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Geometric optics expansions for quarter-space
boundary value problems III: glancing modes and
multiple self-interaction *)

ANTOINE BENOIT (D

ABSTRACT. — This article aims to continue the study of geometric optics expan-
sions for hyperbolic boundary value problems in the quarter-space initiated in [2].
The motivations are linked to the range of effective applicability of the theorem
establishing the existence of the geometric optics expansions. Compared to [2], we
ameliorate the range of applicability by adding two distinct features. The first one
is that now we can consider glancing modes in the expansions by using the results
of [17]. The second one, which is proper to quarter-space problems, is that we can
now consider rather “complicated” self-interaction phenomena. It is a first step in
the study of geometric optics expansions in bounded domains. A direct consequence
of the first point of amelioration is that no condition on glancing modes is required
to intialize the construction of the geometric optics expansion. It seems to indicate
that the expected condition characterizing the strong well-posedness of corner prob-
lems, established in [14], can be relaxed to the hyperbolic component of the stable
subspace only.

RESUME. — Cet article vise & poursuivre I’étude des développements d’optique
géométrique pour les problémes aux limites hyperboliques posés dans un quart d’es-
pace, étude initiée dans [2]. Les motivations sont ici liées au domaine d’applicabilité
effective du théoréme établissant ’existence de tels développements. Comparé a [2],
nous avons amélioré le domaine d’applicabilité de deux fagons distinctes. D’abord,
nous pouvons maintenant considérer dans les développements des modes rasants
en adaptant les résultats de [17]. Ensuite, ceci est propre a la géométrie du quart
d’espace, nous pouvons maintenant considérer des phénoménes d’auto-interaction
assez « complexes ». Ceci constitue une premiere étape nécessaire dans la construc-
tion de développements d’optique géométrique dans des géométries bornées. Une
conséquence directe de notre nouvelle contribution est que, pour son initialisation,
la résolution de la cascade d’équations ne nécessite pas de condition sur les modes ra-
sants. Ceci semble indiquer que la condition que ’on croit caractériser les problemes
fortement bien-posés de [14] pourrait étre relaxée sur les modes hyperboliques seule-
ment.
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Antoine Benoit

1. Introduction

In this article we revisit the results of [2] about geometric optics expan-
sions for hyperbolic boundary value problems in the quarter-space. The prob-
lems considered in this article read under the form

L(0)u® := Opu® + A101u° 4+ A0u® =0
for (t,z) e Rx R3 :=Q

Biuf, _o=9° for (t,2z2) € R x Ry := 08y, (1.1)
B2“|812:0 =0 for (t,z1) € R x Ry := 99y,
uppgo =0 for x € Ri =T,

where the interior coefficient matrices Ay, Ay € My« n(R), for some fixed
N > 1, and where the boundary matrix By (resp. Bs) lies in M, xn(R)
(resp. My, x~n(R)). It encodes the good number of boundary conditions.
These numbers are made precise in Assumption 2.2.

In the problem (1.1) the real 0 < € < 1 stands for a parameter describing
the typical wavelength of the boundary term ¢¢. Constructing a geometric
optics expansion aims to give an approximate solution to (1.1) in the high
frequencies limit, that is to say € | 0. Moreover if the approximate solution
is sufficiently good then one can expect to show some qualitative phenomena
on it, phenomena that should also be satisfied by the exact solution u°.

Before to describe precisely the extensions of the present article compared
to [2], let us recall briefly the interesting points encountered in the analysis

of [2].

However, let us first point that even if the study of hyperbolic boundary
value problems is a rather old question starting from [14] for the strong well-
posedness question and [15] about formal geometric optics expansions, then
such problems remain widely open in spite of the recent works of [1, 6, §]
or [4]. Indeed at present time the full characterization of well-posed boun-
dary value problems in the quarter-space is not achieved yet. Such a well-
posedness result is only known to hold for the (particular) class of symmetric
problems with (strictly) dissipative boundary conditions (see [4] or [6]).

However having a good idea of the behavior of the (expected to be)
approximate solutions given by geometric optics expansions may help in the
establishment of such a characterization.

The result of [2] gives geometric optics expansions for (1.1) justifying the
seminal work of [15]. Moreover this article highlights some new behaviors
of the problem compared to the most classical geometry of the half-space.
A new phenomenon of interest is the so-called self-interaction of the phases.
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Geometric optics expansions for quarter-space boundary value problems 11T

More precisely, for quarter-space problems a phase can be regenerated by
iterative reflections against the two sides of the quarter-space. That is to
say that we can find at least four phases ¢1, @2, @3 and @4 such that ¢
generates o, w9 generates @s, 3 generates ¢4 and finally that ¢4 generates
the first phase ¢;.

The existence of such phases for quarter-space problems is linked with
the geometry of the characteristic variety of the problem (1.1) (we refer to
Subsection 3.1 for more details). They may seem to be rather anecdotal in
the quarter-space (in the sense that except for constructed toy models, the
existence of such phases is not so clear). But as pointed in [3], these phases are
in fact generic in the strip geometry where any phase is a self-interacting one.
In fact self-interacting phases seem to be generic for problem whose boun-
dary involve several components. In the future we aim to construct geometric
optics expansions for problems defined in some (bounded) set whose boun-
dary contains several components. As a consequence, understanding precisely
the influence of self-interacting phases for the quarter-space toy model is a
good starting point.

Self-interacting phases have a real impact on geometric optics expansions.
The existence of such phases complicates a little the construction of the
geometric optics expansions. Indeed solving the geometric optics cascade
of equations amounts to solve an upper triangular system of equations. In
particular, we have to find an equation that can be solved before all the
others in order to initialize the whole resolution of the cascade.

Clearly when self-interacting phases come into play, then it is not so
clear that we can start by solving the equation for ¢; (the first generated
phase), then solve ¢o and so on. Indeed, the phase ¢ depends on itself via
its descendants.

However, in [2] it is shown that in order to determine the amplitude uq,
associated to the phase ¢ it is sufficient to solve some equation reading
under the form
where T is some (explicit) linear operator and where § depends (explicitly)
on the boundary source g°.

It is quite interesting to point that in his work aiming to characterize
strong well-posedness for quarter-space hyperbolic boundary value problems,
Osher (see [14]) exhibits a condition reading under the form

(I - T)u\am:O = F(g),

where T and F stand for explicit (but complicated) kind of Fourier integral
operators.
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Such a phenomenon already occurs in the classical geometry of the half-
space where the condition characterizing the strong well-posedness of the
problem, namely the uniform Kreiss—Lopatinskii condition of [9], also ap-
pears at a microlocalized level when one wants to construct the associated
geometric optics expansion. As a consequence, we have good reasons to
believe that the condition on the operator T in [2] is a microlocalized ver-
sion of the corner condition involving T in [14]. So, the better we understand
the simplest microlocalized version, the better we will understand the cor-
ner condition of [14] from which we can hope to characterize the strong
well-posedness of hyperbolic boundary value problems in the quarter-space.

The first extension of the present article compared to [2] is directly linked
to this question. Indeed in [2] the geometric optics expansion is constructed
under the assumption that in the phase generation process, glancing phases
never appear. Without enter into technical details (we refer to [2] for a more
precise definition), let us indicate that we have to consider in the expansions
three kinds of phases, the elliptic ones associated to some boundary layers,
the hyperbolic ones associated to transport phenomena and the glancing
ones associated to some tangential (along one of the sides of the boundary)
transport phenomena.

The self-interaction operator T of [2] involves hyperbolic modes and not
elliptic modes. Because they are excluded from the assumptions it can, of
course, not include glancing mode(s).

In this work we add glancing modes in the geometric optics expansions
of (1.1) and we show in particular that the operator T used to initialize
the resolution of the geometric optics expansion cascade do not involve the
glancing modes. This phenomenon has already been encounter in the strip
geometry [3].

In the author’s opinion this fact is a good argument in the direction that
the corner condition of [14], if we believe that it is a condition preventing
an exponential growth of the solution with respect to time due to iterative
reflections against the sides of the domain, may possibly be weakened on
some functional space only involving the hyperbolic modes. This is however
behind of the scope of the present article and it is left for future studies.

Moreover, it is rather fair to say that in [2] the assumption ensuring that
glancing modes never appear is a very restrictive assumption which is really
difficult to check effectively. Indeed compared to the half-space geometry, the
phase generation process for quarter-space problems is much more elaborate.
We refer to Section 3 or to [2] for a precise exposition. But, because all the
possible iterative reflections against the two sides of the quarter-space of
the phase initially included in g° have to be considered, then it is clear that
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starting from a non glancing phase is not sufficient to prevent the appearance
of such glancing modes at some iteration. We refer to Section 8 for a precise
example.

So that by including glancing modes, the result of the present article is
much more applicable than the one of [2].

The other extensions compared to [2] are linked to the nature of self-
interaction that is allowed to appear in the phase generation process. Indeed
in [2], we only consider the simplest possible self-interaction phenomenon:
a single self-interaction phenomenon which only involves four elements ¢,
P2, p3 and @4.

Here we extend the expansions to problems which can admit several self-
interaction phenomena with more than four elements.

As pointed before, because self-interacting phases are rather anecdotal(®)
for quarter-space problems this extension may sound a little artificial and
cosmetic. However we believe that it is not. Indeed, if one wants to con-
struct geometric optics expansions in more complex (bounded) geometries
than the quarter-space or the strip, then because the self-interaction phe-
nomenon becomes generic then he/she needs to consider such complicated
self-interaction phenomena. A good understanding of the problem in the toy-
model of the quarter-space can be seen as a first step to consider such more
complicated (and possibly more physically relevant) problems.

The paper is organized as follows. In Section 2 we give some notation,
recall some classical definitions for geometric optics expansions and state
the main result of the article, namely the construction of geometric optics
expansions for quarter-space problems with glancing modes and “elaborate”
self-interaction phenomena.

In Section 3, we describe precisely the phase generation process and then
collect all the expected phases in the geometric optics expansion. In Section 4
we study the obtained set of phases and we show that we can define on this
set some kind of partial order relation even if we have several self-interaction
phenomena. This relation is then used in Sections 5 and 6 as a natural order
of resolution of the geometric optics cascade of equations. We first apply
this (partial) order of resolution in the simplest framework where we have
uniqueness of the self-interaction phenomenon in Section 5. Then we reach
the whole generality of our main result, that is to say that we allow several
self-interaction phenomena in Section 6, by using Section 5.

(1) We here mean that it is always possible to construct problems for which such
self-interaction phenomena occur (see Section 8). But that they are toy-models and that
we have reasons to believe that for a given hyperbolic operator L(9) such phenomenon
“generically” do not appear.

— 417 —



Antoine Benoit

Section 7 gives some extra materials linked to the justification of the
expansion. The first one deals with finite time problems and the consequences
on the number of phases in the expansion. The second one is a justification
of the expansion if we have a good enough well-posedness theory for the
quarter-space problem (1.1).

At last Section 8 gives some toy-models exhibiting the complicate self-
interaction phenomena considered above and insists on the possible appear-
ance of glancing modes at any step of the phase generation process.

Acknowledgements

The author would like to thank the anonymous referee for its careful
reading of the manuscript and its useful suggestions.

2. Notation, definitions and main result

Let us first introduce some generic notations used throughout the text:

e For a,b € Z we define [a,b] := [a,b] N Z.

e The notation 4. stands for Kronecker symbol.

e For some set A, the notation # A stands for the cardinal of A.

e For z € C we write z := Rz + iz, where £z,32z € R denote
respectively the real and the imaginary parts of z.

2.1. Definitions and Assumptions

This paragraph recalls some standard definitions which are commonly
used in geometric optics expansions and lists the main assumptions used in
this article.

2.1.1. About the hyperbolic operator

As in [2] in the following we will consider strictly hyperbolic operators(?)
in the following sense:

(2) The following construction can also probably operates with not a lot of modifica-
tions for constantly hyperbolic operators but we choose the strictly hyperbolic ones for
simplicity.
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ASSUMPTION 2.1 (Strictly hyperbolic operator). — The operator L(09)
is strictly hyperbolic. That is to say that there exist N real-valued functions
A1, ..., AN analytic on R? \ {0} such that

N
v &es!, det.Z(r,8) = [[(r+A(9),
j=1

where £L(7,€) =71 + Z?Zl &jA; stands for the symbol of L(0) and where
the eigenvalues A; satisfy A1(§) < A2(§) < -+ - < An(§).

We also assume, for simplicity, that the two sides of the boundary, 02y
and 9 are non characteristic. That is to say, we assume the following:

AssuMPTION 2.2 (Non characteristics boundary). — The matrices Ay
and As are non singular meaning that det Ay, det Ay # 0. We also assume
that p1 (resp. pa), the number of lines of By (resp. Bz), equals the number
of positive eigenvalues of Ay (resp. Az).

With Assumptions 2.1 and 2.2 in hand we can perform some frequency
analysis of the hyperbolic boundary value problem (1.1). In order to do so,
we first introduce the frequency space

E:={¢:=(o:=7+irn) € CxR,y >0} \{(0,0)},

and its boundary Zy := 2N {y = 0}.

We will consider the classical half-space problems associated to (1.1)
namely

LOu=0 for (t,z1,22) € Rx R x Ry,
Boujgy—o = g2 for (t,z1) € R?,
up<o=0 for (z1,22) € R xRy,
and (2.1)
LOu=0 for (t,z1,22) ER xRy xR,
Biujz,—o = g1 for (t,z2) € R?,
up<o =0 for (z1,22) € Ry xR.

