the recursive formulas (B.18) and (B.19) reduce to:

L n
1 1 v
(B.26) VI>1, — 7 = ) DL (S H( '> 7
L LnidotLng=r 17 V=1 (v — 1)
L n
1 . 1 1?71 v
B.27 — g = b ) v
(B.27) L7k > g 1N 11 TEI A

1ni+-+Lnp=L v=1

where we have used the relation 2, = v.%,_1.

It is rather straightforward now to obtain (B.25). This is mostly a matter of rewriting (B.26) and
(B.27) in a convenient way. We introduce the notation Fy, := .%Zy, /(L) and Fy, := % /(L!) for all L > 0.
Then (B.26) and (B.27) can be rewritten as:

(B.28) VL>1, F; = Z %X(\nl) (F(]’Fb...)n’
(n)=L ’

(B.29) o= > %X(mnn (FO’FI’...)n7
(n)y=L

where n = (n1,ne,...) denotes a sequence of integers with finite length, and:
n
(FOa]Fl; : ) = H (Fre1)™™,
m>1

the product involving finitely many terms. Let us observe that (B.28), (B.29) also hold for L = 0 with
the convention (Fo,Fy, )" = 1if n is the zero sequence. We now rewrite the left hand side of (B.25)
using these new functions Fy, and F, and use the recursive formulas (B.28), (B.29):

f,ﬁ eg'\L L-1 9; ﬁL—l— ) L-1 ]
—L_Z=_ Ty o7V F T — FFr_q_,
L! L v (L—1-0)! L =FL=) EFin
v=0 v=0
SN ;‘X(\nn (FO,FL...>“‘9’““
k>0 (n)=L (n —eg1)!
n>egy1
L—1 1 -
-y F Y ﬁX<1+|m\> (Fo,Fl,---) — 0.
v=0 (m)=L—1-v ’
We have thus proved the validity of (B.25), and this completes the proof of Corollary B.3. O

The last result we need to prove the second symmetry formula (Lemma 5.4) is the following.
Proposition B.4 (The second symmetry formula. IT). The functions Y, X and ™ satisfy the relation:
(B.30) V=0, O = Y X o, X gpyts

L1 +lo+-l3=L

and similar relations with any other tangential partial derivative chosen among {0, Oy, , 0y, }. (We keep
using the convention ° = 0.)

Proof of Proposition B.J. Let us first observe that (B.30) is clearly satisfied for £ = 0 since dpx[?! = 0 and
¥? = 0, and (B.30) also holds for £ = 1 since we can compute:

9oxM = F1 000" = x X" 009",
Y oo’ = X0, ot = x X" dpw’ .

l1+Lba+03=1
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The equality between the left and right hand sides in (B.30) for £ = 1 follows here from the relation
F1 = Py F}, a generalization of which will yield (B.30) for any ¢ > 2.
Let us now assume ¢ > 2, and simplify the right hand side of (B.30):

Yoo oot = xxop + Y X9 9pute

L1+La+L03=¢ L1+Lo+L3=L
L1+02>1
1 1 .
= xxX 0+ > o™ > T Fy aphtv
by +lo4-l3=L (p)y="01
l14+02>1 (V)=ts
1 1 .
_ " ¢ k - NTESY
= XX 00"+ oyt Y Lt intnY
k>1 (utv)y=t—k
|p+v|>1

]
1 v .
SRS SLXCED SUF N Dol () A9 B
k>1 (y=t—k = \v=0
lv|>1

where we have again used the calculation (B.24) to obtain the final expression.
We use the decomposition (B.9) to get a similar expression of the left hand side of (B.30):

. 1 . : 1 : e
ol = 3 nEan(vt) = Frow 1Y ot Y o g
=, 1! ~, (n—ep)!
(m)=t k>1 ()=t
n>ey , |pu|>2

1 .
= xX" 00"+ D 00" D T ¥,
E>1 (Wy=t—k
lv|>1

and we thus get:

V|
. . 1 : v . v
o = Y Koot =Y ot Y S | P ) <| |) v Py | W7
b14-Lo+03=0 k>1 Wy=t—k v=0
lv[>1

The result of Proposition B.4 will therefore be valid if we can prove the identity:
. Lo/
(B.31) VL>1, Frga=), <€> G T .

The problem at this stage is that the latter formula does not seem to follow (at least, not in an obvious way
and despite repeated efforts...) from the recursive formulas (B.28), (B.29). We thus need to find another
representation for the functions .%, and Zy in order to derive (B.31). Hopefully the solution is provided by
the so-called Lagrange inversion formula [Hen64, Com74], or rather one of its direct consequences which
we recall right now.

Lemma B.5 ([Com74], Theorem C, p.150). Let F' be a formal series and let y denote the formal series
in x such that:

y =y +zF(y),
with yo a constant term. Then for any formal series G, there holds:
" dn—l
n!dyp!

Gly) = Gly) + Y {&/wo) F"(w0) } -
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Let us apply Lemma B.5 to (B.1). We first invert the equation:

y3 = x3 — Y x(x3),

and obtain thanks to Lemma B.5 (in the sense of formal series in 1):

n gn—1

o) =3+ 32 3 (Y},
n Aqgn—1

Ve = ¥l + 32 5 e (e

It then remains to substitute

Yo=Y MY,

m>1

and to recollect the previous expressions as formal series in €. From the definition of the functions X[m],
o [m] .
x", we get:

m n—1
vm=1, A= 3 LS L) Y wht

| n—1
n=1 n: dy3 l1++lp=m
. - 1 dnil " l y4
=3 S n_l{x (y3)xn(y3)} ST ghytn
n=1 © dys l1++lp=m
where the sums run over all n-tuples (¢1,...,#¢,) € N such that min; ¢; > 1 and ¢; + --- + £, = m (and

the families are ordered, meaning for instance that both couples (1,2) and (2,1) are taken into account

for m = 3, n = 2). Taking multiplicities into account, we end up with the decompositions?:

” m dn—l . 1
(B.32) vm>1, |[xM=3%" n_l{x’(y3)x (ys)} > vt
=1 dy3 - K-
n (w)=m
l|=n
°|m - dn_l " n ]-
(B.33) =3 ()} Y e
n=1 43 uy=m
lpl=n

Comparing with the decompositions (B.8), (B.9), we have thus derived the expressions:

dlml-1
|p|—1
dys

dlel-1

Wl{x’<yg>x'ﬂ'<yg>}, Fuys) =

Vi, Fulys) = {x”(ys) x'“'(ys)} :

from where the invariance result of Lemma B.1 looks incredibly simple ! With the notation (B.12), we
get:

del 1 dL
. > ar — / L — L+1
(B.34) Lzl Z = SN )| = o gr{x )
. dL-1
(B.35) T = dyL_l{x”(ys)xL(ys)}-
3

2In particular, we can directly check on the expressions (B.32), (B.33) that the functions x™ and x[™! vanish on Ty and
I'* for any m > 1.
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Let us observe that the expression (B.34) also holds for L = 0 since we have %y = x. Using Fo = X', we
also deduce from (B.35) the relation:

vL>0, F = {x"x".

Therefore, proving the validity of (B.31) amounts to showing the formula:

L
n L+ (L) _ L+1\ 0 NO( pyi—n @0
(B.36) VL>1, [(L+1){x"x*} _Zz:%( ) ){x x} {x }

which looks like some (weird) kind of Leibniz formula. Let us recall that in (B.36), x is a € function
on R with compact support. We have not found a (short) combinatorial proof of (B.36) and we therefore
propose an alternative method which consists in proving (B.36) on the Fourier side (just like the Leibniz
formula can also be obtained by using the binomial identity after performing a Fourier transform). For a
given (fixed) integer L > 1, we define the function:

L
L+1 (©) (L
0 == (L+1){}'y*11® — 3 ( : ){X//Xe} {x b0 &0
=0

and compute its Fourier transform. We get:

(B.37) O(&) = (2m)lttil+? /

]RL"'l

L
(@—&F(@Aﬁﬁé—}j(Ljﬁc@—@HV$j>x

=0
X X(&o — &) X(&1 —&2) -+ X(€L — &ov1) X(Ea1) dér -+ -dEpr

For future use, we define the polynomial:
(B.38)

L—¢

L
L+1
( )@m%~+mf@ur%~+mﬂ) :

L
Q(nOanlv"')nL+l) = (L+1) (T]0+"'+77L+1) - Z V4
£=0

so (B.37) reads:

®w>@@0:@m“%“{éﬂﬁwaﬁm&—&&—&ww&—@wgﬂw
X X(§o — &) X(§1 —&2) -+ X — o) X(Epv1) dEr -+ -dEpya

The important observation now is that affine changes of variables with respect to (§2,...,&r+1) allow to
symmetrize ) with respect to its last L+ 1 arguments, while leaving the frequencies (&p, 1), hence & — &1,
unchanged. For instance, the change of variables:

1y &n4) — (§,6 — &+ 83,83, .-, €041)

leaves the product

(b0 —&1)*X(6o — &) X(&1 — &2) -+ X(€ — €r41) X(ELt1)
in (B.39) unchanged but modifies the factor Q(&y — &1,. .., & — €ny1,Eny1) into?