We perform a Laplace transform ¢ «~ ¢ and a Fourier transform with
respect to the tangential space variable in (2.1), 1 e~ 1 or xg «~ 1. It leads
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us to consider the ordinary differential equations

{ d 5= ah(C)a for zp >0,

dl‘g
Boti|y,—0 = 92,

and (2.2)

d‘ilﬂ = (()u for x; >0,
Bz, =0 = g1,

where the so-called resolvent matrices < and <7 are defined by
2 (C) := —AT (oI +inAy) and (C) := —Ay (o] +inA;). (2.3)

The behavior of the spectrum of the resolvent matrix has a major impact
on the solution to (2.2). As long as the Laplace variable ¢ admits a non
vanishing real part, then the following lemma due to Hersh ensures that the
elements in the spectrum of the resolvent matrix are signed. More precisely

LEMMA 2.3 (Hersh [7]). — Under Assumptions 2.1 and 2.2, for j = 1,2
and { € E\Eo, the resolvent matriz <7;(() does not have any purely imaginary
eigenvalue. We denote by E3(C) (resp. EY(()) the stable (resp. unstable)
subspace that is the eigenspace associated to eigenvalues with strictly negative
(resp. positive) real part. Then we have dimE3(¢) = p; and dim E}(() =
N —pj, in such a way that

CY =E3(Q) @ EY((). (2.4)

In order to define precisely the different kinds of phases that we will
have to consider to construct the geometric optics expansion of (1.1), we
recall the following theorem which refines Lemma 2.3. This result known as
the block structure lemma has first been demonstrated in the seminal work
of Kreiss [9] for strictly hyperbolic systems. It has then been extended by
Métivier in [12] to constantly hyperbolic systems.

THEOREM 2.4 (Block structure [9, 12]). — Under Assumptions 2.1 and
2.2, for all { € Z, there exists a neighbourhood ¥ of  in =, strictly positive
integers L, and Lo, two partitions N = pi,1 + p1,2 4ot M,L, = M2,1 +
pa2+ -+ po p, and two invertible matrices Ty and 15, regular on ¥, such
that for all € V', we have:

T Q) A (OT(C) = diag(e1(C), H2(C)s -y 1, (C
Ty 1 (Q) () To(C) = diag(o,1(C), H.2(C), -, o, 1,(C

where for j = 1,2, and 1 € [1, L], the block 7;;(C) € My, ,xy,,(C) satisfies
one of the following alternatives:

)
))

)

(1) all the elements in the spectrum of ; () have negative real part.
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(2) All the elements in the spectrum of <7;;(C) have positive real part.

(3) We have pjy = 1, @;,(¢) € iR, 0,.97,(¢) € R\ {0} and finally
;1(C) € iR, for all { € ¥ N Ep.

(4) We have p;; > 1 and there exists some kj;; € iR, such that

ki i 0
%I(Q = e 7 |
0 kia

where the coefficient in the lower left corner of 0.27;,;(¢) € R\ {0}.
Moreover, for all { € ¥ NEq, we have @;1(¢) € My, xu,,(iR).

Thanks to this theorem we can define precisely the four kinds of frequen-
cies that we will consider in the following.

DEFINITION 2.5. — For j = 1,2, the boundary Z¢ decomposes into
=0 = Ej UEHj UHj UG]‘,
where we introduced

(1) E;, the set of elliptic frequencies, that is to say the set of boundary
frequencies ( € Zy, such that Theorem 2.4 for the matriv <Z; is
satisfied with blocks of type (1) and (2) only.

(2) EHj, the set of mized frequencies, that is to say the set of boundary
frequencies ( € Eg, such that Theorem 2.4 for the matriz </; is
satisfied with blocks of type (1), (2), and at least one block of type (3).
But zero block of type (4).

(3) Hj;, the set of hyperbolic frequencies, that is to say the set of bound-
ary frequencies ( € Zg, such that Theorem 2.4 for the matriz <7} is
satisfied with blocks of type (3) only.

(4) G, the set of glancing frequencies, that is to say the set of boundary
frequencies ( € Eg, such that Theorem 2.4 for the matriz o/; is
satisfied with at least one block of type (4).

The study made for instance in [9] shows that the stable subspaces E$(()
and E$(¢) which are well-defined for ¢ € Z\ = because of Lemma 2.3, can be
extended by continuity (without any change of notation for the extension)
up to the boundary Zg. In the following we need to describe with enough
precision these extended stable subspaces E35(¢) and E§(().

We start by the simplest case where ¢ € Zg \ (G1 UGy). In such a frame-
work, the decomposition (2.4) still holds in the limit v | 0 and we have

CN = E;(Q) @ E{(¢) = E5(¢) @ E5(0). (2.5)
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Moreover, if j=1,2, we can decompose
E$(Q) = Ej°(Q ® E"(Q) and EY(Q) := E“(Q @ E"(Q),  (26)

where E3(¢) (resp. E*“(¢)) is the generalized eigenspace associated to gen-
eralized eigenvalues of /;(¢) with negative (resp. positive) real part; and

where E;h(g ) and E?’h (¢) are sums of eigenspaces associated to purely imag-

inary eigenvalues of .7;(().

We will give a more precise description of the hyperbolic subspaces namely
Ejh(g) and E;‘h(g) Let iw,,, ; be a purely imaginary eigenvalue of .<7;({) so
that we have det(z/ +nA; + wp 2A2) = det(7] 4wy, 1 A1 +1nA2) = 0. From
the hyperbolicity Assumption 2.1, one can find an index k,, ; € [1, N], such
that we have

T4 Mo (0 Wm2) = T4 Ay (W1, 1)

Because the eigenvalues A.. are assumed to be regular we introduce

DEFINITION 2.6 (Group velocities). — We define:

o The set of incoming (resp. outgoing) phases for the side 091,
denoted by Jy (resp. 1), is the set of indices m such that the group
velocity Vi, := VA, (Wm,1,1) satisfies Vi1 =01k, , (Wimn,1,1) >0
(resp. Vin,1 = Ok,  (Win1,7 n) <0).

o The set of incoming (resp. outgoing) phases for the side 0Qa, de-
noted by Jo (resp. D2 ), is the set of indices m such that the group ve-
locity Vi, = Vg, ,(0,Win,2) satisfies Vi o = 02Xk, (1, Wm,2) > 0
(resp_ Vm,2 = aQAkm,,z(ﬂa wm,2) < 0)

o The set of glancing modes for the side 9 (resp. 0§22), denoted by
&1 (resp. &3), is the set of indices m such that the group velocity
Vi, Satisfies Vi,1 =0 (resp. v, 0 =0).

We can now describe more precisely the hyperbolic subspaces. The fol-
lowing decompositions hold:

PROPOSITION 2.7. — Let j = 1,2, then for all { € H; UEH;, we have
the decompositions

ESh @ ker Z(7,wm,1,1),
h meEJq (27)
EO) = @ ker Z(r,wm1.m),
meE Oy
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E;h(g) = @ ker$(17ﬂa w7n,2)7

m € Jo
E;h(g) = @ ker Z(7,1, wm,2),
me Do
where we recall that Z(-) stands for the symbol of L(0).

(2.8)

Because we are working in a quarter-space we have to refine a little the
above definition

DEFINITION 2.8 (Kinds of hyperbolic phases). — Let v := (v1,va) € R?
be a placeholder for the group velocity of some index. We say that the group
velocity v (and by extension that the index) is

outgoing-outgoing if vi, vy < 0.

outgoing-incoming if vi < 0 and vy > 0.
incoming-outgoing if vi > 0 and vo < 0.
incoming-incoming if vi,vq > 0.

glancing for the side 091 if vi = 0, independently of vs.
glancing for the side 0Qs if vo = 0, independently of vi.

We now consider the case where the frequency ¢ € Gy, for j = 1,2. In
such a situation because we have E%(¢) N E¥(¢) # {0}, then the decomposi-
tion (2.5) does not hold any more. We thus give the description

Ej(Q) =B (O @ Bf*(Q) @ Bf*()
and - BJ(Q) =B} (Q) @ Bj“(Q) 9 B} (Q),
where E]h(g) and E;°(¢) are as above and where E37(¢) and E*?(() are

(2.9)

sums of eigenspaces associated to the Jordan block(s) of <7;(¢). Thus they
satisfy EJ7(¢) N E;?(¢) # {0}. As for hyperbolic modes the glancing sub-
spaces EJ7(¢) and E}*7(() can be described in terms of the group velocities

and of the kernel of the symbol of L(9). We have
E(Q) = D kerZ(z,wma,m)

me &y

and E;’g(g) = @ ker £ (7,1, wm,2)-

me Gy

(2.10)

In this article we will use the same assumption as in [17] about the size of
the glancing modes. Indeed for glancing modes of size more than two, then
the construction of the geometric optics expansions for half-space problems
is a rather open question. It is possibly a rather complicate question because
n [17], Williams gives examples of systems with glancing modes of order
more than two which behave badly (at least for the L>°-norm).
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So that we assume in the following that the glancing modes are all of size
two. More precisely, we assume

ASSUMPTION 2.9 (Size of glancing modes). — Let j = 1,2, and consider
¢ € Gy, then any block of type (4) in Theorem 2.4 is of size two.

With this assumption in hand, we have that the subspaces E79(¢ )
E"(¢) and E?(¢) = E3?(() are one dimensional eigenspaces of 42%1( ) an
/() respectively.

In such a framework, using Proposition 2.7, we can precise the decompo-
sition (2.9) as

PROPOSITION 2.10. — Let j = 1,2 and ¢ € G; then we have the decom-
positz’ons

Ei(¢ @ ker Z(7,wm,1,1 @ ker Z(7,wm,1,1) ® ET°((),
meJ; mEQﬁl

EY(¢ @ ker Z(7,wim,1,n EB ker £ (7, wm 1, )@Eue(C)
me O me &y

E5(¢C @ ker Z(7,1, wm,2) @ ker Z(7,1,wm,2) ® E3((),
m e Ja m e Gy

E5 (¢ @ ker Z(7,1,wm,2) @ ker (7,1, wm,2) ® E3°(().
me Dy me &y

2.1.2. About the boundary conditions

Hereinafter we assume that each side of the boundary 02 = 97 U 0§29
satisfies the condition ensuring the strong well-posedness of each half-space
problems in (2.1). That is to say that the two boundary conditions B; and
By satisfy the so-called uniform Kreiss-Lopatinskii condition of [9].

The results of [14] indicate that choosing such boundary conditions is a
necessary (but not sufficient) condition for the strong well-posedness of the
quarter-space problem (1.1). We refer to Section 7 for more details about
strongly well-posed boundary value problems in the quarter-space.

ASSUMPTION 2.11 (Uniform Kreiss—Lopatinskii condition). — For all
¢ € 2, we assume that
ker By N Ej(¢) = ker Bo N E3(¢) = {0}.
In particular, the restriction of the boundary matriz By (resp. Bs2) to the
(extended) stable subspace E$(C) (resp. E5(C)) is invertible. Its inverse being

denoted by ¢1(¢) = BllEg(O (resp. $2(C) = B;\::;(c))'
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2.2. Main result

The main results of the article are stated below, see Theorem 2.12 and
Corollary 2.13. They extend the results of [2] to geometric optics expansions
with glancing modes and with possibly several self-interaction phenomena.
The precise requirements that are made on the geometry of the characteris-
tic variety of £ for these results to hold are precisely described in Subsec-
tions 4.2 and 4.3.

Clearly, because the structure described in Subsection 4.1 (uniqueness of
the self-interaction loop) is a particular structure of the one of Subsection 4.2
(multiple self-interaction loops), then Corollary 2.13 is a direct consequence
of Theorem 2.12.

However, because the proof of Theorem 2.12 establishing the result for
multiple self-interaction loops uses in a non trivial way the proof for a unique
self-interaction loop that is the proof of Corollary 2.13 (see Section 5), we
choose to state both of the results. Corollary 2.13 being demonstrated in
Section 5, Theorem 2.12 being demonstrated in Section 6, after the suitable
modifications of the proof exposed in Section 5.

To state precisely our main result we first need to introduce the following
set of profiles. First we define

HPR xRy) = {fue H*(RxRy)\Vn €N, (Oyu)jy=0 = 0},

the set of flat functions at the corner. Then we introduce the following set
for hyperbolic profiles

HZ(Q) = {u e H®(Q) \ Uz, —0, Uja,—0 € H¥(R x Ry)}.

For glancing and elliptic modes, because they are linked to boundary
layers we define the set of profiles P as the set of functions u, = u(t, xs_p, Y})
with fast decay with respect to the fast variable Y,,. We refer to Definition 5.1
for a more precise statement.

THEOREM 2.12. — Under Assumptions 2.1, 2.2, 2.9 and 2.11 on the
problem (1.1).

o If the frequencies set, F, associated to (1.1) is complete for the
reflections and satisfies the structure Assumption 4.10. Finally, if
we have the invertibility Assumption 6.2, then for alln € N, the geo-
metric optics expansion cascade of equations (5.2), (5.7) and (5.8)
admits solutions in a suitable space of profiles.

o If #F < oo, the ansatz (5.1) makes sense (as a finite sum). In
particular, it can be truncated at the order n = Ny to define ug,, y,
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(see (7.2)). If moreover the problem (1.1) is strongly well-posed in

L? then Uz, N, 08 an approzimate solution to (1.1) in the sense that
No+1
¥ No €N, [[uf —ugpy w, [l o) SCVE"T,

where we stress that C > 0 does not depend on €.

Under the stronger structure Assumption 4.8, we have as a direct conse-
quence of Theorem 2.12

COROLLARY 2.13. — Under Assumptions 2.1, 2.2, 2.9 and 2.11 on the
problem (1.1). If the frequencies set, F#, associated to (1.1) is complete for
the reflections and satisfies the structure Assumption 4.8 and if we have
the invertibility Assumption 5.14, then for all n € N, the geometric optics
expansion cascade of equations (5.2), (5.7) and (5.8) admits solutions in a
suitable space of profiles.

3. The phase generation process

In this paragraph we recall for a sake of completeness the main ideas
in the phase generation process for geometric optics expansion in a quarter-
space. More precisely, we will use the analysis of [2] to describe the generation
of phases coming from the reflection of an incoming/outgoing or, an outgo-
ing/incoming phase by repeated reflections against the sides of the boundary.
This is the subject of Subsection 3.1.

However, compared to [2], we also have to include the possible reflections
of glancing modes. In order to do so, we will use the first order approximation
of [16] to justify that glancing modes do not create any new phases in the
process. This is not clear at first glance because we know from [16, 17]
that glancing modes create boundary layer localized along the side of the
boundary for which they are glancing modes.

More precisely, if we have a glancing mode for the side 9€1, then we have
to consider in the expansion a term reading x(z1//€)g(t, 22) where x has
fast decay and where g depends explicitly on the source g. As a consequence,
if we consider the contribution of this term on the side 025 we have two cases
to separate:

e On the one hand, because of the fast decay of y, the boundary
term xg(¢,0) can not contribute on the side 9Qs when {z; > C\/e}.
Indeed it is O(y/€™).
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e But on the other hand, near the corner that is to say for {z; < C/e},
then the boundary term xg(t,0) is a priori O(1). We can not ex-
clude at first glance that it gives a non trivial contribution in the
boundary on 0. We will however justify that, using the flatness
assumption on the boundary datum g, this contribution is zero.

A precise discussion is made in Subsection 3.2.

3.1. The phase generation process of [2]
3.1.1. The phase generation process for hyperbolic phases

To describe the phase generation process we start from the boundary
value problem (1.1) in which we fix for oscillating boundary source a term
g° reading under the form

9" (t, z2) := eéw(t’“)g(t,xg), (3.1)

where the amplitude g is sufficiently regular, vanishes for negative times and
let us say that it has its support away from {x2 = 0}. In (3.1) the phase
function ¢ is linear and is given by

Y(t, x2) 1= 1t + £, 22,

for given real frequencies numbers 7, £ .

Because L(9) is assumed to be hyperbolic, then it comes with some finite
speed of propagation property.(®) So, the solution turned on by the supported
source ¢° can not hit the side 0{2s immediately. As a consequence, at least
during a small time, the problem does not see its boundary condition on 02,
and we can thus consider the half-space boundary problem

L@uf =0 inRxR; xR,
Byuf, o =g° onR? (3.2)
“Ttgozo on Ry x R.

It is thus natural to choose for first ansatz the one associated to (3.2).
Following [16] and [17] this ansatz can contain three different kinds of terms

(3) Indeed, construct geometric optics expansions for linear operators amounts to solve
transport equations.
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depending on the nature of the initial boundary frequency (iz,{,) € Zo (we
refer to Definition 2.5) and it reads

ut ~ Z \/§n< Z eé“"’cun,k—k Z ezwkun7k+e;wUCU7n> (3.3)

n>=0 ke sJU0O ke

where ., 0 and ¢ stand respectively for the incoming, outgoing and glanc-
ing sets of indices for the boundary value problem (3.2). The phases functions
¢k for such k are then defined by ¢ (t,x) := ¥ (¢, x2) —|—§]1€x1, where the g
denote the real roots in the &; variable of the dispersion relation

det Z(1, &1, 52) =0. (3.4)

Consequently in (3.3) the so-called evanescent amplitudes U,,, ,, are linked
to the (purely) complex roots of the dispersion relation. It gives rise to a
boundary layer at scale €. Similarly following [17] the glancing amplitudes,
namely the u, ; for k € 4, give rise to boundary layers at scale y/e. The
influence of such layers are investigated in Subsection 3.2.

To end up this paragraph, we recall the main ideas to determine the
descendants of the hyperbolic amplitudes u, i for k € # U . We refer to [2]
for a complete exposition.

In order to determine the future of the amplitudes u, i for k € S U, we
have to consider the distinction introduced in Definition 2.8. We thus have
four cases to consider

o If k € 0 and if vy is outgoing-outgoing, then the associated ampli-
tude is automatically zero without forcing term in the interior. So
that such an index can be excluded from the ansatz (3.3).

e If k € 0 and if v is outgoing-incoming, because there is no non
trivial source term in the interior or on the boundary 0 such
an index can be initially excluded from (3.3). However, because of
the self-interaction phenomenon nothing prevents that such a phase
comes back in the generated phases by the incoming modes which
are described below.

o If k € # and if vy is incoming-incoming, then the transported
information will never hit the boundary 0. It spreads to infinity,
it will never be reflected back. As a consequence, incoming-incoming
group velocities are ending points in the phase generation process.

o If £k € # and if v is incoming-outgoing, then by definition the
transported information hits, after some (strictly) positive time of
travel, the boundary 0. It will create some new phases during the
reflection and we have to describe these phases.
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In order to do so, we fix one incoming-outgoing phase ¢j. Let us remark
that because g has its support away from the corner the same property holds
for the impacted term (by resolution of a transport equation). Consequently
the finite time of propagation argument applies and it leads us to consider
the boundary value problem in the upper half-space:

L(O)uf =0 inRxRxRy,
Bgufxzzo = F(g°) on R? (3.5)
uft<0:0 on R x Ry,

where F(¢°) is some (explicit and linear in terms of ¢°) source term depend-
ing on the trace on {zs = 0} of the considered incoming-outgoing phase.
In terms of phase functions, this source oscillates with respect to the new
boundary phase J(t7 xy) = T1t+§ ,%1- So that, the reflected amplitudes oscil-
late with respect to the phase functions yy/ (¢, 2) where the real parameters

g/ are determined as the (real) roots in the &y variable of the dispersion
relation

det.z(z, g’f,@) —0. (3.6)

If this relation admits (purely) complex roots, we also have to consider
an evanescent profile during the reflection. Similarly during this reflection
glancing modes for the side 0§22 may appear.

We thus add to (3.3) the terms obtained so far. The ansatz now reads

under the form
E e=P*u, 1 + E e=¥*u, 1,
UE ~ E \/gn k € Fnyp k€% UG (37)

>0 i i
"z +€E¢Uev,1,n+eE¢Ue'u,2,n

where %y, stands for a shorthand notation for the collection of the above
incoming-incoming, incoming-outgoing and outgoing-incoming hyperbolic
modes; where % contains the (possible) new glancing modes, and finally
where Uy 2, stands for the amplitude associated to the (possible) new
evanescent mode.

Repeating the same arguments as for the boundary value problem (3.2),
we have to determine the reflections against the side 9€; of the new outgoing-
incoming amplitudes in (3.7). We then repeat the procedure until that to
some reflection the obtained hyperbolic phases are all incoming-incoming,
evanescent or as it will be justified below glancing. This stops the determi-
nation of the descendants of the first considered incoming-outgoing phase.
We then repeat the same process for all initial incoming/outgoing phases.
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In terms of the section of the characteristic variety ¥ := ¥; defined by

V= {(&,&) € R?\ det Z(1,&1,&) =0},

the phase generation procedure is easy to represent. Indeed, we first consider
the roots in the & variable of the dispersion relation (3.4). So that we se-
lect the intersections of ¥ with the horizontal line {{> = ¢, }. The possible
complex roots can be seen as points at infinity.

Then, for each incoming-outgoing® intersection, we consider the roots
in the & variable of (3.6). Consequently, we now select the intersections of
¥ with the vertical line {&; = ¢ ]lc} This procedure is repeated as long as we
obtain incoming-outgoing or oatgoing—incoming modes.

We refer to [1, Chapitre 6] for some examples describing in all details this
procedure (see also [2]).

3.1.2. Self-interaction and loops in a nutshell

Self-interaction loops. In the above paragraph self-interaction has been
totally ignored. However as shown in [2], see also [3], as soon as the boundary
of the domain admits several components the phases can regenerate them-
selves after a suitable number of the reflections described above.

The simplest self-interaction phenomenon is the one described in [2] and it
involves only four phases. Let us denote by ¢; an incoming-outgoing phase
turned on by the boundary source term g°. Also assume that this source
comes with an outgoing-incoming phase ¢y4.

We said in the above discussion that we neglect all the outgoing-incoming
phases turned on by the source term. As a consequence, in particular we
neglect 4. In fact, we should not. Indeed, consider that the phase ¢ is
reflected against 022 according to the above phenomenon into an outgoing-
incoming phase @s. Assume then that g is reflected against 02y into an
incoming-outgoing phase ¢3. Then the amplitude associated to 3 travels.
It hits the side 029 and nothing prevents that in the reflected phases one
recovers the initially excluded outgoing-incoming phase 4. It implies that
this phase, as a reflection of 3, must now be considered in the ansatz.
When one studies the reflection of the phase p4 against the side 0, then
according to the above discussion about reflections he/she recovers the first
considered phase 1. We say that the phase ¢; regenerates itself or is
self-interacting because it regenerates itself during the reflections against

(4) This characterization can be easily made graphically by considering the outgoing
normal to ¥ at the intersection point.
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the sides of the domain. The same terminology applies to the phases @2, @3
and y.

In terms of the geometry of the characteristic variety ¥, we can thus
find a rectangle whose vertex namely s1,ss,s3 and s4 are points of 7.
We illustrate such a configuration in Figure 3.1 where the red points are
associated to incoming-outgoing phases, the blue points being associated to
outgoing-incoming phases.

S1 S4

52 S3

Figure 3.1. The simplest possible loop.

Of course, nothing prevents the initially neglected phase to appear after
more than three reflections. Consequently, if we want to consider generic
self-interaction phenomena, we should consider in the geometry of ¥ more
generic figures than rectangles that is to say some “stairway” like configu-
rations. Such configurations are called loops and are precisely described in
Definition 4.7. We give two illustrations in Figures 3.2 and 3.3.

1
S2p

S1

S2p—2 - S2p—1

Figure 3.2. A “stairway” like loop

Non self-interacting loops. Self-interaction phases and consequently
self-interaction loops are of course the one of main interest, because in par-
ticular, they require some new initialization condition to construct the geo-
metric optics expansions. However, let us point that other “stairway like”
loops in ¥ can also appear. These kind of loops was excluded [2] to have the
simplest possible proof.
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S1

S2p

52

S2p—2 S2p—1
Figure 3.3. An other (not really) “stairway” like loop.

We describe in the following two kinds of such loops. The first one involves
an incoming-incoming phase. Let us remark that in the phase generation
process such phases can appear during reflections against the side 0€2; or
also 0€)5. As a consequence nothing prevents a priori one incoming-incoming
amplitude, let us say associated to the phase p;;, to be generated once against
the side 0€; and once against the side 0€);. We illustrate the following
situation on Figure 3.4.

S1

Pii

52
Figure 3.4. Non self-interaction loop with incoming-incoming phase.

On this figure we see that there exist two (distinct) paths of phases leading
to the incoming-incoming amplitude ;. The first one starts by the first
descendant of the self-interacting phase s;, the second one starts by the
second descendant.

We will see that the existence of such multiple paths of phases to generate
the considered incoming-incoming phase will be particularly important in the
order of determination of the amplitudes. And consequently also in the order
of resolution of the whole cascade of equations.
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The same kind of behaviour can also arise for non incoming-incoming
phases. Indeed, let us consider the two following possible situations.

S1
7
Pi
Pj J
82

Figure 3.5. Non self-interaction loop with incoming-outgoing phase.

In the first one we consider an incoming-outgoing phase ¢; which has been
obtained twice. The first time after three reflections of the first (outgoing-
incoming) descendant i of s; and the second time as a direct incoming-
outgoing descendant, namely ¢;, of the second descendant j of s;. Then,
nothing prevents that the phases ¢; and ¢; verify & = 5{ so that we have
again a loop in ¥". We refer to Figure 3.5 for an illustration.

Let us however point that such a situation is not at all an issue in the
resolution of the cascade of equations. Indeed we can easily determine ¢;
and ¢; independently the one from the other. It is due to the fact that
these phases are both incoming-outgoing, so that for their resolutions, the
amplitudes u; and u; associated to the above phases only require the trace
value on {z; = 0}. On such a trace the coupling condition & = &/ disappears.

The situation becomes a little more complicated in the following exam-
ple depicted on Figure 3.6. It is just a slight modification of the previous
situation where we only add two points in the (section of) the characteristic
variety. It adds an other non self-interacting loop.

In such a configuration, the outgoing-incoming indices j and £ are in the
situation of Figure 3.5. So the determination of such amplitudes is not really
an issue. The point of interest is now the determination of the incoming-
outgoing phase ;.

Indeed it is now generated by two distinct paths of phases. Firstly, directly
as a reflection of j. Secondly we obtain j as a descendant of ¢ via the path
(4,k,£). So that, in order to determine ¢;, we will have to determine all
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S1
k .
7
Pi
©j J
l
52

Figure 3.6. Non self-interaction loop with incoming-outgoing phase bis.

the above amplitudes first and thus in the presence of several (non self-
interacting) loops the determination of a specific amplitude can necessitate
the determination of several (independent) sequences of amplitudes.

The main idea used to overcome this difficulty is that in each of the
different paths leading to ¢; the indices are not (yet) concerned with this
loop issue. Consequently, they can be determined before to proceed to the
resolution of ¢;.

3.2. The work of [16] as a guide for understand the influence of
glancing modes

In this paragraph we justify that in the phase generation process descri-
bed in Subsection 3.1, we can effectively neglect the possible descendants
of glancing phases. The main idea for doing this is that these terms are
boundary layers. So they can be neglected away from the boundary where
they are O(£°). Near the boundary they behave as the source g, so that
they are zero because of the support assumption on g or by any flatness
assumption.

To precise the above remark, we will show the affirmation on the simpli-
fied first order approximation proposed by Williams in [16]. We thus consider
the crude ansatz

1
. " i i
Uppp = E € E e=?*u, 1 + E e up k|, (3.8)

n=0 k€ Inyp ke dg UIg,

where H,yp, stands for the set of all hyperbolic indices and where %, U .7,
collects the glancing indices (we refer to Definition 4.1 for more precise defi-
nitions). To simplify the exposition, we also assumed that the ansatz does
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not contain any evanescent modes. It is not a loss of generality because these
modes can be determined independently on the oscillating ones. We refer to
Subsection 5.2.2 for more details.

By crude we mean that in order to obtain a higher order approximation
the scaling should be refined in /¢ as in [17], and we also need to add some
extra correctors.

However, the analysis of [16] shows that such a candidate is a good first
order approximation. If we can justify on this first order approximation that
glancing boundary layers do not have any descendants, then the same should
hold for the higher order approximation ansatz (3.7).