Q& — 1,62 — 83,61 — 2,83 — &, -, 6L — 11, 6L41) -

3Observe the permutation highlighted in blue.
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Other changes of variables (all with jacobian one in absolute value) allow for any transposition, and
consequently any permutation, with respect to the last L + 1 arguments of @ in (B.39). In other words,
we can rewrite (B.39) as:

(B.40) ©(&) = (2m)bHtl+? /RLH(& —6)2Qu(& — &, 6 — oy 6L — En1,€L41) X
X X(§o — &) X6 — &) -+ XL — 1) X(Epr) dér -+ -dépya,

where the polynomial Q4 in (B.40) is obtained from the polynomial @ in (B.38) by averaging with respect
to the last L + 1 arguments on the group of permutations S 1:

1

m Z Q(n0>na(1)7"'7ng(L+1)).

U€6L+1

Qﬁ("?o, m,--. 777L+1) =

Starting from (B.38), a little bit of combinatorial analysis yields:

Q¢(mo,ms-- - nr+1) = (L+1) (770+“‘+77L+1)L _ Z (770+77(E)>w (n(EC)>ﬂEC_1,

Ec{l,...L+1}
0<HE<L

n(E) = > n;,

JjEE
for any subset F of {1,...,L + 1}, and E° stands for the complementary set of E in {1,...,L+1}. We
can rewrite the expression of Q4 into the even more symmetric form?:

> () ()

Fc{0,...,.L+1}
1<HF<L+1

where we have used the notation:

N |

L
(B41) Qﬁ(ﬁoﬂha cee 777L+1) = (L + 1) (770 + e+ 77L+1) -

from where it follows that @y is a homogeneous degree L, symmetric expression of all its arguments. It
remains to deduce from the formula (B.41) that Q4 vanishes, which will imply in the relation (B.40) that
© vanishes (and this will eventually prove the validity of (B.36) and complete the proof of Proposition
B41!).

We now show that the polynomial @4, whose expression is given by (B.41), is zero. This is proved by
an induction argument that passes from L to L + 2, so we first examine the cases L =1 and L = 2. For
L =1, we have:

Qs(mo.m1m2) = 2 (mo+ 1 +12) — 5 (1 +7m2) + (0 + 12) + (o + 1))

N — DN -

(1 + 1) + (00 + m2) + (0 + 1)) = 0,
and for L = 2, we have’:

Q:(no,--..m3) =3 (o +m +n2+n3)?
—(m+mn2+ 773)2 — (o +mn2 + 773)2 — (o +m + 773)2 —(no+m + 772)2
—(mo +m) (M2 +n3) — (Mo +n2) (M +n3) — (N0 +n3) (M +1n2) = 0.

4To prove that the right hand side of (B.41) and the previous expression of Q; coincide, start from (B.41) and divide the
subsets F of {0, ..., L+ 1} into those that contain 0 and those that do not. For the latter, parametrize the sum by F° rather
than by F.

5To prove that the expression is 0, just compute the 52 and 7o 71 terms and use the symmetry with respect to all arguments.
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Let us therefore assume that up to some integer L, there holds:

1 fF—1 gFe—1
(B.42) (L+1) (po+--+no41)" = 3 > (n(F)) (n(FC)> :
Fc{o,...,L+1}
I<$F<L+1

and we are now going to try that the same property holds with L + 2 instead of L. In other words, we
wish to prove the formula:

+2 1 fr-1 gFe—1
(B.43) (L3) o+ +mesa) ™ = 5 > ()" ()" =0
Fc{o,...,L+3}
1<HF<L+3
The expression on the left hand side of (B.43) is a symmetric polynomial function of (g, ..., nz+3), hence
can be represented as a polynomial function of the elementary symmetric expressions of (n,...,nr+3),

see [Lan02]. Since furthermore the left hand side of (B.43) is homogeneous degree L + 2 while having
L + 4 arguments, we can write®:

HF—1 gFe—1
(L+3) (o++mss) = 5 3 (@) (n(F9)
Fc{0,...,.L+3}
1<#$F<L+3

= Q<€1(770, s ML43)s - - ert2(no, - - »77L+3)> ;

for some suitable polynomial 2. Introducing now some complex numbers 7y, ..., 7541 such that:
61(7707"'177[/-’-1) = 61(7707'-'177L+3)7 6L+2(7707"'177L+1) = €L+2(7707"'777L+3)7
we get7:
Lo 1 #F—1 gFe—1
(L43) o+ +mss) ™ = 5 3 () (n(F9)
Fc{o,...,L+3}
1<HF<L+3

= Q(ﬁ(ﬁo, s M41,0,0), ... erya(Mo, - - - 7ﬁL+1,0,0)>

~ - 1 _ fE—1 , fFc—1

(B.44) =@ +ia) T g 3 (@)t (@)
Fc/{o,...,L+3}
1I<HF<L+3

where we use in (B.44) the convention 7y42 = 7r+3 = 0. In other words, we have reduced to the case
where (at least) two of the 7;’s, say the last two, are zero. We now divide the subsets F' of {0,...,L + 3}
into those that are contained in {0, ..., L 4 1}, those that contain only one element among {L + 2, L + 3},
and those that contain both L +2 and L+ 3. We can decompose the sum on the right hand side of (B.44)

50Observe that only the elementary symmetric functions up to L + 2 come into play and not the two last ones, namely
€rL+3 and €L+4.
"Here we use the fact that e; (Mo, - .., Mr+1) coincides with e; (7o, - . .,NL+1,0,0) for any j.
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as follows:

Y (m)" )t = Y ()t ()t

Fc{o,...,L+3} Ec{0,...,.L+1}
1<HF<L+3 1<$E<L+2

2 Y ()" ()"

EC{0,...,L+1}
0<HE<LA+2

. Z (ﬁ(E)) HE+1 (ﬁ(EC)) fEc—1
RE T

= Y @) e)"

EC{0,...,.L+1}
1<HE<LA+1

2 Y (@) )"
E@ﬁ%é’fiﬁ J

oY (@) )t
BEc{0,...,.L+1}
I<E<L+1

Observe the modifications (in red) in two of the terms on the right hand side, which correspond to deleting
two terms that contribute for zero. It remains to collect and rewrite some terms to get:

_ fF—1 , fFc— _ HE-1 / _ fEc—1 , _
> @) )" = Y Gw) (@) (i) vae)”
Fc{0,..., L+3} EC{0,....L+1}
1<BF<IL+3 1<EE<L+1
+ 4o+ + 77L+1)LJr2
= (2L+6) (o +---+7r)"",

where we have used the induction assumption (B.42). Going back to (B.44), we have thus obtained:

Lo 1 tF—1 gFe—1
(L+3)(no+ - +nL+3) — 5 Z (U(F)) (U(FC)> =0,
Fc{0,...,L+3}
1<HF<L+3
which completes the induction argument for proving that the polynomial Q4 in (B.41) is zero. O

Corollary B.3 and Proposition B.4 immediately imply the result of Lemma 5.4, namely the second sym-
metry formula which we have used to complete the proof of Lemma 5.2.

Corollary B.6 (The second symmetry formula). The functions x4, x4 and ™ satisfy the relation:

(B.45) V>0, Z 8y3x[€1] ({991/}62 — Oy (X[E] wﬁg) _ Z (ay:),X[gl] X[b] _X[fl] 8y3>'<[52]) wés 89w€4 ,
L1 +La=¢ L14HLly=L

and similar relations with any other tangential partial derivative chosen among {0, Oy, ,0y,}. (We keep
using the convention ° = 0.)