We assume without loss of generality that the initial frequency ¢ :=
(iT, §2) € Gy, let k € 4 be a glancing index associated to one of the glancing
phases. To save some notations we also assume that it is the only glancing
phase appearing in the process. We explain at the end of the paragraph how

the discussion can be generalized when several glancing modes appear.

Plugging the ansatz (3.8) in the interior equation of (1.1) leads us to solve
(for the considered glancing leading order amplitude) the (usual) equations

f(dgok)uo

{if(dgok)ul,k + L(a)u()& =

The first equation is the classical polarization condition while using Lax
lemma [10] (see also Subsection 5.2 for more details) the second equation is
equivalent to the transport equation

(8,5 + Vi - VQ;)UJO,E =0, (3.9)

where vy, is the (glancing) group velocity introduced in Definition 2.6. Thus
it satisfies vy,1 = 0.

Injecting the ansatz (3.8) in the boundary conditions of (1.1) gives

By |ug g + E UO,k‘| =g— B E U0k, —o
ke SioU I |z1=0 k€ Foi
(3.10)
By E UO,k‘| = —DB» E U0k, o
k€ Joi U Ii; |z2=0 ke SFio
—Bouog,  _,
|xg=0

where the sets of indices .#. are precisely introduced in Definition 4.1. The
precise definition is however of little interest for the current discussion. The
only thing to keep in mind when we read (3.10) is that the left-hand side of
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the first (resp. second) of equation (3.10) is sum of elements of B1E$ (resp.
B,E3).

For glancing modes we are thus face to an extra difficulty compared
to hyperbolic modes. Indeed we have some overdetermination issue in the
equations. On the one hand, we have from the definition that in (3.9), the
normal velocity v 1 = 0. The transport is tangent to the boundary 9€; and
consequently no boundary condition on 9§21 has to be imposed. On the other
hand, we have to satisfy the boundary condition on 9y given by (3.10).

In other words, one has to choose between Charybdis and Scylla by sol-
ving the interior equation or the boundary condition. The other equation
been unsatisfied.

Following [16], it is however not a real choice. Indeed, from the error
analysis (see Section 7 for more details) in order that (3.8) approximates the
exact solution u®, we have to solve the boundary condition exactly. Indeed,
if it not solved, then we have an error at scale O(1) in the error estimate
and thus the ansatz (3.8) does not give a true approximate solution. While,
if we have some error in the interior, then one can construct some corrector
that is to say choose u; 1 in (3.8) in such a way that this O(1) error term in
the interior vanishes. We do not give here the precise construction of such a
corrector. It can be found in [16].

Using the uniform Kreiss—Lopatinskii condition (see Definition 2.11 and
Subsection 5.2.1 for more details) the boundary condition on 9€;, shows
that the trace of the glancing mode is

:Hk(bl(g) g_Bl Z UO)]C‘MZU , (311)

ke Ay

where TTE := IT£(() is just a projection selecting the component of the trace

associated to the glancing mode. It is clearly introduced in Definition 4.11.

If we assume, in a first time for simplicity, that the frequency ( is not
self-interacting, it implies that there is no outgoing-incoming amplitude in
the right-hand side, and (3.11) uniquely determines the trace of the glancing
amplitude. Because, we are not interested in solving the equation in the
interior we are free to extend this trace in the interior as a boundary layer
and we define

wo(t,2) = x (jg)nkm@g(t, z2), (3.12)

where x has fast decay so that we have [lug|z2() = O(/*), which is
sufficient for the error analysis in the interior.
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To show that such an amplitude is not reflected, we are now interested in
the trace on 92 of such a glancing amplitude. We have, directly from (3.12),
using the fact that g vanishes near the corner that ug(t,21,0) = 0, as a
consequence this term vanishes in the right-hand side of the second equation
of (3.10). It can thus not give rise to some non trivial information on 9.

In other words, the boundary layer turned on by the glancing index k
can not be reflected against €22 and thus this term has no descendants in
the phase generation process by reflections. Exactly as incoming-incoming
phases, glancing modes are ending points in the phase generation process.

If now the frequency ( is self-interacting, then the right-hand side of (3.11)
contains a term indexed by k € .Z,;. In such a configuration, the same argu-
ments apply because:

e self-interacting amplitudes can be determined before the others am-
plitudes.

e self-interacting amplitudes inherit the flatness at the origin from the
one of the source g.

Once the leading order glancing amplitude ug ; has been constructed then
following [16] we can define a suitable first order corrector u i in such a way
that [|u® —ug,,llL2(0) is O(e'/%).

The same kind of arguments can then be extended for glancing modes
appearing after some reflections against the side 9€2; or 0€5. The only re-
quired ingredient is that the hyperbolic amplitudes encounter to generate
the considered glancing mode have vanishing traces near the corner (or are
at least flat at the origin). This is again a consequence of the fact that g van-
ishes near the corner and that hyperbolic modes are solution to transport
equations, so that this property is conserved.

4. Structures of the set of indices

Now that the phase generation process for (1.1) is described and that
we have all the expected phases in the ansatz, then we have to find some
structure in the set of indices in order to find an ordered way to solve the
geometric optics expansion cascade of equations.

In the following because we want to consider several loops, the order of
resolution will not be as simple as in [2] for which the uniqueness of the
self-interaction loop implies that we can:

(1) Firstly, find some necessary condition to determine the amplitudes
of the elements of the loop.
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(2) Secondly, determine the amplitudes of the elements in a direct vici-
nity of the loop’s elements.

(3) Finally, define a partition of the remaining indices, partition com-
posed of trees whose roots are in the direct vicinity of the loop and
solve inductively in the trees.

This ideal situation is depicted on Figure 4.1. In particular, we see that
the situation of Figure 3.4 is a counter-example to the tree structure of
Figure 4.1 because in such a setting the trees are intersecting. We do not
have a partition any more.

evl
ev2
ev2 ev2
10 0 11 i o1
S 04
S1 D d1 dg S4 7777924»77
. do C e
o1 S S
----eA, ol
C2 x 4% )
. it 10 10
40 Ces *—o
¢ - — - : ; oL .
a2 ot oi| i | io 1
‘ f SROSE St
So bo 31}1 S3 ' ev
ot 0 10 10 |

ev] *— ¥ * |
|
|
|
|

Figure 4.1. Tree structure of the set of indices . in [2].

The order of determination used in [2] is then not defined any more as
soon as the set of indices contains a loop (not necessarily a self-interaction
one) in addition of the first considered self-interaction loop (the one turned
on by the boundary source term). Indeed, as depicted in Figures 3.4 or 3.6,
the determination of an element in the direct vicinity of the loop may require
the knowledge of some elements which have been reflected several times.

As a consequence, we will adopt as an order of resolution for the indices
an order based on the number of distinct ways to generate the index i (the
one whose amplitude is considered) from s; (namely the self-interaction loop
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element turned on by the source). From a structure of the set of indices point
of view, this leads us to consider all the sequences (we refer to Definition 4.5
for a precise statement) linking si to the index i. We insist on the fact that
we do not have as in [2] uniqueness of such sequences.

In order to make this order precise we recall in Subsection 4.1 some
elements borrowed from [2]. Then, we adapt these objects to the framework
where there only exists a unique self-interaction loop but to multiple non-
self-interaction loops in Subsection 4.2. The whole generality of multiple
(simple) self-interaction loops (or not) is considered in Subsection 4.3.

4.1. Generic definitions

We recall the following definitions from [2]. The second one is just the
generalization of [2, Definition 4.2] to frequencies set containing glancing
modes.

DEFINITION 4.1 (Frequencies set).

o Let & CN, and 7 € R, we say that a set, F, indexed by &
7 ={5= (e e \icsl,

is a frequencies set for the quarter-space problem (1.1), if for all
i € 4, we have first
det Z(f;) =0, fi #0,

meaning that f; = dp; solves the eikonale equation of (1.1). And if
moreover we have one of the following alternatives

(1) &, & R
(2) & €C\R, & €R and S > 0.
(3) & € C\R, & € R and S, > 0.
e For a frequencies set %, we define the partition
F = yosufgevl Uyev%
where
— Fos is the set of f; € F satisfying (1).
— Fev1 1 the set of f; € .F satisfying (2).
— Feva 18 the set of f; € F satisfying (3).
o The set of oscillating frequencies, namely F,s, is decomposed as
follows

g\os = y“ U 9\10 @] ﬁm‘ U yoo nggl ] ng

::‘ghyp

where
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— i = {fi € Fos \ Vi1, Vi > 0}

— Fip = {fz € Fos \Vi71 >0 and Via < O}

— foi = {fl c ﬁ\os \Vi,l <0 and Vig > 0}

- yoo = {fz € fg—os\vi,laviﬂ < 0}

= Fg = {fi € Fos \ vin =0}

— Py i ={[fi € Fos \ Viz =0}
where we recall that v, = (vi1,Vi2) € R? stands for the group
velocity introduced in Definition 2.6.

e Finally, for one of the above subspaces of F, namely Z,, we define

I, the subspace of I formed by the indices i such that f; € Z,.

We precise the previous definition by a refinement ensuring that we take
into account all the terms in the phases generation process of Section 3.

DEFINITION 4.2 (Complete for reflection frequencies set). — The corner
problem (1.1) is said to be complete for the reflections if there exists a set
of frequencies %, in the sense of Definition 4.1, satisfying the following
properties:

(1) The set F contains all the real roots (in the & variable) associated
to incoming-outgoing or incoming-incoming group velocities, the real
roots associated to glancing modes for the side 01, and finally, the
complex Toots with positive imaginary part of the (initial) dispersion
relation det £(1,&1,€,) = 0.

(2) If (1,8, &) € Fio, then F contains all the roots (in the & varia-
ble), denoted by &5, of the dispersion relation det £(r,&4, &) = 0
satisfying one of the following two alternatives

(a) &5 € R and the frequency (1, &4, €8) is associated to an outgoing-
incoming group welocity, an incoming-incoming group velocity
or is glancing for the side 0€),.

(b) S¢ > 0.

(3) If (1,8, 8L) € Foi, then F contains all the roots (in the & wvaria-
ble), denoted by £, of the dispersion relation det £(r,&1,&5) = 0
satisfying one of the following two alternatives
(a) & € R and the frequency (1, &%, €L) is associated to an inco-

ming-outgoing group velocity, an incoming-incoming group ve-
locity or is glancing for the side 0);.

(b) 3¢ > 0.

(4) The set F is minimal (for the inclusion) for the preceding proper-
ties.

As in [2], once that we have a complete for reflections set of frequencies,
we define the functions ®, ¥ which associate to an index ¢ € .# the indices
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which are in a “direct vicinity” of . By direct vicinity of an index ¢, we
understand both the indices obtained during one single reflection of 7 or the
indices containing 7 in their descendants during one single reflection.

More precisely, let £y (.#) be the power set of £ with at most N ele-
ments, then we define &, ¥ : & — Py (F) by the relations: for i € &
associated to the frequency f; = (1, &%, €L);

oG):={jes\gd=¢} ad wi)={jer\d=¢}
The following properties being independent of the existence of loops in
the frequencies set, they follow the proofs of [2].

ProOPOSITION 4.3. — If F is a complete for the reflections frequencies
set, in the sense of Definition 4.2, then the applications ® and U satisfy the
properties:

(1) Vie I we have i € (i) and i € V(1).
2)Vie I, VjeUi)andV k € O(i), we have (i) = V(j) and

D(k) = ®(i).
(3) Vi e S we have ®(i) N Iepo = ®(i) N Iy, =0 and V(i) N Fep1 =
(i) N Sy, =0;

(4) Vi € Fps we have #(P(i) N Fep1 N Fio N I3 N IFy) < p1 and
H#(U (1) N Iewz N Ipi N Iy N Iy,) < pa.

Thanks to the applications ® and ¥, we can borrow from [2] the notion
of linked indices. Let us stress that we add to the definition of [2] the notion
of linked indices for glancing modes. Two indices ¢ and j are linked in % if
the index j is obtained from i after a suitable number of reflections following
the heuristic rules described in Section 3.

DEFINITION 4.4 (Linked indices).

e Leti € ;, we say that the index
— 3§ € I U Ie1 U Iy, (resp. j € Fpi U Fepa U Sy, ) is linked
to the index i, if there exists p € 2N+ 1 (resp. p € 2N) and
a sequence of indices € := ({1,4a,...,¢y) € IP satisfying the
following property:
by € W(i) N Igi, lo € V(l1) N I, ..., € P(Ly) (@)

(resp. j € W(Lp)).
— j € J;; is linked to the index i, if there exists a sequence { :=
(1,02, ...,Lp) € FP such that:

je®,) p odd,

JjeY(l,) p even. ()

0 € V(i) N Fi,la € O(4y) ﬂfimu-,{
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o Leti€ J,; we say that the index
— ] € Fio U Iep1 U Iy, (resp. j € Fpi U Fepa U Sy, ) is linked
to the index i, if there exists p € 2N (resp. p € 2N + 1) and
a sequence of indices € := ({1,0a,...,0,) € IP satisfying the
following property:

61 € @(Z)ﬂfﬂio,fg (S ‘I/(Zl)ﬂjoi,...7j S (I)(gp) (Oél)

(resp. j € ¥(Ly)).
— j € . is linked to the index i, if there exists a sequence £ :=
(1,02, ...,L,) € FP such that:

JjEY(l,) p odd,

b1 € (1) N S, lo € V()N Fi, ..., /

! @ ? (£2) {] € ®(4,) p even. (5)

e By convention, we say that every index i € 7 is linked to itself by
the void sequence.

o Finally, if i € Jev1 U Ieva U Iy, UIy,, then there is no index linked

to i except 1.

With this definition in hand, we can define the notion of type V (for
vertical) and type H (for horizontal) sequences. Type V sequences refer to
the ones that start by the reflection of an incoming-outgoing phase (namely )
against the side 09, which is reflected into the outgoing-incoming phase
{1 against 0€)o, and so on until we reach j. Type H sequences that we
encountered in [2] will not be used in the following. They refer to sequences
that start by the reflection of the outgoing-incoming phase 7 against the side
0, reflected against 9€2; into the incoming-outgoing phase £1, and so on
until we obtain the phase j.

DEFINITION 4.5 (Type V and type H sequences). — Let i € £ and
j € S be linked to i in the sense of Definition 4.4. We say that the index
Jj € 7 is linked to the index i € & by a type V (resp. H) sequence and
we denote i v j (resp. i w j) if the sequence (i,£,j) where £ is given by

Definition 4.4 satisfies () or (B) (resp. (') or (6')).

The following proposition also comes from [2], it is independent of self-
interaction so the proof is omitted here. It asserts that the set of indices is
the one obtained if one considers all the linked indices to the phases that
have been turned on by the source term ¢g°. More precisely

PROPOSITION 4.6. — Let % be a complete for reflections set of frequen-
cies indexed by the set of indices . We introduce %y the set of indices
turned on by the source g°, that is to say

Ty = {z € IioU I U Iy U I, \det.z(z,g{,gg) - o},
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and Fg the set of indices linked to the indices in %y in the sense of Defini-
tion 4.4. Then we have I = Fq.

At this stage of the description we have justified that any index in %
is in fact linked to one of the phases turned on by the source term. In
the following, we will need to be a little more precise about how (or how
many times) any index ¢ is linked to the “initial” indices. This refinement
will be more convenient to state once the notion of self-interacting indices
(or loop) has been introduced. This is why in the following paragraphs we
state our assumptions governing loops, first by assuming the uniqueness of
the self-interaction loop in Subsection 4.2 and then, by considering multiple
self-interaction loops in Subsection 4.3.

4.2. Unique self-interaction loop

Let us recall (and modify a little) the notion of loop from [2]. Loops arise
when in the section of the characteristic variety 7', one can find at least a
rectangle and more generically some kind of “stair” whose vertex are in ¥
and have suitable group velocities (that is to say that the group velocity
changes from one vertex to the other from incoming-outgoing to outgoing-
incoming) (we refer to Figures 3.1, 3.2 or 3.3).

More precisely we define

DEFINITION 4.7 (Loops). — Leti € %, p€2N+1 and { := ({1,402, ...,4p)
a sequence of elements of Z, we say that

o the index i € F admits (i,¢,1) as a loop if £ satisfies
l € (I)(’L),gg € \I/(gl), ., E \I/(gp),

and if moreover the sequence (i,£) does not contain any subsequence
periodically repeated.

o An index i € Y, (resp. i € F,;) admits a self-interaction loop if
it admits a loop and if moreover the sequence (i,¢,4) is of type V
(resp. H) in the sense of Definition 4.5.

e The self-interaction loop (i,¢,1) is said to be simple if the above
sequence ¢ is unique. Contrarily, if there exist several sequences such
that the above hold, then the loop is said to be complex or composite.

We note that compared to the definition of loops given in [2], the require-
ment that the sequence ¢ does not contain periodically repeated subsequences
which was referred as simple loop is now stated in the definition of a loop.
This requirement is made to avoid to have to consider all the sequences of
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the form (4,¢,4,¢,7...) which naturally appear if (i,4,7) is a loop. In the
following we will always assume that if ¢ = (£1,...,}) is a sequence con-
taining one of the indices of the loop, namely 4, (the loop sequence being
here denoted by ¢) at some position, let us say p, then ¢’ has been simplified

NS o /N ,
from (61,05, 14,0,y ... 0, 0,0, 0, q,...,0;) into £'.

Compared to [2] the term “simple” now refers to self-interaction loops
for which there exists a unique way to regenerate an index of the loop by
repeated reflections against the sides of the quarter-space. We believe that
this new use of the word “simple” is more meaningful than in [2]. We have
good reasons to believe that composite loops could also be considered with
the suitable adaptations of the proofs.

In the remaining of the article we assume that self-interaction loops are
always simple in the sense of Definition 4.7. This has the advantage to sim-
plify the analysis. In Section 8 we give an example of system admitting a
composite loop. A complete analysis for composite loops is however behind
of the scope of this article and it is left for future studies. But let us stress
that non self-interaction loops are authorized to be composite.

In this paragraph we assume for simplicity that there exists a unique self-
interaction loop. This loop is assumed to be simple, of full size p € 2N, while
it was only of size four in [2]. However, the main difference with [2] is not
the size of the loop, it is that Assumption 4.8 authorizes non self-interacting
loops that were excluded in [2]. Thus the applicability of the result is wilder.
More precisely, we assume the following

AsSSUMPTION 4.8 (Uniqueness of the self-interaction loop). — The fre-
quencies set F indexed by & admits a unique self-interaction loop of size
p € 2N. This loop is simple in the sense of Definition 4.7. That is to say
that the following properties are satisfied:

(1) there exists s1 € F;, and a unique sequence s := (Sg,...,Sp), such
that
Vgel,p—1] sag+1 € Fio and VY q € [1,p] s24 € Foi,
and
Sop € D(s1), Sop—1 € V(s2p), S2p—2 € P(S2p—1),-.., 51 € U(s2),
that is to say that (s1,S2,...,82p,51) is a simple self-interaction
loop.

(2) Leti € & be an index admitting a self-interaction loop with sequence
0:=(l1,...4og_1), then ¢ = p and moreover {i,{} = {s}.

The following proposition is the keystone of the order of determination of
the amplitudes in the geometric optics cascade of equations. It claims that
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every index in .# is linked to the “first” self-interaction index sp, that is to
say the self-interaction index which is turned on by the source term ¢. In the
following, for simplicity, we assume that such self-interaction phenomenon is
directly turned on by the source. As a consequence, we choose a source term
reading under the form

g°(t, x2) := eé (IHglm)g(t, T2), (4.1)

s1 being the index of the self-interaction loop given in Assumption 4.8, so
that (ir,£', ") € Eo is the frequency associated to si. This simplifying
assumption can however easily be removed (up to the price of the resolution
of some extra transport equations).

The proposition of interest is thus the following.

PROPOSITION 4.9. — For all i € &, there exists at least one type V
sequence linking i to s;. We write s1 o 1.

The proof of the above property is independent of the possible (multiple)
loops that we are considering (see [2]) in the section of the characteristic
variety. The only difference is that in [2] due to the uniqueness of the loop
assumption (that is that we exclude, in particular, non self-interaction loops)
by working a little more we can in fact show the uniqueness of the type V
sequence. Such a uniqueness then define a natural order to determine the
amplitude associated to i.

When non self-interaction loops occur then the above uniqueness of the
type V sequence clearly breaks down as we can see on Figure 3.4. Thus we
can have uniqueness of the type V sequence or not. This will however still
give the order of determination of the amplitude. We first determine the
elements for which this uniqueness property holds, then we determine the
indices which are linked by two distinct type V' sequences and so on.

4.3. Multiple self-interaction loops

In this paragraph we state the assumption dealing with loops in Theo-
rem 2.12. As already mentioned we authorize multiple self-interaction loops
but, for simplicity, we require that all these loops are simple in the sense of
Definition 4.7. The assumption is then the following:

ASSUMPTION 4.10 (Multiple self-interaction loops). — The frequencies
set F indezxed by & admits A € N self-interaction loop each of size 2b, € N,
by = 2 and a € [1, A]]. These loops are simple in the sense of Definition 4.7.
That is to say that the following properties are satisfied: we denote by . the
set of self-interacting indices of .%. Then
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(1) for all a € [1,A4], there exists by > 2, s§ € F, and a unique

sequence s® 1= (s3,...,8y, ) such that

Vg€ [1,2by — 1] 85,41 € Jip and ¥V q € [1,2b4], 55, € Foi,
and

S5y, € ©(s1), s3, -1 € W(s3y, ), $%, -2 € P(s3p,—1),---, sT € ¥(s3),
that is to say that (s%,s5,...,5%, ,s) is a simple self-interaction

loop. Let {s®} := {s{,...,5%, }, we then have that the {s®}4 ¢ [1,4]
form a partition of .

(2) Leti € & be an index admitting a self-interaction loop with sequence
0= (1,...,laq_1), then there exists a € [1,A] such that ¢ = 2b,
and moreover {i,0} = {s2}.

s i
53 53
2 2
57 si
3 3
2 2 51 84
52 83
3 3
52 53

Figure 4.2. An example with several self-interaction loops.

As a consequence, we may now have several self-interaction loops in ¥,
but all these loops need to be separated the ones from the others by some
indices which are not self-interacting. We depict this configuration on Fig-
ure 4.2. Figure 8.4 gives an example of a characteristic variety ¥ for which
Assumption 4.10 fails.

In such a framework, we assume that the source term ¢g° turns on one

of the loops elements. We note this index si associated to the frequency

(it, g% ,gi). The source thus reads under the form

1
i rt+gs'a )
g (t,x) = e ( )
where the amplitude g € H>*(R x R;) vanishes for negative times.

Under the structure Assumption 4.10 because the proof of Proposition 4.9
is independent of the number of loops (we stress that we do not have the
uniqueness of the sequence), this proposition still holds. The number of

— 446 —



Geometric optics expansions for quarter-space boundary value problems 11T

1

type V sequences linking an index i to s; will still give a natural order
of determination of the amplitudes. However, compared to the uniqueness
framework of Assumption 4.8, the order must be refined in the following

way:

(1)

We first determine the indices linked to s} by types V sequence(s)
which does not contain any self-interaction indices differing from the
one of the first loop {s'}. We reproduce here the order used under
Assumption 4.8. With more details we start by the indices linked
by a unique type V sequence, then we proceed to those linked by
two sequences and so on.

In a second time, we determine the indices linked to si by sev-
eral type V sequences, but where only one of them contains self-
interacting indices differing from the ones of {s}. Let us note here
that this sequence is authorized to visit several loops.

We then conclude inductively by determing the indices linked to
s1 by several loops, but where two of them contain self-interacting
indices differing from the ones of {s'} (not necessarily the same)
and so on.

4.4. Some notation to conclude

We conclude the present section with some notation that will be inten-
sively used in the construction of the geometric optics expansions:

For an index i € .# we write ®*(¢) (resp. ¥*(2)) for the sets ®(2)\{z}
(resp. (i) \ {i}). |
For an index i € .# associated to some boundary frequency f* :
(it, é’i,g), we will use ¢7 (resp. ¢5) as a shorthand notation for
o1 (iT, g) (resp. ¢o(iT, g))7 where we recall that ¢; and ¢ are the
inverses given by the uniform Kreiss—Lopatinskii condition (see As-
sumption 2.11).

Then we define the following sets and relations on the set of indices
in order to state the ansatz properly. We choose to follow the method
of [11] and we aim to treat the evanescent modes in a “monoblock”
way. More precisely if i € .71 (resp. i € Fy2), then all the indices
J € P(I) N Fep1 (resp. j € V(i) N Iy2) contribute to the same am-
plitude. This permits to avoid the resolution of transport equation
with complex coefficients of [17]. To do so, we first need to define
some equivalence relations on the set of indices which regroup the
elements in terms of their coordinates in 7. From Proposition 4.3,
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we can define the equivalence relations on % x &
i;j@je@(i) and i;j@jetﬂ(z‘).

We define €; (resp. €2) the set of equivalence classes for the relation
’ (resp. E;) and 1 (resp. #2) a set of class representative for €;

(resp. €3).

As a consequence, %7 (resp. #2) is a set of indices describing all
the possible values of the & (resp. &1) appearing in .%. We end up
with the definition of the values of the & and of the & which give
rise to some evanescent modes. More precisely we define

Ry =i € B\ B() N oy 20} and Ry := {i € o \ V(i) N Iupz # O}

e Finally we define the following projections that will be intensively
used in the following:

DEFINITION 4.11. — Let ¢ let a placeholder for a boundary frequency.
We define

o Fork € Fhyp U Iy, U.I,, we introduce ITF = TI¥(C) the projection
on ker Z(dypy,) with respect to the decomposition (2.9).

o Letk € Ry (resp. k € Ry) we introduce I1F | = 11% | ({) (resp. 1% , :=
11% 5 (¢)) the projection on EY®(C) (resp. E3*(()) with respect to the
decomposition (2.9). B a

o For k € Sy, U Iy U I, we define the pseudo-inverse Y* of
L(1,&8,€8) characterized by the relations

ka(l,flf»fg) =I- Hka
IkYk = YFIIF = 0.

5. Construction of the geometric optics expansion under
Assumption 4.8

This section is devoted to the construction of geometric optics expansions
when we have a unique self-interaction loop in ¥, that is to say that Assump-
tion 4.8 holds. It thus gives the main part of the proof of Corollary 2.13: the
construction part. The justification part is then postponed to Section 7.
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5.1. The ansatz and the cascade of equations

With such definitions in hand we choose for an ansatz the following ex-
pansion

w(ta)~ D VET D e Py (i)

n>=0 keﬂl,yp
i X
D DRI DS (PR
n>0 k€ Sy,
i €2
+ Z eswk(t’w)un,k<t,$1aﬁ>
k€ Sy, (51)
i X
+YVE Y e;%(t,m)Un’m(t’xQ’?1)
n>0 kenR,
i x
+ Z egwka(t,zl)Un,k,Q(taxla 2)7
k € Ra <

where the phases functions are defined by
V k€ Fnyp U Iy UIy,, orlt,r) i= 1t + EFay + 5o,
and
V k€ Ry, Yra(t,x) :=1t+hzs and YV k € o, Yro(t, 1) := Tt+&F ;.

In the ansatz (5.1) we aim to construct the hyperbolic profiles, namely the
Un, for k € Hyp, in the Sobolev space H*(£2). We also want them to satisfy
some flatness properties for their traces.

The boundary layers linked to the evanescent modes, namely the terms
Un.i,1 and Uy, i 2, and glancing modes, namely the wu, ; for k € 7y, U 7,
will be functions with fast decay with respect to the last variable. More
precisely, we introduce the following set of profiles

DEFINITION 5.1 (Boundary layers profiles). — For p = 1,2, the set of
evanescent and glancing profiles P, for the side 092, is defined as the set of
functions f(t,x3—p,Yy) € H®(0Q, x Ry) for which we can find 6, > 0 such
that % Yr f(t,23_,,Y,) € H® (0, x Ry).