Proof of Corollary B.6. Using Corollary B.3, we first get:

N4 > 07 Z 8y3X[Zﬂ aewgz _ X[él] 891p£2 _ Z ang[Zl] X[ZQ} ¢Z3 89’¢£4 — 0,
l1+Lla=V 144y =l
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and using Proposition B.4, we also get:

vez0, 3o ot = 3 Mot u gt — 0.
bitto=t 1=t

Subtracting the latter two relations, we end up showing (B.45), or equivalently that the function Xg in
(5.25) is zero. The same argument applies when the tangential derivative Jy is replaced by any other
tangential derivative, namely 0y,, 0y, or ;. O]

Before turning to the verification of even more compatibility conditions on the source terms for the
WKB cascade, let us observe that the explicit expressions (B.34), (B.35) allow us to rewrite the inductive
formula (B.25), which we have shown to hold not only for L > 2 but for any L > 0. Combining the proofs
of Corollary B.3 and Proposition B.4, we have indeed obtained the formula:

L-1

1 I o
VL>1, m{XL+1}(L+1) M=y <£) (YO [ ey 10
=0
or, equivalently:
L n _x~(L ¢ L-1-¢
(B.46) vi>1, (XM - P =3 (z) O X e,
£=0

We do not know whether the relations (B.36) and (B.46) -which definitely have a ‘Leibniz flavor’- have
been noticed/proved before or whether they could be useful in other contexts.

B.4 Compatibility of the source terms for the slow mean problem

B.4.1 Compatibility for the magnetic field at the boundary

Let us first recall the result we aim at proving here:

Lemma B.7 (Compatibility at the boundary for the slow mean problem). The source terms in (5.33),
(5.31) satisfy:

(B.47) IE‘g%j[|y3=0 - (at + u?i 8yj)G72n’i n HJQi Oy, GT’i ’
independently of the choice of the slow mean @m“(O).

The verification of the compatibility condition (B.47) at the boundary I'g for the slow mean problem relies
on a preliminary decomposition which we prove right now.

Lemma B.8 (A preliminary decomposition). Let ﬁg?jl(O),ﬁgfjl(O) be defined as the unique solutions
i Sy to the differential equations:

By, W5 TE(0) = FIVE(0), Oy, HyThH(0) = FJUT(0), YieRE.
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Then there holds:

(0, +u0* 0y, ) Hy . (0) — Hfiayfg”jli(()))

y=3=Y3=0
= ol DD (0t uyt a0t g Hi — 10,0000

l1+lo=m-+2

l5>1

l lo,+ la,

+ Z g™ (7 Fy® _‘53F32+g)

l1+lo=m~+2
Y (@R a, )0l BT - HY 0,00 Bt

l1+lo=m+1

> 0" O (Gt HE T — ¢ P )

b1 +Lla+l3=m~+3
l2,l32>1

FOD gt )

J
L1 +Hla+l3=m+2
lo,l3>1

o CY o 0,
li+lo=m+1
4
N Z (bi a9¢£1+1+HgQi ayﬂ%l) Y3 3QL
l1+lo=m+1
D S )

l1+lo=m+1
l1,02>1

Y O (Gt P - G P ),

L1 +Lla+l3=m~+2
l2,l32>1

01 lo,+ ry03,+ Lo, + 03+
+ Z Oy, ay:a(“j Hy»™ — H” ug )i
b1 +la+l3=m+1
Lo, l32>1

where all functions on the right hand side of (B.48) are evaluated at y3 = Y3 = 0.

Proof of Lemma B.8. Actually, we shall prove in what follows a much more general result than (B.48),
but in the proof of Lemma B.7 which we shall give later on, we shall only be interested in the expression
of the left hand side of (B.48) on y3 = Y3 = 0. From now on, we omit the superscripts + and restrict
the normal variable y3 to |ys| < 1/3. This means that all functions x¥, £ > 0, vanish, all functions ¥,
¢ > 1, also vanish and Y equals 1. At the very end of the proof of Lemma B.8, we shall further restrict
to y3 = 0 but since we shall compute partial derivatives with respect to y3 in the core of the argument,
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it is necessary to keep ys free, close to 0, for the time being. For any Y3, we set:

(B.49) o 1= (O +u}0,) HILTH0) — H] 0, 5.7(0),
B = co{ ST (0 +udy,) 00" & HY — HY 9,000 & us
l1+lo=m~+2
l2>1

+ Y " (TFP — ¢ R
l1+lo=m~+2

+ > (B+udo,) vl B — HY 9, 4" Fp?
l1+lo=m-+1

0 ¢ 4 by L
+ Z D™ Dy, (& u;? Hy* — & H? ug’)
l1+La+Ll3=m+3
lo,l32>1

+ > 9y, Oy, (P H — H? u)

l1+La+L3=m+2
£2,l3>1

(B.50) + > (ot (0 0y, )0 ) By,
l1+lo=m+1
=Y (T HY 0, 0") Oyug,
l1+lo=m+1
00 0 1yt
+ Z Oy, (Hj1“32 — uy! H3),

l1+lo=m+1
l1,£22>1

4 l 4 b L,
+ Z g™ Oy, (& vy Hy® — & H}? ug),
b1+l +l3=m~2
£2,l3>1
y4 lo {3 by {3
Y 0o, (D - HE )}
L1+l 4-L3=m+1
Lo, 03>1

so that (B.48) reads (& — #)|y;=v;=0 = 0. Actually, we shall prove below the even more general fact
of = 2B for |ys| < 1/3 and for all Y3, which will obviously yield the expected result. Proving the equality
o/ = A is achieved below by proving first dy,.&/ = 0y, # (for all relevant values of y3,Y3) and by then
computing the limit at infinity of &/ and #. We split again the analysis and the calculations in several
steps.

e Step 1. Using the induction assumption in a suitable way. We first try to derive a suitable expression
for the partial derivative dy,.«7. Starting from the definition (B.49), we have:

Ovyel = (0 +udy,) Oy, HH(0) — HY 9y, 0,031 (0) = (0 + u2 8y, ) FE(0) — HY 9y, Fy (0),

and one could then substitute the expressions of ﬁgm*(()) and 137";(()) But rather than doing so, we use
the induction assumption (H(m) —6) and (H(m) — 5), and get:

Oy = OFLL0) = 0y, B (0) = co {0 — 0, F, |
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Recalling the expressions (5.15) and (5.16), we obtain:

Oy = co { =0, (0 + ) 0, ) H' — HY 0, u")

+ Y 0" O (0 + uf 0y,)6y HP — HY 0y, &y i3 —c 0, HI? + b0, u'?)
l1+lo=m~+2

T Z (0 + U? ayj)am/}h 81/35]" Hf? — HJO ((“)yjagd)el 8y3§j/ uf?
U1 +lo=m-+2

— > 0y, 000" Oy H? — b0y, 000" Oyyu
U1 +lo=m-+2

+ Y 0y, 0" Oy, (0 + u§ Oy, ) HiF — HY Oy~ 0, H + HY, 0, ')
l1+la=m+1

— Z o' Oy, 0,, H 2
l1+bo=m+1 ’

+ Y 00" 0y, (0 +u§ 0y,)y HP — HY 0y, &5 u'z—c 0, H? 4+ b0, u'?)
l1+lo=m+1

+ Z (0 + LL? 821_7‘)891//1 8@136]” Hf’Q - H? 61/_1 a‘gwfl ay;;ﬁj’ u??
l1+lo=m~+1

— > ¢y, 090" 0y, H? — b0y, 090" Oyyu?

y; Y0 Y3t y; Y0 y3 Uy

l1+lo=m+1

+ D> 0y, " 0y (0 + ) 0y, HE — HY 0y uiz—ul) 0, H >+ HY 0, ul?)
l1+lo=m

(B.51) - ) 0" 0,0, H”
l1+lo=m
01 £ V4 2 4 0 ¥4

+ Z 0y, Oy, (Hjl ug’ — ujl H32) + Z Oy, Oy, (Hgl “3 - “jl H32)

l1+lo=m-+1 l1+lo=m
£1,62>1 01,05>1

+ > Do) By, Oy, (&5 HP uf — &yl HJP)