As we can see in (5.1), the ansatz includes two different scales for bound-
ary layers. In the following for p = 1,2, we will denote by x, := % the
“fast” boundary layer scale, associated to glancing modes, and by X, := %”

W ibi % .
the “slow” one, describing evanescent modes
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We inject the ansatz in the evolution equation of (1.1), we identify in
terms of powers of € and we use the fact that the phases are linearly inde-
pendent to decouple the equations. It leads us to essentially the same cascade
of equations as in [17] (up to the treatment of the evanescent modes). More
precisely we obtain

g(dtpk)u&k = f(d(pk)ul,k =0 Vke fhyp,
ig(d(pk)un+2,k + L(@)un,k =0 Vke€ Hyp,
VneN,
Li(0x,)Uo k1 = Li(0x,)U1 k1 =0 V k € Ry,
Lk(axl)Un+2,k,1 + Lll(a)Un’k,l =0 V keRy,

VneN,
Li(0x,)Uok,2 = Li(0x,)Ur k2 =0 VkeRy,
Lk(6X2)Un+27k,2 + L’Q(G)Un,w =0 VEkeR,, (5.2)
VneN,

f(d(pk)uO)k = if(dgok)ul,k + A18X1u0,k =0 Vke ']91’

if(d(pk)un_i_g,k + A18X1un+1,k + Lll (6)un,k =0 Vke fgl,
VneN,

f(dgpk)uo,k = if(d@k)ul,k + A28X2u01k- =0 Vke jgw

1L (dpr)tunto,k + A20y, Unt1k + L5(Q)uni =0 Vke Iy,
Vn €N,

where the operators of differentiation with respect to the fast variables
Ly (0x,) are defined by

Lk(axl) = A (axl — %(I, 55)) for k € Ry
and
Li(0x,) == Az (0x, — o(1,£F)) for k € Ro,

where we recall that <7,(-) stands for the resolvent matrix introduced in (2.3).
We also defined the truncated differentiation operators L;,(J) by

Lll(a) = 8,5 + A282 and L'2(8) = at + A181.

The main difficulty here compared to [17] for the half-space is that the
boundary conditions couple the traces of the amplitudes in a rather compli-
cated way. Indeed injecting the ansatz (5.1) in the boundary conditions of
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the system (1.1) gives the boundary conditions
%(175+§:$2) Un,k, 0_
Mx1=

k€ Iy,

_ Z eg(1t+§)2€w2)un,k\m1=0+ Z ‘

k € Fnyp
L(rt+ kx
TID DI
ke dg,
< 1t+§kx2 irt
+ E 65( 22 )Un7k71‘X1:0+ E eE*Unka\ml:o
k€ Ry J
L(rt+e
= 61'7,,06E (1 —"_§2T2)g7

keNRy

where 4. . stands for Kronecker symbol and

i Z i(rt+erm
ec ( =1 )un7k|w2:0
k € Fhyp
Z i(zt+eban) Z i(zt+ehan)
e \—" "1 e \—" ">1
By + € un’k\12=0+ ¢ un’k\m:U
kE 7y, k€ 7y,
irt L(zt+erm
+ E el U7l7k71\12:0+ E e ( 21 )Un,k,Z‘)@:O
keR k€ R

In particular, the boundary conditions (5.3) and (5.4) are satisfied if we

manage to solve the boundary conditions

1k 1k
E es Un,k ., —o + es Unky, —o

(5.3)

(5.4)

B, k € Fuyp k€ Sy, »
+ E eE“Pl,kUn’leXl:O
k€N,
i
=\ Tt
= (Sn’()eE (I Jr§2$2)97
Z L(rt+ekas Z irg
e ( 22 )un7k|11:0 = e Un7k72‘11:0 — O7
kEfQQ k€ Ro
and
Lapok Lapok
E ee “n,kw:o + E e= un7k|X2=0
k € 4 ke s
B2 € Ihyp € 921_1# :O7
+ E ec 2,kUn’k,2‘X1=0
kER2
Z It""fkfl E irt
es( =1 )un7k|m2:0 = ecs— Un,k,1|m2:0
k€ Iy, ke N
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Because the phases are linearly independent,® the boundary conditions (5.5)
and (5.6) amount to solve: V n € N,

E Un,j ., —o + E Un,j |, =o
Bi|je®(s1) N Fnyp JE®(s1) N Iy, = 671,09 if s1 € Ry,
L + U’ﬂ,Shl\Xl:o ]
B1 E u"vj\zl=o + E un’j|x1=0 = 571,09 if S1 g fﬁl,
_jE@(sl)ﬁﬂhyp jE@(Sl)ﬁﬂgl 1
Un,j|ey =0 + z : Un.jig =o
Bl JE Q(k) r7<ﬁhyp Jje <I>(k) m‘j‘?l =0
+ Un7k71\X1:0

Vk‘_E (%1 \ {81}) NARAq,

B1 E ’U,n’j‘mlzo + E ’U,nJle:O =0

L € 2(k) N Sy JED(k)N Iy

Vk g (%1 \ {81}) ﬁi)%h

E Un,jiapeo T E o Ung,

By |jev(k)n Ay jEV(k)N Sy, =0V k € R,
L +Un,k,2‘x2:0 |

B2 Z un’j\w2:0 + Z un’j|X2:0 =0 V k g m2’
|J € T (k)N Iy JEU (k)N T,

Unk, _, =0 vV ke Sy,
Unk,,_, =0V keI,
Unia,,_o =0V k€ Ry,
Unkz2, _, =0V keR,.

(5.7)

Finally, injecting the ansatz (5.1) in the initial condition leads us to im-
pose the following homogeneous initial conditions
un’k‘t@:O VnGN,VkG]hyprglujgw
Un =0 VneN,VkeR, (5.8)
Un =0 VneN,VEkeNR,.

kol <o

k20 <o

(5) Let us point that we do not solve here exactly the same boundary conditions as
in [2] where in order to use such an independence, we used an extra technical assumption in
i Lrg
order to deal with the terms Zk ey Umk,?\xl:o and Zk cm, €57 Un,k,1|$2=0~ Because
we impose these terms to vanish in the boundary conditions (5.5) and (5.6), this extra
assumption is not required any more. It makes the proof more straightforward.
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The aim of the remaining of this section is to show that we can solve
the cascades of equations (5.2), (5.7) and (5.8). In order to do so, we first
reformulate the interior equations in Subsection 5.2, reformulation in which
we pay a special attention to the values of the traces.

The leading order terms are then constructed in Subsection 5.3. Once
the leading order terms have been determined, then we can use it in the
construction of higher orders terms. This step is really classical, so we feel
free to do not give the details.

5.2. Reformulation of the equations

In this paragraph we reformulate the interior cascade of equations (5.2)
to determine precisely which trace is required for the determination of each
amplitude depending on its kind in the ansatz (5.1).

The reformulation for hyperbolic modes is classical in geometric optics
expansions. It relies on Lax lemma [10] and it is made in Subsection 5.2.1.
The one for evanescent modes follows the method, based upon Duhamel
formula, introduced in [11]. It is described in Subsection 5.2.2. Finally the
reformulation of the equations involving glancing modes in (5.2) follows the
method of [17]. It is given in Subsection 5.2.3. As a consequence, the refor-
mulations in themselves are rather well-understood and are not new. The
main point here is to clearly determine which trace(s) is (are) required for
the resolution of the interior equations in the quarter-space geometry.

5.2.1. Reformulation for hyperbolic modes

In this paragraph we consider the equations of (5.2) involving hyperbolic
modes. Namely, we consider
f(dcpk)uoyk =0 Vke fhyp,
X(dapk)ul,k =0 Vke fhyp, (59)
’ig(dg@k>un+2’k + L(@)umk =0 Vke fhyp, VnéeN.

The first equations of (5.9) imply that the two first amplitudes for hy-
perbolic modes are in ker £ (dyy). Consequently, we have the well-known
polarization conditions:

Vke fhyp, Hku(),k = Uo,k and HkuLk = U1 k- (510)
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So, a composition of the third equation of (5.9) (written for n = 0 and
n = 1) by IT* makes the first term vanish and gives

V k € Fnyp, TFL(9)TFug , = TIFL(9)TFuy 5, = 0,

and we are in position to use Lax lemma which is recalled below for a sake
of completeness.

LEMMA 5.2 (Lax [10]). — Under Assumption 2.1, then for all k € Hyp,
we have the equality

IIFL(O)ITF = (0 + v - Vo )IIF,

where we recall that vy, stands for the group velocity introduced in Defini-
tion 2.6.

Therefore, as expected, to determine the first orders amplitudes associ-
ated to hyperbolic modes we have to solve transport equations. Depending
on the kind of the group velocity, these transport equations require boundary
condition(s). One on 9 (resp. 9§2s) for incoming-outgoing (resp. outgoing-
incoming) modes and one on 9Q; combined with one on Qs for incoming-
incoming modes.

The following proposition then shows that if we know such traces then
the transport equations can be explicitly solved by integration along the
characteristics in the suitable functional spaces.

PROPOSITION 5.3.

o Letk € .7, (resp. k € F,;) and let g be a given function in Hp* (Rx
Ry ), then the transport equation

(Or+vi-Vya)u=0 1inQ,
Ug,—0 =g on 0y,
Upgo = 0 onl,
(Ot +vi-Vy)u=0 1inQ,
resp. Upgy—o =g 0on Ny, (5.11)

upgo=0 onT,

admits a unique solution w € H*> () satisfying that
Ujgy=0 € HP(R X Ry) (resp. ujp,—0 € HP(R X Ry)).
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o Letk € J; and let (g1, g2) be given in HX*(Rx Ry ) x HX(RxRy),
then the transport equation

(8t+vk-Vx)u:O mn Q,
Ug,—0 = g1 on 08,
Ulpy=0 = g2 on 09y,

upgco=0 onT,

admits a unique solution v € H>(Q). It moreover satisfies u|y,—o,
Ujgy=0 € HZF(R X Ry).

Proof. — We consider the case of an incoming-outgoing amplitude. The
case of an outgoing-incoming amplitude being similar. We integrate the equa-
tion along the characteristics to obtain that

~ 1
u(t,x) = g(t — —x, 22 — Vk’Qxl). (5.12)
Vi1 Vi1

We can read on equation (5.12) that u € H*(€2). Moreover it vanishes for
t < 2. The right-hand side of the above inequality being positive because

Vi1’

ke ﬂw Then we have

~ 1 V.2
u|x2=0(t7x1) _g<t_ Ty, — x1 |,
Vi1 Vik

so that for n > 0, 07'u|p,—o reads

O ujgy—o(t, 21) = [(—1)” En: (;‘) <1> np <Vk,2 )Pafpa;’g]

v v
o k,1 k1

< 1 VE.2 >

t— —XT1, — 1 ).
Vi1 Vik

When evaluated at x; = 0, all the terms in the sum vanish for p # n, because

g € H*(RxRy). For n = p, we thus have (07 g(t — v: -1, —::f 1)) |g=0 =

07g(t,0) = 0, because g € H*(R x Ry ). It shows the first claim.

We now consider the incoming-incoming transport equation. By linearity
we decompose the solution v = u; 4 ug, where u; and wuy solve respectively
the boundary value problems

(O +vE-Vy)ur =0 in Q, (Ot + Vg - Vy)ug =0  in Q,
ULy o = g1 on 08y, and ug, _, =0 on o0y,
uy,,_,=0 on 0o, Uy, o = G on 00,
uy, ., =0 onl, ug, ., =0 onT.
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Following the analysis of the incoming-outgoing case we obtain

= 1 Vi 2 = 1 Vi1
u(t,m):gl(t—xl,xQ—’ T |+t — —x0, 01 — —=15 |,
Vi1 Vi1 V.2 V.2

where g; stands for the extension of §; by zero for x3_; < 0. Let us point
that because the boundary terms are in H;* such extensions are in . The
traces regularity is then obtained as in the incoming-outgoing case so that
we omit the details here. |

For later purposes, we also describe the required modifications to deter-
mine the hyperbolic amplitudes of order two and more. The main difference
for these terms is that they are not polarized any more. However in a classi-
cal setting the unpolarized part depends explicitly on the previous term in
the expansion. Indeed, we apply the pseudo-inverse T* (see Definition 4.11)
to the third equation of (5.9) (written for n = 1). We obtain that

(I — Hk)’u,g,k = iTkL(a)uLk. (513)

Then, we use this relation by writing us x = T*ug  + (I — II¥)ug x, in the
third equation of (5.9) (written for n = 2), we apply II¥ and Lax lemma [10]
to obtain that the same, up to a non vanishing source term in the interior,
transport equation as before, determines the polarized part Hku;k:

(0r + Vi, - Vo) [TFug . = —i*L() Y L(9)uy . (5.14)
The same relations hold at any order n > 2. Depending on the kind of

the group velocity vy, we thus have to consider the transport equation (5.14)
with boundary condition(s). This is the subject of the following proposition

PROPOSITION 5.4.

o Let k € i, (resp. k € Fy) and let f,ﬁ be given functions in
Hpe (R x Ry), then the transport equation:

(at + Vg - Vx)u = f(t — LS(,‘hl‘g — Yk2 .Tl) m Q,

Vi,1 Vik,1
Ulz,—0 = g on 001,
upgo =0 on T,
(O + Vi - Vi)u = f(t - ﬁxg,xl - :’Z; zg) in §,
resp. (——] on 0, (5.15)

upgo =0 on T,

admits a unique solution w € H*> () satisfying that
Ujgy=0 € HP(R X Ry) (resp. wjp,—0 € HP(R X Ry)).
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o Let k € Z; and let (fhfz,ﬁl,ﬁg) be given functions in H2°(R x
R, )%, then the transport equation

(0 + vi - Vy)u = ]7 in Q,
Uz,—0 = g1 on 08,
Ujpy—0 = G2 0n 0,
uggo=0 onT,
with
= = 1 Vi,2 = 1 Vi,1
ft,z) = fi (t It - 3?1) + f2 (t - — T2, %1 — '$C2>,

k,1 V.1 V.2 Vi,2

2]

admits a unique solution v € H>(Q). Moreover it satisfies u|,,—o,
U|g,=0 € HEO(R X R+)

Proof. — For the first statement we only consider the incoming-outgoing
framework. Once again integrating along the characteristics gives, because
of the special form of the interior source, the explicit formula

- 1 v
u(t,x) = g<t - ——1,%2 — val)
Vi1 Vi1

~ 1
LB f(t e ) (5.16)
Vi1 Vi1 Vi1

The regularity of u and the one of its trace u|,,—¢ are then obtained
from (5.16) exactly as in the proof of Proposition 5.3.

To treat the incoming-incoming case, as in the proof of Proposition 5.3,
we decompose u := uj + ug, where u; is a solution to the transport equation
associated to the sources (f;,g;) (the boundary condition on {z3_; = 0}
being homogeneous) and then we use the previous analysis. The details are
omitted here. |

As a consequence, the previous discussion states that to determine the
values of the hyperbolic amplitudes (at any order), it is in fact sufficient to
determine the values of the suitable traces. We thus sum up the previous
discussion in the following proposition

PROPOSITION 5.5. — To solve the cascade of equation (5.9), that is to
say to determine the hyperbolic contribution in the cascade (5.2), it is suffi-
citent to determine the following traces: for all n > 0,

e The trace Un k), ifk € .
o The trace Un k), ifk € Sy
o The traces Un ky, _ and Un k., ifk e 7.

0 0
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5.2.2. Reformulation for evanescent modes

In this paragraph we show that to determine the evanescent modes for
0 (resp. 999) it is sufficient to determine the value of their traces on
00y (resp. 093). We recall that for evanescent modes we have to solve the
equations:

Lk(axp)Uo’/g)p =0 Vke i)‘ip,

Lk(a )Ul,k,p =0 Vke iRp,

Wnikp=0 V EkeRy,
VneN,

(5.17)

forp=1,2 z(p

Lk(aXp)Un—l-Q,k‘,p + L/p

The main point is the following lemma due to [11].

LEMMA 5.6 (Lescarret [11]). — Let p = 1,2 and k € R, we define
k
ng,pU(Xp) = eXpMP(IVES*P)ngU(O)’ (5.18)

XP k
k —y) ey (T,E5 k _
QL U(X,) = / (Ko (28, ) [E AL (y) dy

o0 k
‘/ (S (LELE AT Py, (5.19)
Xp
Then for all F' € P, the equation
Ly(0x,)U = F,

admits a unique solution U € P,. It reads under the form
k E
U =PevpU + QevpF.
As a consequence, the two first equations of (5.17) imply that we have

a kind of polarization condition for the first evanescent modes. They verify
Uoryp = Pk Uokp and Uy pp = Pk Ui k,p. From the definition of the

ev,p ev,p
operator P’;))p, it is thus sufficient to determine the value of the trace on

{X, = 0}. This trace corresponds to {x, = 0}.

For higher order evanescent amplitudes, the third equation of (5.17) com-
bined with Lemma 5.6, shows that these amplitudes read under the form

k k
V=2 Unkyp = PeopUnip — QEv,pL;;(a)Uank,pv

where the second term on the right-hand side is a known function. Conse-
quently, to determine the full amplitude U, j , it is sufficient to determine

Pp%,,pUn?k’p, that is to say the value of the trace Up kp, _,-

We sum up the previous discussion in the following proposition
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PROPOSITION 5.7. — To solve the cascade of equations (5.17) that is
to say to determine the evanescent contributions in the cascade (5.2), it is
sufficient to determine the values of the traces Unykyp\z,ﬁo forp=1,2, for
all k € Ry, and for alln = 0.

Because we want to solve the extra boundary conditions ensuring that all
evanescent modes verify Un x,1,, _, = Unk2, _, =0, we also have to justify
that the evanescent modes given by Lemma 5.6 satisfy these conditions. It is
effectively the case because of the following lemma whose proof is readable
from the explicit formulas (5.18) and (5.19).

LEMMA 5.8. — Let p = 1,2, F € P, and U(0) be given functions sat-

isfying Fla,_,—0 = U(0)jz5_,—0 = 0. Then the solution U to (5.17) given by
Lemma 5.6 satisfies Uj,,_ —o = 0.

5.2.3. Reformulation for glancing modes

Finally, we reformulate the equations for glancing modes in order to show
that to determine these amplitudes it is sufficient to know the values of the
traces on 0€); or 0¥y depending on the kind of the glancing mode. The
analysis exposed below follows closely the one of [17].

We recall that for glancing modes we have the equations: for p = 1,2
f(dgpk)uo,k =0 Vke jqpa
Z'.ip(d(pk)uLk + Apaxplm,k =0 Vke fgp,

i (dpr)unt2.k + ApOy, Uny1,k + L;(@)un,k =0 Vkeg,,
VneNlN.

(5.20)

The first equation of (5.20) gives the polarization condition HkquC = ug,,
for all k € .#, . We then consider the second equation of (5.20), we apply
IT* to obtain, thanks to the polarization condition

ITF A, 1179, ug 1 = 0. (5.21)

From Lax lemma [10], the matrix IT* A,IT* simplifies into vy, ,11*. But for
glancing modes for the side 012, we have v, = 0. As a consequence, (5.21)
is trivially satisfied for the polarized part. In order to make it satisfied for
the non polarized part, we apply the partial inverse T* to determine the non
polarized part of u; ;. We have:

(I —*)uy g, = YR A0, ug - (5.22)
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Finally, we consider the third equation of (5.20) written for n = 0. We
apply IT¥, we decompose uy i, = [MFuy  + (I — I1¥)uy j, we use HkAka =0
and (5.22), in order to obtain the equation governing ug ;. We end up with

iF A YR A0 ok + (00 + Vi - Vo) ITug e = 0,
where we used once again Lax lemma.

We have the following result from [17]

PROPOSITION 5.9. — For p = 1,2, for k € .4, , then we have the rela-

tion 1
A, YFA,T% .= —T1F,
p
where ¢, € R\ {0}.

As a consequence, for glancing modes we are leading to consider the
Schrodinger type equation (see [17] for more details about this name)

—0% MFug g +icy (0 + vi - Vi) TFug i = 0. (5.23)

We can repeat the same procedure for higher order terms, the only dif-
ference being that because the amplitudes are not polarized any more some
extra source terms involving the non polarized part, which can be expressed
using the preceding terms as in (5.22), come into play. We borrow the follow-
ing proposition to [17]. It gives an explicit solution to the equation (5.23).

PROPOSITION 5.10. — Let f € HE‘;/(R x R3) be a function with expo-
nential decay with respect to the last variable and g € Hé’o(R x Ry) be a
boundary term, then for ¢, v/ € R\ {0}, the equation

—Ou+ic(0y + V'O )u=f for (t,2',x) € R x R%,
Uy—o =9 onR xRy, (5.24)
U|t <0 = 0 on R%’_,
admits a unique solution u € Hﬁ/(R x Ry X R). In particular, it satisfies

the homogeneous boundary condition u|,—g = 0.

Proof. — The proof relies on the explicit solution given by [17, eq. (8.40)].
We consider - the extension of - by zero for 2’ < 0. Because g € H*(R xRy)
zind fe Hpg (R x R?), the extensions are regular i.e. § € H*>°(R?) and
fe H®([R? xR,).

We thus consider @ the solution to

—02u+ic(0; + V' 0y )u = f for (t,2',x) ERxR xRy,
Uy—o =9 onRxR,, (5.25)

a7 — 2
U,‘tgo—o OHR+.
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For ~, u > 0, we introduce the new unknown v := e’“/te*’“clﬂ, we perform
a Fourier transform with respect to (¢,z’). Let = denotes this transform and
(1,7m) be the dual variable of (¢,z’) then (5.25) becomes

—

—20+ic(y+V'p+iT+ivin) 0 =e e f

=X(0) (5.26)
for (t,2',x) e R x R x Ry,

-~ ’
V=0 = e Ve *'gon R x Ry,

where ¢ collects the parameters ~, 4 and the dual variables. We also define
in the following e, := e e H*".

From [17, eq. (8.40)], , the solution to the interior equation of (5.26) reads

(¢, x) = VXT—0(C)

X ’ "
+/ 6(xfx)\/f/ o~ XWE, T L FCx) dx Ay,
0 X’

where VX stands for the square root of X with strictly negative real part, so
that v € Li(R+). Reversing the Fourier transform then gives the following
explicit formula for @

— -1
e’y,uu(ta @, X) = 9(T,n)—>(t z')

GX‘F&HLQ / e(x=x")

0 . (5.27)

><~\g

e’v uf(Ca "y dx" dx’

where % ~' stands for the reverse Fourier transform.

Clearly the restriction of @ to ' > 0 solves the interior equation of (5.24).
To conclude, it remains to justify that @ is regular, that (9},%)|, <o = 0, for
all n € N, and finally that the restriction of @ satisfies the initial condition.

The regularity of @ can be read directly on the explicit formula (5.27).
So that we only consider the traces values. In order to do so we will proceed
by causality using the following energy estimate

LEMMA 5.11. — For all v, p sufficiently large, chosen in such a way that

y+v'u#0, and for allg € H*®(R?) and f € H*®(R? x R,) with fast decay
with respect to the last variable, we have the energy estimate: there exists
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C > 0 such that

2
HGW,MUHH(W xRy )
1

C =112 2
< + g . (5.28
Iy +vul <||7+v’u|| el easce, llevﬁﬂglma) (5.28)

We also refer to [17, eqgs. (8.40) and (8.41)] for similar estimates.

With Lemma 5.11 in hand the fact that u,, <o = 0, if the sources fandg
vanish on {2’ < 0} is clear. Indeed, if flw’ <0 Jjar <0 = 0 then the right-hand
side on (5.28) is o(e°*) for all € > 0. The same holds for ||e%#ﬂ||2L2(R2xR+) and

this implies that %,/ < o vanishes. We obtain the desired result by continuity.
Moreover, the same arguments apply to the initial condition.

Proof of Lemma 5.11. — Let v, u > 0 to be specified below. Using
Plancherel identity in (5.27) we have

2

—

) =
He’y,uU”Lz(szRJr) < €X\/iey,p9(o

L2(R2xR4)

X !
/ OIVER(C ) dy
0

2

+ C‘ (5.29)

L2(R2xRy4)
where to save some notation we defined

FCy) = / O X WK TFC 3" dy
X/

The estimate for the first term on the right-hand side of (5.29) is straight-
forward. Indeed we have

;(R2xR+) - /R2 e“y/u\g(o‘r(/ooo 62X§R\/idx> dr dn
- [ s aran

C -
S v el

—

“€Xﬁ677u9(C>‘

where we used again Plancherel formula to conclude combined with an esti-
mate of the real part of v/X obtained in [5].
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We then estimate the second term on the right-hand side of (5.29). We
first give an estimate for F'. We have
2

IFEXNIP =] [ e X%e, L) dy”
e T
X/
1 — 2 ,
< ——— |Gt e,
ﬂ%%ﬁ—é“
—_— 2 ’
R (03] I

<————=|le
Iy + v/ ul 21
where we used the fact that the source f has fast decay with respect to x”.
Consequently f does the same and we can write || F(¢, x")|| < £(¢)e X",
for some square integrable function f. We also use the estimate ||RvX] >

[lv + v/ || of [5]. With this estimate in hand from Jensen inequality we thus
have

2

X !’
/ OV R(¢ ) Ay

0
2
L
R2 ’
|h+vMPA2““ ”/

/ 22X IRVX o —20xx! dy’ dyx dr dn.
0

L2(R2xRy)

dydrdn

‘We have

[ee) 1
/ 2 / e20x—xx)RVX ,—26xx’ dy’ dx
0 0

1 > 2( —2y6 2xRVX
_ _ — dy. (5.30
2(§WK+5)/0 X (e ‘ ) X (5:50)

From the bound RvX > —C||y 4 v/ul|, we choose ~, i large enough such
that RvVX+6 > —g. It implies that the right-hand side of (5.30) is finite and
does not depend on the Fourier variables. This ends up the desired estimate
for the second term on the right-hand side of (5.29). O

To complete the proof of Proposition 5.10 it only remains to justify that
the derivatives 074 vanish on {2z’ < 0}. This is made exactly as for the
zero order term w, <o by using the explicit formula (5.27) for which we can

- 463 -



Antoine Benoit

obtain high order Sobolev estimates in the spirit of Lemma 5.11 (we also
refer to [17, eqs. (8.40) and (8.41)]). We omit the details here. O

We thus have justified the following proposition:

PROPOSITION 5.12. — To solve the cascade of equations (5.20), that is
to say to determine the contributions of glancing modes, it is sufficient to
determine:

o The trace on {x1 = 0} if the amplitude is glancing for the side 0.
o The trace on {xy = 0} if the amplitude is glancing for the side 0.

5.3. Construction of the leading order term

In this paragraph we describe the construction of the leading order term
in the geometric optics expansion. From the results of Subsection 5.2, we
have justified that the whole determination of the amplitudes of the leading
order term amounts to determine the suitable trace values.

Thus, in the following we describe an order of resolution which permits to
decouple the boundary conditions cascades (5.5) and (5.6) and thus to per-
form the construction of the leading order term thanks to Propositions 5.5—
5.7 and 5.10.

Because several loops have to be considered the order of resolution will
not be as simple as in the unique loop framework of [2]. The main steps of
the determination remain however, in some sense, the same. We first find
a compatibility condition permitting to determine the elements of the self-
interaction loop. We then find some order of resolution to determine the
elements coming from reflections of the self-interaction loop’s elements.

5.3.1. Determination of the loop elements

In this paragraph we generalize the compatibility condition of [2] to a
self-interaction loop with any odd number of elements, possibly greater than
four. Consequently, there exists an even number of self-interacting terms.
The ideas remain however unchanged.