U1+l +l3=m~+2
l2,03>1

DL 0y, 000" Oy (& Hy up — rulp HY)

L1 +lo+l3=m+2
l2,03>1

A by U3 Lo pyl3
+ Z Oy, ™" Oy, Oy, (Hj, u;t — g H; )

J
l1+02+03=m+1
lo,03>1

+ Z Do) Oy, Oy, (& H ]//2 “53 =& “53 Hfg)

l1+0o2+03=m~+1
l2,03>1

+ Z 8@/;‘86@[1 Oys (&1 Hf? “53 =& uf.? Hf3)

b1 4+-la+l3=m+1
l2,l32>1

0 by U3 Lo pyl3
+ E Oy, ™ 0y, 0 (Hj’ u;® — uy Hy ) }
l1+02+43=m
lo,l3>1

e Step 2. Substituting in 0y,;<7, integrating by parts and collecting terms. From the induction
assumption (H(m) —5), we have E?(O) = 0, and using Lemma 5.2, we also get A&(O) = 0. We thus
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have ﬁg”(()) = 0, and using the expression (5.17), this relation explicitly reads®:

(9 +uf 0,) Hy'(0) — H) 0,a5(0) = co{ D 00" (cOv HE — bovuf)
b1+lo=m+2

+ > (B +uday,) v 0y, HE — HY 0, " dy,uf?
l1+lo=m+1

+ Z 89'1/)51 (C ayngz - baysu?)
l1+lo=m+1

+ Z (0r + uf By, )" Oy, Hs % — H 0y, 0" Dy’
l1+lo=m

b3 - )

l1+la=m
l1,62>1

‘ 4 1% £ o L
+ E g™ Oy, (fj u; Hy? — & H? u3s)
L1 +Llo+L3=m—+2
lo03>1

+ Z 8yj wm aYS (u? H§3 - Hfz ug:s)

b1 +la+l3=m~+1
lo,l3>1

+ Z D" Dys (fj “52 Héa §j HL/Z ug )

li+Lla+l3=m+1
Lo 3>1

+ > 9,0l 0, (u HY - HE uf;)}.

li+Lla+l3=m
Lo l3>1

We differentiate the latter relation with respect to y3 (hence the need to keep ys free at least up to here),
substitute in the blue term on the right hand side of (B.51), observe first the cancelation of the red terms
and rearrange all green terms together. We also integrate by parts (with respect to @) the pink terms in

8Recall that we restrict to |ys| < 1/3, hence all simplifications in the functions X and x!¥
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(B.51). All these manipulations eventually yield:

i =co{ D OO+ 0,,) & H — H) Oy, &puli — V- HE 10V - ul?)

l1+lo=m~+2

+ Z (()f + /I‘(/') (‘)’,// )()/)( )b (')Y;LV// H;f - 1‘1](/j (')v,/“(‘)()( 1 (')3'.;;/'/ [lv//i‘
l1+Llo=m~+2

— Y €0y, 00" Oy, H? — b0y, 000" Oy,ul?
l1+bo=m~+2

Y4 V4

+ Y 90" Oy, (0 +ub 8y, ) HP? — HY 9, ul?)
l1+0o=m—+1

= ) (B +ufoy,) v 0y, V- H®? — Hy 9,0 0y, V - u”?
l1+lo=m—+1

+ Y O 0y, (0 +uf By, & Hip — HY 0y, &rulf — eV - H? + bV - u'?)
l1+lo=m-+1

— > @Oy 8,09 & Hip — H 0,0 8,09 € i}
l1+lo=m+1

+ > 0y 0" 9y (cOpH? — bpu’?)
l1+lo=m+1

V4 y4 V4

+ > By 0y, (0 + 4 0y, ) HP — HY 0y ul?)

l1+lo=m
(B.52) — > (@ +u0,,)v" 0,V - H” — H) 9, 4" 9,V - u”

l1+la=m

+ ) 9y 0y (H ug — it HE?)

J
l1+Llo=m+1
1,621

+ Z 891/151 Iy, V - (53 HfQ ubs — 3 u§2 Hes)

b1 +lo4-l3=m+2
l2,€3>1

Y 0" (gl B - g B )

l14+-Lbo+l3=m+2
l2,03>1

S 0l 0T (HE U -l 1Y)

l14+-ba+l3=m+1
la,03>1

v by / V4 4
+ > Qo)™ 0y, V - (& H? u' — &> H)
L1 +lo+Ll3=m+1
la,03>1

Y4 4 )
* Z aijgl Oy3 0y (fj/ uj? Hj3 =& Hj? Uj3)
01+l +03=m~+1
l2,63>1
b Y 0tV (H e~ i) ).

b1 +la+-l3=m
Lo, l3>1

e Step 3. Computing dy,# and using the fast problems of the previous steps. Differentiating the
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definition (B.50) of %, we get:

Oy, B = Co{
Y W Oy (T - & FE)
b1+l =m~+2
+ Y (B 0y, )" Oy F — HY 0, 0" 0y, Fr
l1+lo=m-+1

01 a2 by 17l lo £
+ Z Ogtp layg(ﬁj uj2 Hy? —¢; Hj2“33)
Ly +lo+-L3=m+3
Lo f3>1

+ > 9, (uP HY — HP? u)

J
1 +La+l3=m+-2
lo,l3>1

(B.53) + > (O 4 (0 + 1l 00" ) Oy, 0y, HE?
l1+0s=m—+1
— > (b0 T+ HY 9, 0") 0y, 0,8
l1+lo=m—+1
_|_

+ > Dptb" Dy, Oy (& us? HE — & H? ug?)

l14+La+Ll3=m+2
lo,l32>1

Y 0, vy (ul HY - HP )}

b1+l 4-l3=m+1
Lo, l32>1

Let us already observe that the orange terms in (B.52) and (B.53) will cancel when we compute Oy, %7 —
Oy, #. The red terms will also cancel, but only after we integrate by parts the pink terms in (B.52).
Namely, by using the fast problems solved at the previous steps of the induction, we have:

—1 0 pp-l 0 pu—1
Vpu=1,...,m, cang—bagu?:F§‘+j +uj By~ — Hj Fy'

and therefore, after integrating by parts, the pink term in (B.52) reads:
cof Y Oy 0" Oy H b0y, 00u" Oy,u? |
l1+lo=m—+2

14 0 14 14
——cof{ X ot (R, - ) FR) ]
l1+lo=m+1

and the red terms in the latter expression will exactly cancel with those in (B.53) when we compute
Oy, & — Oy, . At last, let us observe that when we compute the difference Oy, &7 — 0y; %, the green terms
in (B.52) and (B.53) will yield the quantity:

co{ S (@4 u 0,0 0y, B — HY 9,4" 0, FL2 } :
l1+lo=m

which will partially cancel (for the same reason as just above) with the brown term in (B.52).
Using all simplifications mentioned above, we end up with the following decomposition:
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with:
peol T avanigr o
L1 +lo=m+2
+ Z Ap™t By, (0 + U? 9y,) & Hf? - HJQ Oy, &jr uﬁ? eV -H2 +bV - u@)
l1+la=m+2
Y o G (Gl B — & H )

1+l +l3=m+3
l2,03>1

Y G oV (G HP U —Gup HY) } ,

L1+la+Ll3=m+2
l2,63>1

T5 = ¢ { Z 891%1 ay3 (fj F?fiy _ Tng)
L1 +le=m+1
+ Y 0" 0y, (0 +uf0y,) & Hip — HY 9y, Gruz — eV - H? + bV - u?)
L1+le=m+1
Y 00" w0y (& Hy — & H P u)

L1 +Hla+l3=m+2
lo,l3>1

D G0V (& HP U - g up HY) }

b1 +lo+l3=m+1
lo,03>1

75 = { Z ayjl/’él 3Y3F§ij — Ot 8y3F8€2

L1+lo=m+1
+ Z 8yj¢)£1 Ay; ((0r + ug/ ayj,)Hf2 - H;.), 8yj,U§2)
1 +lo=m+1
- Z (at—i_u?ayj)wél aYSV'H€2 —Hj(')aijel 8Y3V-u£2
l1+la2=m~+1

Y Oy v (G HP - &y HIF ) o+ 0y, (H o — o HEY))

b1 +-la+l3=m+2
lo,03>1

* Yo 00" oy V- (HP U —u? HY) },

1+l +03=m+1
Lo l3>1

and

%= co { > 0y Oy Fyt — 0" 0y F?

l1+lo=m
+ ) 0y, 0" 0y, ((0r + ul, ayj,)Hf2 — HY ay],,u§2)
l1+la=m
— Y (0 +ufdy,)9" 0,V H? — H) 9, " 9,V - u”?
l1+lo=m

Y 0 0y (Bnlgy P — g ) + Oy (Ul — u HE))

l1+lo+l3=m+1
L2 l3>1

FY 9,ut 0,V (P - ) ).

El +£2 +63 =m
lo,l3>1

131



e Step 4. Substituting in .77 and .Z%5. In both expressions of .77 and 73, we use (5.15) and (5.16) and
substitute accordingly the value of ¢; Fi‘fij -7 FgQ. This yields:

Fi=af N (@ 9y, By HY — HY 0, 0" 065 )
b1 +Lla+l3=m++3
+ Y 0" 0 (bORu — c O3, HP)
L1 +La+L3=m+3
+ D A" (B u) 9y, )W 0,048y HP — HY 9,0 9y, 0y, uf?)
1+l +L3=m+2
+ D 9" 0™ (bOy, 0y ul — c Oy, 0y, HP)
b1 +lo+-l3=m+2
D 9y o O (g Hp it - &yl HYY)

L1+ +lg=m+3
l3,042>1

1 9yt b5 0 ls Tyt
DS ayﬂ/}189w28y38y3(§jfﬂjfuf—éj,uﬁHj“)},
Ol =m2
£3,04>1

and
To=cof N (O By, )0 By 0y HY — HY 0y, Oy, Dy, th)
L1 +la4-l3=m+2

D 0y U" 9" (bOy, Oy — Oy, 0y, HL?)
L1+l +l3=m+2

+ Z Opyp™t (0 + U? 8yj)¢€2 353&' Hf'?’ - H]Q ayj¢e2 8535]'/ U?)
L1+l +Ll3=m+1

4 > Oy, ™ Opp™ (DO P — cO2 H'?)
b1 +la+-l3=m+1

+ Z 8:[/]' 1/)61 6911}52 8}/383;3 (fj/ Hf,3 u§4 _ fj/ uf;’ Hf4)

L1+ +lg=m~+2
03,6421

D 0y ut oe O, (& HP uft — &yl HYY) } ;

b+ +la=m+1
£3,04>1

e Step 5. Conclusion. At this point, it remains to substitute the expressions (5.15), (5.16) of F§2

and F;j_ ; in the definition of 3, and the previous expression of 77 gives 71 + Z53 = 0. Similarly, the
substitution of FgQ and F?fi ; in the definition of .7 yields 9 + 94 = 0. We have thus proved the relation
Oy, (o — AB) = 0.
We now go back to the definitions (B.49), (B.50). Since &/ — % do not depend on Y3, we have:
od—PB = lim o —B = —cy { Z (Ot + ug-) Oyj)69¢€1 & ﬂ?? — H]Q 8y]091/1£1 &jr gﬁ?

Y3 —o0
l1+bo=m-+2
lo>1

(B.54) + ) 0" (TEE -G ER)
l1+lo=m—+2

Y (@rula,)en EE - 1) 0,00 FR Y,
l1+lo=m+1
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and we need to show that the right hand side of (B.54) vanishes. Let us first consider the intermediate
blue term. Since we have already solved the fast problems (H(m) — 2), we can apply Theorem 3.1 and
we have:

Yu=1,....,m—1, 8y3Fé’“—|—§j89F§‘+j = TOpFY,

so we get (here we use again Theorem 3.1 for concluding that the slow mean vanishes):
M H
v,u = 1)' N 17 TEg _ngng] = TES(O) _£]E3+](O) =0.
Using Lemma 5.2, we have:
8y3Fg”+§j agF:ﬁ_j = TagFén,

and combining with (H(m) —5), we also get 7 Fg" — &; F'5%, ; = 0. This implies that the blue term in
(B.54) vanishes. We are then left with:

oS~ KB = —cO{ > (0 +uf0y,) 000" & HE — HY 0,000 & u?

J
l1+0o=m-+2
la>1

Y (e ud oyt FR - 1) 0,00 PR
l1+0o=m-+1

_ _CO{ ST (0 +ud0,,) 000 €y HY — HY 0, 000" €5 us

l1+lo=m—+2
la>1

+ > (OG0, Op &y HF — HY) 9,0 0p & uz ™! } = 0.
l1+lo=m—+1

We then take the double trace of & — % on y3 = Y3 = 0 and the result of Lemma B.8 follows. O

We now turn to the proof of Lemma B.7, which is crucial in view of determining the slow mean of the
corrector UM+LE,

Proof of Lemma B.7. We keep dropping the superscript +. Let us first recall the expression of the source
terms in the slow mean problem. The trace on I'y of the interior source term F§" is given by:

Blamo = cof D0 (e @+ u 0,)0") 9 HE — (bOpu !+ HY 0,,0") 00l

li+lo=m+1
VAR 4 l 74 V4 Y4 l by L
(B.55) + > Oy (HS g —ul HY) + > O Oy (& u HY — & HP ud)
l1+la=m+1 L1 +Lla+l3=m+2
£1,02>1 lo,l3>1

01 lo 17l3 o L3
+ Z Oy, 8y3(gj H3? — H 7 ug )}?
1 +lo+-l3=m+1
Lo, l3>1

and the boundary source terms are given by:
G = G71n(0> - ag?jl(())‘yaiﬁioj Gy = G72n<0) - H$*+1(0)‘y3:y3:0,

where G7', G5 are given in (2.22b), (2.22c), and the fast means ﬂgfjl(O),ﬁg’?’jl(O) are determined by
solving: R R R
Ovyuz 1 (0) = F7L(0), Oy, Hy'TH0) = F{L(0),

with the condition of exponential decay at infinity. We thus need to show the relation

(B56) gn’y3:() + ((8t + U? 8yj) ﬁg?:_l(o) - H_;) 83/]‘ ag?;i‘l (0)) ‘y:3:Y3=0
= (0 +u?9,,) GF(0) — HY 8, GT(0),
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and in this relation, the mean JWH(O) only enters through @’1” (0) and @?(O) The verification of (B.56)
is done in several steps.

e Step 1. Using Lemma B.8 and collecting terms. Let us recall indeed the result of Lemma B.8 which
decomposes part of the left hand side of (B.56):

0 fym+1 09y, ugtt
((at + uj 81/3‘) HS,: 0) — Hj ayj u37:_ (0)) )y:3:Y3:0

_ co{ S O+ uddy,) 000" & HE — HY 8, 090" 50 u

l1+lo=m~+2
lo>1

Y ot (TR & FY)
l1+lo=m+2

+ > (Bt o,) vl P — HY 9, " PP
l1+lo=m-+1

+ > 0" Oy, (G u HY — & H )

1+La+L3=m+3
Lo, l32>1

01 O 11l3 o A3
+ > 9" Oy, (P HY — H? u)
l14+La+Ll3=m+2

Lo l3>1
(B.57) + > (o 4 (0 +uf 0y,) v) 0 H
l1+lo=m—+1
— Z (b g 4 H]Q Oy, 1/’61) ay's“g?*
l1+lo=m—+1
01 £ V4 4
+ Z Oy, (Hjl ug’ — g Hy),
l1+lo=m+1
l1,02>1

Y y4 s Oy L
+ Yo 00Oy (&u Hy — & HP ug),
l1+Llo+Ll3=m+2
lo,03>1

él 62 63 52 f3
+ E : 8ij 8@/3(”]’ H3 _Hj Us )*}
L1 +lo+l3=m+1
l2,03>1

We now decompose the left hand side of (B.56) as:
(B.58) H™ := F|,,—0 + ((at +u§ 0y,) Hy'71(0) — Hj 9, agjjl(O)) | y—sevamo = HI" +HE +HE + HY",

where HY" incorporates Fg'|y,—o, whose expression is given in (B.55), and the terms highlighted in blue
in (B.57), namely:

HY = co{ > (e 4 (O + ud 9,)0") By Hy? — (bOpyp ! + HY 0,,9™) By, ug?

l1+lo=m-+1
01 L l 4 V4 ¢ 4 by L
(B.59) + ) Oy (Hug —u HE) > 09" 0y, (§ul HE — & H ug)
l14+La=m+1 l1+La+Ll3=m+2
£1,62>1 Lo, l32>1

I3 ls 77ls ls 05
Y 0o (B - HE )}
L1+l +Lz=m+1
42,0321
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and HY', H*, H}* incorporate the remaining (black) terms in (B.57):

(B.60) HY' := co{ Yo oWt (TR -G FE)+ Y ampflayg(gju?H?’;’S—ngj?ugS)},

l1+la=m+2 14l 4-L3=m+3
£2,l3>1
(B.61)
. 0 y4 14 0 Y4 14 V4 V4 4 lo £
- co{ Y (0o, )W FE-HY O, Pt Y 8,00 y, (ulf HE — H u33)},
l1+la=m+1 b1 +-la+l3=m~+2
£o,l3>1
i 4 l
(B.62) H = co{ > 0+l dy,) 00" & H — HY 9y, 099" & uj$}.
l1+lo=m~+2
lo>1

The reason why HT is denoted differently from the other terms in the decomposition of H"" is that it is
easily recognizable as part of the right hand side of (B.56). We therefore keep it separate from the other
terms.

e Step 2. Two substitutions and several simplifications. We use the boundary conditions on I'y of
the previous steps in the induction and substitute accordingly in the first line of H}* in (B.59) (the red
terms). After simplifying, this yields:

B =co{ > HPOu -0, 0+ Y uf VHS - HY V-

b1 +lo=m+1 L1+Le=m+1
1>1

Y 0" (HE G Oy —ug € 0, H)

L1 +-Lla+l3=m+2
l2,l32>1

/1 L2 l3 L2 03
+ Y 9w (HE b — i 0, H )}.
b1 4+-la+l3=m+1
£o,l3>1

Since only tangential differentiation is involved in the above green term, we can use again the boundary
conditions on I'g of the previous steps in the induction. Defining for future use:

5 Y4 l
(B.63) Y=o D (O+u)y,) 0,00 H - HY9,,0,,0" ul7 |
l1+0o=m-+1
lo>1
we get:

HT:ngco{ S W VoHE —HDV - Y (cHD i) 0,000

l1+la=m+1 l1+lo=m-+2
l1>1

) N 05 w4 L ) lo | U
+ Z Oyj({)gle‘/) B (E]/ I[,j? }I}3 — 571 HJ,Z Il,j3)

b1+l +l3=m~+2
lol3>1

(B.64) + Y Ut (H? V(G ) - V(G HP))

L1 +lo+l3=m+2
l2,03>1

+ Z Oyﬂﬁel (HZ2 . Vuﬁ3 —ulz. VH;f?’)} )

l1+-la+l3=m+1
l2,63>1
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e Step 3. Integrating by parts. We integrate by parts (with respect to #) the brown terms in the
decomposition (B.64). Let us observe that there holds ¢ 9y H. Jl — b&gu} = 0, hence we get:

HY =W +eof{ Y uf V-HR-HPV-u+ > 0,00 boul - copHP)
£y +lo=m+1 €1+$2§§n+2
22

lo L ¢ 4
+ Z ayﬂbh 0o (&5 Hbug® = &joug HjB)
L1 +lo+-l3=m+2
lo,l32>1
Y Gt (HR V(G ) —u V(g H)
L1 +lo+-l3=m+2
Lo, l32>1
l £
Y ot (vl - vEP) ]
L1+La+L3=m~+1
L2321

Since we have already solved the fast problems (H(m) —2) up to the step m, we can use in the latter
decomposition the relation:

12 lo lo—1 0 la—1 0 la—1

which yields:

m o __ rm 4y L2 41 l2 01 1ls
HY =y +e{ Y ufV-HC-HJV-ut— > 90" F
l1+0o=m-+1 l1+lo=m-+1

_.I_

+ Y 0w (g Hpul — &ul HP)
L1 +la+l3=m+2
la,3>1
Y Ot (HR V(G ) —u V(G H))

L1 +Llo+l3=m+2
l2,63>1

01 lo by Ao L3
+ D 0,01 (B - Vult —u> . VHE) |
L1+lo+-l3=m+1
l2,63>1

It is now time to incorporate the quantity HY', whose expression is given in (B.61). Adding H* with HE
cancels the orange term in the latter decomposition and we get:

HY + HY' = HY' +co { Y. uwg VoHR—HP Vw0 000 B = 0y B
l1+lo=m+1 l1+lo=m+1
by 0 by 17t by 17t by 0
+ Z Dy ph (89 (&5 Hyf up® — &ud HJ‘S) + 0y, (“f Hy — Hj? u33)>
£1+Lo+L3=m+2
l2,03>1

(B.65) + Z gt (H//z V(& /uj{:z) _ut2. V(& H}h))
b1+Llo+Eb3=m+2
l2,03>1

£ S ot (vt vap)

L1 +la+L3=m+1
Lo, l3>1
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e Step 4. Substituting in HZ* and recollecting the terms. We now substitute the quantity 7 sz2 =& Fgfi j
in H5*, whose expression is given in (B.60). For future use, we define:

(B.66) [ o= co{ 3 gt ((at+u9 d,,) (& H'?) — H? 9, (&5 u§7))}.

l1+lo=m-+2

We then obtain:

HY = HY +c0{ > 0" 0V u —cV-H?) - > 0" 0gup"> & Oy, H?
U1 +0o=m-+2 l1+lo+E€3=m+3

Y O o’ (HY O (g ) — Oy (& HIF) + O HYP — bovul)
L1 +lo4-l3=m+3

+ Z Iy, Y Ogyp™ (Hjo Oy, (&7 U?) - u Oy, (& H ) + 0y, Hze’ bay3u§3)
l1+lo+l3=m+2
(B.67) - Z at,(/)él 891/162 fj ay:sng

L1 +Hla+l3=m+2

+ Z (’)91/)@1 vV - ('57 sz u!’,:z o fj uﬁz Hﬁg)

U1+l +l3=m~+2
lo,03>1

l V4 ls L l3 £
TS 0,00 " Oy (& HY W — & HY )
l144Ly=m+3
l3,04>1

1 12 l3 L l3 L
+ E , Oy, " Bp)*™ Dy (&5 Hij gt — & HP uj4)} :
L1+ +Ly=m+2
l3,04>1

Observe the partial cancelation between the green terms in (B.65) and (B.67).
Going back to the definition (B.58) and using (B.65), (B.67), we can decompose H™ under the form:

H™ = H + H + HY + HY + H + HP
where:
o H*, HY, H* are defined respectively in (B.62), (B.63), (B.66),
e H* incorporates the pink terms in (B.65) and (B.67),
e HI" incorporates the blue terms in (B.65) and (B.67),
e HY" incorporates all other terms in (B.65) and (B.67),

which corresponds to:

HP = co{ Z ol Fl2 — Z D™ Bpp2 € By, Hes

l14+La=m+1 l14+-Lbo+El3=m+3

- Y e g oY,

l14-la+l3=m+2
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H = c { - Y 9,0 R,
l1+lo=m+1
T D A M (H]Q By, (60 ulh) — 2 By, (60 HY) + c Oy, HY* — bay3u§3)
l1+Lla+l3=m+3
Y oot ( H 0, (&5 ul3) — uf 0y (&0 H3P) + c Oy HY® — bay3u§3>
L1 +-la+l3=m~+2
b 0,00 (ae B - s HY) + oy, (uf HE - H )

b1 +-la+l3=m2
L2,l32>1

+ > 9t (H VU — " VHP)

L1 +lo+-l3=m+1
l2,l3>1

D Oy O™ By (& HP gt — & HR )

b+ +Lla=m+3
£3,04>1

+ Y 0wl g 0y, (& H ult — & HY u§4)} :

L1+ +Lag=m+2
£3,64>1

Hgt — CO{ Z (U? _ C@@’Lﬁfﬁ_l) V.- H% — (Hgl _ baewé1+1) V- u2
l1+lo=m-+1
+ D> ot (€jH52V'U53—fj“§2V'HE3)}-

1Ly +l3=m+-2
lo,l32>1

e Step 5. Substituting in H)* and using boundary conditions. Substituting the value of ng in H*,
we obtain:

H =co{ = 3 awhvoH" + 3 ouho,u o
l14+la=m+1 b1 4+-la+l3=m2
Y awtauta,Hp,
L1 +lo+l3=m+1
and we therefore get:
HY +HY = co{ > (uft — ot — 0 V- H® — (Hy' — b0pyp ) V - 2
l1+lo=m-+1

D owt (fijQV'uég—fj“§2v‘He3)}
L1 +lo+-l3=m+2

lo,l3>1
o 8, ¢’ oy, H o™ 8, v’ 9, H'
+co Tt Oy Y7 Oy, HP + ot Oy b2 Oy
l14+-la+Ll3=m+2 b +la+l3=m+1
= co{ Z 0;,,J’Lfi',’£1 (’u(jv -H" — HJQV : 7/2)
l1+lo=m+1

(B.68)

Y g hanRonHY v Y 9,00 00 ayst3}.

L1 +la+l3=m+2 L1+Llo+l3=m+1
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where we have used again the boundary conditions on I'y of the previous steps in the induction.

e Step 6. Conclusion. We now substitute Ffi ; in the expression of Hz" and get:

B —cof D 00" (O 0, ) B — HY O uf )V 1 1V i)

l1+lo=m—+1
01 lo L3 01 L2 L3
- Y gt awtonHE - S 0,00 a0, H!
Uy +lo+-l3=m+2 l1+Hlo+l3=m+1

. }

Combining with (B.68) cancels the green, blue and orange terms, and we are eventually left with:

o , ,
H" = W7+ HY + 0 eo{ Y0 0y,0% (0 +ul 0y, ) H? — HY 9,2 )}
€1+€2:m+1

Using the definitions (B.62), (B.63), (B.66) of H’f‘, H’{”, Hg” as well as the expressions (2.22b), (2.22¢) of
T, G, we obtain eventually:

H™ = (9 +u? 8,,)G3(0) — HY 9,,GT(0),

which completes the proof of Lemma B.7. 0

B.4.2 Compatibility for the divergence of the magnetic field

Let us first recall the result we aim at proving here:

Lemma B.9 (Compatibility for the divergence of the magnetic field in the slow mean problem). The
source terms in (5.33) satisfy:

(B.69) TG = 9, T3t

Proof of Lemma B.9. The verification of the compatibility condition (B.69) follows from the explicit ex-
pressions of the source terms FF ™+ and an’i and from the symmetry formulas (Corollary B.2, Corollary
B.3 and Proposition B.4 above). Let us first recall the expressions of the source terms. For simplicity, we
omit from now on the superscripts +. We keep the notation ¢ for the mean with respect to # on T. The
source terms are given as follows:

Fgl = Co { Z X[él] 391%2 fj ay:sﬂ§3 + Z X[EI] 8yj 1#@2 a1/3ﬂ§3
l1+lo+b3=m~+2 l1+Lla+l3=m+1

S ).

L1 +lo+-l3=m+1
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'z l L Y4
gﬁlj = Co { Z X[el] 591%2 (C 8?;3ﬂj3 - baya@j?’ - u? fj’ aygﬁj;’ + HJO gj’ ay's@j?)
{1+l +b3=m~+2
J4 Y4 0 0 0 l 0 Y4 0 y4
Y e, 6 (0 0, HY — HY 0yul — w0y, HY + HO0,u'h)
L1+l +L3=m+1
+ Z X[Zl] 8tw52 a%ﬂﬁzs
l14+-la+l3=m+1
> NR(HP o — Ol + Y Ve (u HR - H )

€1+€2+€3:m+1 l1+lo=m-+1
L1 02>1

bOY A o (e BY — g HY ul)

L+ +lg=m+2
l3,042>1

4 Z X[Eﬂ ayj,wfz ay3 (yf“? ﬂ§4 _ ﬂf? y§4) + X[Zﬂ wlz ay3 (ﬂ? 254 _ yﬁs ﬂ§4)} ’

O+ +ly=m+1
l3,04>1

peel S ot (ol —baad)
l1+lo+43=m~+2
b3 (@ 00 By — ) 0,0 D)
b1 +Lla+l3=m+1
Y o, (b —uhHY) + S a0, (¢ ul HY — & HYS uf)

l1+bo=m+1 b1+ +ly=m—+2
ly,02>1 l3,04>1

b Ayt B - H )}
L1+ +lg=m~+1
l3,64>1
Several terms have been highlighted in blue or red in order to explain the calculations below.
We now define the quantity:
9" = 0y, F3\, — 0 Fg",

and the goal of course is to show that 2™ vanishes under the induction assumption H(m), which will
prove (B.69). The calculation splits again in several steps.

e Step 1. Using the first symmetry formula and integration by parts. When applying a slow tangential
derivative 0y, 0y, or 0y,, we can use the first symmetry formula (Corollary B.2 above) and obtain (here
Otan corresponds to either 0y, 0y, or Oy, ):

anco{ Y Mot ) =eof X Mo s = DD X Ot 00f"

L1+lo+l3=L L1+lo+l3=L L1+lo+43=L

where integration by parts in 6 corresponds to the calculus rule:

co{(Df) g} = —co{f (Bhg)} .

The above rule for tangential differentiation is applied to deal with the terms highlighted in blue in the
above decompositions of g% ; and Fg'. This operation makes fast derivatives in 6 appear, and we then
use the fast problems solved at the previous steps of the induction:

VO=1,....,m, &dH' = F5!,
cOpH' — bOguf — ul 9p&j HY, + HY 0p€y ufy = Eg;;.
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The only subtlety here is that the mean Q,/Z)\ m+1(0) has not been defined yet. However, this is of no
consequence since the term involving 1™ *! in the integration by parts argument is:

co { " Bpu" & 0y HEL = x(ws) co {00 & Dy HY + 0] € 0,00 H )| = 0.

Here we have used the very first (homogeneous) fast problem ; 0pH Jl = 0. Hence the mean of y™*! is
not relevant here.

Let us also observe that the terms highlighted in red in 5", |, correspond to a divergence free vector field,
hence they disappear when computing 2. After collecting the terms, we get the following decomposition
for 2™

" = N+ D3+ D5,

with:

g i=c{ Y Ao 0, (FE + V- HP) + (0, 00" - a3 ) 0, HE |
L1 +lo+l3=m+1

7=l - X Kot 0,E,
l1+-Lla+l3=m+1
+ > Moy wa, (W) V- HS — H) V- u's — (9 +ul 0y, ) H + Hj 0,,u)
l1+Llo+l3=m+1
_l’_

4 V4 s £ l 4
+ > X 8,9 0,0 (& B ult — 50wy HYY)
O+ +l=m+2
l3,04>1

I Z X[él} aijb ays (V- (Q§3 ﬂ£4 _ ﬂfs 244))

L1+ +Lg=m~+1
l3,04>1

+ b

g = X 0, (eV BT 0V w0+ u0,,) & HY + HD O, )
l1+Llo+03=m~+2
+ Z X[él] 89,@[2 &Jﬁv . (fj ﬂﬁ:s Eﬁh - fj ﬂj; Qﬂi)

l1++lp=m—+2
l3,04>1

+ Z Oys X[El] 301/122 Oys (Cﬂ? - bﬂ?)
L1+l +L3=m+2

+ Z X[Zl] @Z)b Dy (HJO 8ng§3 — (B + U? 3, )ﬂgs)
l14+-bo+l3=m+1

+ > 0o 0, (g ult HE — & HIP )

L+ +lg=m+2
03,6421

Y 0,0, (P e —uf HY) )

L1+ F+Lg=m+1
L3421
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e Step 2. Using the second symmetry formula to simplify #]"*. We recall the expression of F' g:

Vi = 17"'7m7 Eg = _vﬂg—i_ Z X[h] a@¢£2 fjayzﬂgs
L1 +lo+Ll3=0+1

D S TN SR C e
L1+Lbo+l3=1 l14Lo+l3=1

which we use in the above expression for Z{" together with the second symmetry formula (or rather its
consequence):

Z 3y3X[f1] o’ — o, (X[h] wb) — Z (X[h] ay3X[f2] — 4] ay3>'<[€2]) WP ot
L1+Lba=L Ly4-A-La=L
This simplifies the expression of Z{" and we get eventually:

9" = co { Z X[él] (991’%2 Oy, (X[EB] 0“/)&1 & 093ﬂ§)>
b1+-+ls=m~+2

(B.70) + Z X[M Oy, W' Dys (X[M Oy 8y:sﬂ§5>
l1++ls5=m-+1

+ Z X[fll wb By (X[fsl atw&; 8y3ﬁ§3)} '
Oyt ls=m+1

e Step 3. Using the second symmetry formula to simplify Z35". We recall the expression of Eg nE

Ve=1,...,m, —F4; = (0 +u0,,)H; — Hy 9, uf —u)V-H + H) V- u'

l l l l
+ > ot (b0l — o, HY — HY &5 0,,u's +ul & 0, H'?)
L1 +Llo+l3=0+1

) £ L £ £
+ > xMoy, wt (H) 0,uf — b 0, H — HY) 9,,u + 1S 0,,H'S)

b1+l +l3=1
_ [61] 123 L3 -[1] b2 (,,0 l3 170 l3
Z X O™ Oy, H P + Z X (Uj Oy Hy' — H; 3y3g3)
Li+lo+l3=0 L1+lo+Ll3=L
ol gl o prly, lo . L le 01 prle
+ Z 80(£j/ﬂj/ ﬂj é-]/ﬂj/ U, ) + Z \Y (ﬂj U U, H )
O +l0o=0+1 l1+0o=¢
l1,02>1 l1,02>1

> X oy (g Bl - g HYY)

L+ +ly=L0+1
£3,04>1

+ > X, v o, (B ul —uly YY)

ly4- Ly =L
l3,04>1

- [¢ 1 14 L l3 /L
+ Z X[ 1] w 2 ayg (uf ﬂ34 _ Ejs g34) ,
bi4HLy=L
l3,042>1
which we use in the above expression for 25" (the blue terms in F§ +; cancel with the black terms in
23" and the red terms in F g +; cancel when computing Yl F% ), together with the second symmetry

L34
formula (for the terms highlighted in orange in that expression). After some computations, we end up
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with the final expression:

75" = CO{ Yoo oo, <><[€3] Dy, 0" Dy <b w — c H;? — Hj §ruff +uj & ﬂ?))
O1o s =mA2
+ Z X[M Dp" Oys (X[ES] Oy U Oys (gj/ ﬁ?’) ij — & Qj/) Hj6>)
l1++lg=m—+2

/5,061

(B.71) - Z X oy, 0% 0y, (X[M o aysﬂ?s)
l1++ls=m—+1 '
3 (0,0t 0 (o 5 1))
L1+ Hls=m+1
4 Z X[éﬂ 1//2 By (X[f:s] 8yj ,(//4 By (Qﬁs ﬂgcs _ ﬁ? Qg6)> } .

L1+-F+Lle=m+2
l5,86>1

e Step 4. Recollecting the terms and integrating by parts again. Let us first observe that the green
terms in 21" and 25" cancel. We now recollect the terms in Z1", 75", 25" in order to benefit from future

cancellations. We rewrite 9™ as:

I = D+ T,

where 7] gathers all the black terms in 21", 25", 25", and 25" gathers all magenta terms, namely:

.@F = ¢ { Z aysX[m 391#& ayza (Cﬂgg - bg?)

by 4-Lo+l3=m+2

Y 0, (H) 0,05 — (0 +u) 0, HE)
L1+l +L3=m+1

N Z Byl g, (X[es} By, V" Oy, (u) HY — HY g§5)>
O+ ls=m+1

n Z X[Zl} ¢Z2 8y3 (X[fg} at¢f4 8y3ﬁ§3)
Ol =mt 1

+ Z Xl ytz Oy Oy, (ﬂﬁs @ff - @fs E?)

L1+ +lg=m+1
03,6421

N Z X[Zﬂ 1/}52 Dy, (X[KS} Oy, 1/)&1 Oy, (Hgs ﬂgﬁ - ﬂ? gf;f))

i+ +le=m+2
£5,l6>1

14 L l3 L
+ Z 8?13 le] 691/}62 ay3 ({7 @j?) E34 - fj ﬂjg E34) } ’
b1+ A Ly=m+2
l3.04>1

143



g i=cf Y a0y, (VY — bV uf — (@4 9y,) € HY + HY 0, €5
l14+-la+l3=m+2
S (0 (e ey 1))
L1+ +ls=m+2
+ Z X[fl] 8@1#[2 Bys( [£3] aﬂb&; & a Hfs)
1+t lo—mt2
Y a0, (Ve (G ul HY - g B o))

L1+-+Ly=m+2
£3,042>1

b0 ooy (M0, 0y (& i — gy 1Y) )
L1+ +le=m+2
l5,86>1

We need to further simplify ;" and for this, we use the second symmetry formula on the blue terms
in the above expression of Z;:

Yo X age = Y 0w+ Y (o = X 9, ) w dput.

l1+02=C 014+La=¢ O1+4-+Lly=C

For the terms arising with the factor dy ()'([51] w&), we integrate by parts with respect to 6. Using the fast
equation cﬁgﬂg — b@ggg = —Eé_l, {=1,...,m, we get:

g =co{ Y AR~ F§ + H 0, — (0, +u) 0, HE)
L1 +lo4-l3=m+1
+ Z X[Zﬂ @Z)b By (X[&] ((at + U? ayj)ﬂ)& aygﬂgs _ H]O aij&; ay3@§5))
L1+ +ls=m+1
+ Y AR 0,,0y(¢ HP ug — & u HY)

L1+ +lg=m+2
£3,84>1

+ Z [41 1//2 By Dy, (Hés ubt — ulg H€4)

O+ +Hly=m+1
l3,642>1

n Z X[él] wég 8?;3 (X[f3] ayj d)&x 8?;3 (@55 ﬂga _ Eﬁz’; g§6))

L1+ +le=m+2
l5,l6>1

+ Z (%XW X[M _ X[Zl] 3@/3)'([@2}) w% 891%4 By (cﬂ§5 _ bgﬁ;”)
L1+ +ls=m+2
Y @I 0, 1) s a0, (¢ HE - € HY ut) |

L1+ +lg=m+2
l5,6>1

—oof{ X Ao, (X o oy, (bufh - cﬂfif))
14+ 4ls=m+2
b3 AR, (0w 0, (6 Y - 6 ) )

L1+ +Hlg=m+2
l5,86>1

+ Z (aygx[fﬂ X[@] _ X[fl] aygx[fz]) w&a 691//4 By (cﬂ§5 _ bg§5)
O+ ls=m+2
D @RI =l 0, ) e gt 0y, (& HE — & HY uf) |

L1+ +lg=m+2
l5,l62>1
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where we have used the expression of F f)-. We thus end up with the expression:

gin = ¢ { Z X[h] 8077/)£2 ay3 (X[Es] w&; 6y3 (bu:l;f) _ Cﬂég’))
L1+ +ls=m+2
+ Z X[Zl] ampfz ay3 <>‘<[Z3] 11/4 ay3 (51 ﬁgs ggﬁ _ gj ygs ﬂgﬁ)>} .

b+ +Lle=m+2
l5,862>1

e Step 5. Conclusion. Collecting the latter expression of Z;" with the definition of 2", we get (after
a few more lines of simplifications...):

gm =l S oo, (g, - EE) ).
L1 +la4-l3=m+2

We are now going to prove that the functions ; F" g 4 —TE g, £ =1,...,m vanish, which will complete
the proof of Lemma B.9. For ¢ = m, we use Lemma 5.2, pass to the limit |Y3| = 400, and get:

Bp(&; Fiy; —TFg) = 0.
This means that we have:
~m ~m
fjfgitj —TF =& E3+j(0) —-7Fg(0) =0,

where the final equality comes from the induction assumption (H(m)—5). For £ = 1,...,m — 1, the
argument is similar. We have already solved the fast problems (H(m) — 2). Hence, by Theorem 3.1, there
holds:
¢ i e Bt g
8Y3F6—§7‘89F3+j = T89F8, E3+j(0) = EB(O) = O

By using the same argument as above, we get §; Egﬂ- — Tﬂg = 0. We have thus proved 2™ = 0 and the
proof of Lemma B.9 is complete. 0
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