We assume for a while that the last amplitude of the loop, namely ug s, ,
is known. We will recover the values of all the other self-interacting terms in
terms of wg s,, and finally a compatibility condition determining ug_s,, .
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By definition s; € %, so from Proposition 5.5, it is sufficient to deter-
mine its trace on 0§23 to determine ug s, . From the boundary condition (5.5),
this trace satisfies

B, UQ,s; + E Uo,k + BlUOvslal\xlzo
k€ ®*(s1) N (Fis U Fio) 210
+ B E Uok, _, =9~ B1 E U0 k), _o»
ke ®(s1) NIy, ke D(s1)N Foi
if 517 € Ry, and
By |ug,s, + E Uo, & + By E U0,k
k€¢*(81)m(1¢iiU(ﬂio) |:I?1:0 kG@(Sl)ﬁfgl

=g9— b > Uo,k|,, —q

k€ ®(s1)N Foi

if s1 € My. In both cases, we remark that the left-hand side reads under the
form Bjv where v € Ej so that the uniform Kreiss—Lopatinskii condition
(see Assumption 2.11) gives that

U0 o =105 (g =By > ok, | (5.31)
k€ ®(s1) N Fo;

where we recall that II°* stands for the projection upon ker Z(dys, ) intro-
duced in Definition 4.11.

We aim to follow the method of resolution of [2]. So we need to justify
that ®(s1)NA,; = {sap}, to make sure that the right-hand side only depends
on the “known” function ug s,, .

LEMMA 5.13. — Consider a complete for reflections frequencies set F
satisfying Assumption 4.8. Then we have ®(s1) N Fy; = {Sap}.

Proof. — We proceed by contradiction and we assume that there exists
i € B(s1)N Iy, t # sop. Using the fact that the frequencies set is minimal, we

obtain that i necessarily comes from some reflection. So, there exists some
J € Hio, such that j € ¥(i). From Proposition 4.9, we have that s; v J
so that there exists a type V sequence ¢ with an even number of elements
linking s1 to j. As a consequence, the sequence (s1,4, j,i,51) is a loop for s;.
It differs from the self-interaction loop (s1, 2, ..., Sap, 1) because i # sqp
and thus it contradicts Assumption 4.8. O
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As a consequence, we obtain (see Proposition 5.5) the following value for
Up,s, in terms of the (supposed to be known) term U053y,
=

s 1 Vs
Uo, s, (t’ SC) = HSI¢11 [g - Blu0782b\11:0] <t a T 172:1:1)' (532)

Vsl,l Vsl,l

In particular

U0,51 |, =0 (t,l‘l) = Hslgbi?l {g — Blu0732b|11:0]

We now show that we can determine ug s, from (5.33). Because sg € %,
we only require the trace value on 9€25. From (5.6) the trace on 029 satisfies
the boundary condition

By |ug,s, + E U,k + BzU0,32,2‘X2:0
ke W= (s2) N (Fii U Ioi) |22=0
+ Bs > Uo ko = —B2 > U0 k), o
k€ W(s2) NIy, ke WU(s2)N Lo
if s € Ry and
By |ug,s, + E Ug,k + Bs g U0k, —o
ke W (s2)N (I U o) lzo=0 keq/(sz)ﬂ]gz

= *BQ Z U0,k

ke ®(s2) N Lo
if S92 ¢ 9‘{2.

Reiterating the same kind of arguments as for ug s, (in particular we
require some straightforward adaptation of Lemma 5.13), we obtain the trace
value

__TTS2 452
U0,52|pye0 — 1I"2 ¢y Bzuovsl\m:o’

so that

oy (1,2) = IG5 BT 63 [g — B,

1 1 Vo1 Vsq,2 Viso,1
(t - Ty — 1-— 2 To, — L Ty — 2 X9 . (534)
Vsi,1 Vsy,2 Vsi,1 Vsl Vss,2
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In particular

u0>52|m1:0 (t,.’]j) = Hsz(b;?BgHSl(bil {g _ 31U0,52b|m1:0}
1 Vg v v
<t— <1_ 5271>x2,_$17232a1x2>. (5.35)
Vsy,2 Vsy,1 Vsi,1 Vsy,2

We can repeat the same computations for all indices of the self-interaction
loop. They can all be expressed in terms of U0 554, - At the last step of
the process, we determine ug s,, so that we obtain the value of its trace on
d€1 in terms of itself. This compatibility condition reads under the form

(I = T)uo,sy,,,,_, = Ty, (5.36)
where the operator T is defined by
(Tu)(t,y) := Su(t — oy, By), (5.37)
where we defined
S = I1%2 3% BoIlP -1 7% ' By - - - 1172932 BoI1° ¢ By,

B = H Vi,2 H Vi1
e - )
Vi2

Vi1
ke{s}n L, le{s}NIo;

and where a > 0 can be made explicit in terms of the group velocities vi. Its
precise value is however of little interest in the following of the discussion.
The only point to keep in mind is that it is positive.

In the following in order to determine U020, and thus to deduce all the
amplitudes for the indices in the self-interaction loop from the above explicit
relations (see (5.32) and (5.34)), we will make the following assumption. It
is just a generalization of the one of [2] to loops with an arbitrary number
of elements.

ASSUMPTION 5.14. — We assume that the operator I — T where T is
defined in (5.37) is invertible from HZ®(R x Ry ) into HX°(R x Ry ).

Under this assumption, we can use (5.36) in order to obtain U0, 59y, o €
H(Rx Ry ) in an unique way. We then use the explicit formulas (see (5.32)
and (5.34)) to determine the values of the self-interacting elements. In par-
ticular, we remark that for k € 7, N {s} (vesp. k € Fo; N {s}), wo,, _, €
H(R x Ry) (resp. uok, _, € H*(R x Ry)). As a consequence in the
following these terms can effectively be used as boundary terms in Proposi-
tion 5.3.
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5.3.2. Determination of the other amplitudes

Let ¢ € .Z be some index, then we know from the results of Section 4
that ¢ is linked to the index s; by (possibly many) type V sequences. The
order of determination of the amplitudes will be the following:

(1) we start by determining all the indices ¢ which are linked to s; by
exactly one type V sequence.

(2) Then, we proceed to the determination of the ones which are linked
by two distinct sequences of type V and so on.

The following proposition, whose proof follows essentially the same lines
as the determination of the amplitudes in the so-called trees of [2], states
that if i € .# is linked to s; by a unique sequence, then it can be determinate
from the knowledge of the loop elements.

PROPOSITION 5.15. — In a complete for reflections frequencies set F
satisfying the uniqueness Assumption 4.8, let i € 7 be such that there exists
a unique type V sequence £ such that sq w i, then the amplitude uo; or

Uo,ips P = 1,2, satisfying the cascade of equations (5.2), (5.7) and (5.8) can
be uniquely determined from the values of the ug s, where s, € {s}.

Proof. — Let i € .# be linked to s; by only one sequence of type V. In
the following we have to consider several cases depending of the nature of
the index 1.

e Firstly, we assume that i € .#;,. Because of the definition of type
V' sequence, the index i is linked to s; by a (unique) sequence ¢
admitting an odd number of elements so that ¢ = (¢1,%2,...,l2pt+1)
for some p € N. By definition of type V sequence, we have {5, €
F,i N ®(1) and in order to use the uniform Kreiss—Lopatinskii con-
dition in the boundary condition determining o, _, (and thus, to
determine the whole amplitude uo; from Proposition 5.5), we have
to justify that ®(2) N Fp = {lapt1}-

By contradiction, let us assume that there exists some j € .Z,; N
®(3), j # lopt1. Then because the frequencies set Z is ‘complete
for the reflections, it is minimal and thus the index j comes from
some reflection. As a consequence there exists k € .7, N ¥(j). From
Proposition 4.9, the index k is linked to s; so that there exists a

type V sequence ¢’ = (£1,...,05, ) such that s; v k. We can

not exclude at first glance that we have ¢ € ¢ that is to say that
the sequence linking k to s; passes by 4. In fact, it is not possible.
Indeed if we have i = /5, , for some 7 € N, then the sequence
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(loys0y oy ysy -y oy 1, K, j, i) forms a self-interaction loop for i. It
contradicts Assumption 4.8. So that we have i & ¢. The above
discussion is summarized in Figure 5.1.

S1

A ‘

.

éz,—gl
14

52

|,

Figure 5.1. Illustration of the proof 1.

Consequently the sequence (¢, k, ) is a type V sequence which
links s; to i. The sequence (¢, k,j,i) can be simplified to (¢,1) if
and only if ¢/ = (¢,4, q) for some sequence ¢ linking ¢ to k. This is
however impossible because i € ¢'. We have thus found two distinct
sequences of type V linking s; to ¢ which is a contradiction. We refer
to Figure 5.2.

S1

Uy 4

.

52

Figure 5.2. Illustration of the proof 2.

- 469 -



Antoine Benoit

At this step of the proof, we have justified that ®(i) N %,; =
{€2p 41}, so that to construct ug , it is sufficient to construct ug g, , -

To construct ug,¢,,,, we proceed similarly. We now justify that
U(lapt1) N Fip = {l2p}. By contradiction assume that there exists
Jj € U(lapt1) N Fio, j # lop, then the fact that the frequencies
set .Z is minimal implies that there exists k € .%,; N ®(lsp). From
Proposition 4.9, this index is linked to s; by some type V sequence,
namely ¢'. Reiterating the same arguments as for the first step of the
proof, we easily show that 7 & ¢/, because there exists a unique self-
interaction loop in .%. As a consequence, there exists two distinct
sequences linking s; to £, and thus s; to i. It is excluded from our
special choice of 3.

We then proceed inductively for each terms in the sequence £. At
the end of the day, we obtain the value of the desired trace ug; in
terms of (some) of the ug s, for s, € {s} which have been determined
in Subsection 5.3.1. As a consequence, we can construct ug ; thanks
to Propositions 5.3 and 5.5. The first one applies because we have
already justified that the traces of the self-interacting amplitudes
admit some flatness at the corner.

e Secondly we consider an index i € .%,;. The determination of such
uo,; is similar to the one where i € .%;, except that we require the
trace on 02, and that this index is linked to s; by a sequence with an
even number of terms. We start by showing that (i) N %, = {l2p}
exactly as the property U(lap11) N Fip = {f2,} has been shown
for incoming-outgoing modes. We then proceed inductively for each
term of the sequence as for the incoming-outgoing modes. We feel
free to skip the details here.

e Ifi € .#;; then such index can appear after an odd or an even number
of reflections. In order to determine the amplitude wg ;, we have to
know the two traces Ui, _, and Ui, o

Let ¢ = (44,...,£,) be the type V sequence linking i to s;. By
definition of such a sequence (see Definition 4.5) we have

b, € Iy and L, € (i) if pis odd,
ly € S and {, € U(i) if pis even.

Consequently if p is odd (resp. even), we can use the boundary
condition (5.5) (resp. (5.6)) combined with the uniform Kreiss—
Lopatinskii condition to write
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U0y, _, = —Hf¢1B1U0,émm1=0 — II*¢q E Biuo g, _o»

kE®*(Ly) N I

|z1=

resp. u072|12:0

— *Hi¢z§B2U0,eme:U — Tt Z Buuog,,_, | (5.38)
ke ‘I’*(ép) N Zio

We can reiterate the same kind of arguments as for the case where
i € Z, in order to show that, because of the uniqueness of the type
V sequence linking 7 to s1, then in both cases U*(¢,)NFp = O*(£p)N
A, = 0. So that, depending on the parity of p one of the traces of
Up,; is determined in terms of the one of uo,¢,- The amplitude ug g,
and in particular its required trace can be determined from the case
i€ S, ori € S, As a consequence, it is sufficient to determine
the value of the second trace to construct the whole ug ;. To fix
the ideas, let us assume that p is odd so that Ui, is known
e has to be determined. We claim that ¥(i) N %, = 0.
Consequently the boundary condition (5.6) after application of the
uniform Kreiss—Lopatinskii condition gives

and wug;

UO&"W:O =0.

To show the claim, we proceed by contradiction and we assume
that there exists j € %, N V(). Then, from Proposition 4.9 there
exists a type V sequence ¢ linking s; to j. Because i € %, the
sequence (¢',j) can not be simplified into ¢ as a consequence i is
linked to s; by two distinct sequences which is impossible because
of the choice of 1.

We then have the two values of the traces Ui, _, and ug ;
We can use Proposition 5.5 to determine the amplitude ug ;.

e Then we consider evanescent amplitudes i € Ry or i € Ry, We
expose here the determination of some Up ey; with ¢ € 937 the de-
termination for ¢ € Ry being essentially similar. Let ¢ denotes the
type V sequence such that s; v i. Then because of the definition

|zo=0"

of type V sequence, we have that ¢ contains an odd number of el-
ements. From the boundary condition (5.5) where we applied the
uniform Kreiss—Lopatinskii condition, we obtain that the trace of
Uop,i,1 is given by
Uo,i,1 = HS76¢£1B1UO,€2P+1‘1.1=0 —II*°¢1 By Z U0k, o>
k€ Foi NP*(Lopt1)

|X1=0
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where we recall that I1®¢ is the projection introduced in Defini-

tion 4.11.

We can show, by using the same arguments as in the framework

i € i, that &, N ®*(lopy1) = 0, so that we have determined

Uy ERT in terms of U0 Lap i1y, o Such an amplitude is known
from the subcase i € .Z,;. Proposition 5.7 applies and completes the
construction of Uy ; 1. Once again from the flatness of the traces of
the loop element, we can apply Lemma 5.8 to ensure that the extra
boundary conditions in (5.7) are satisfied.

o Finally, we deal with glancing modes i € %, or i € .. The
construction is analogous to the one for the elliptic boundary layers.
Indeed, from Proposition 5.10, it is sufficient to know ug, o if

ea0? if { € #,,. From the boundary condition (5.5)

(or (5.6)) combined with the uniform Kreiss—Lopatinskii condition

we thus have, if i € 7,

i€ Sy, and ug;

it
Uo,i = H7¢1B1u0,42p+1|$1=0’

[x1=0
and a similar relation in the case i € .%;,, where we used the fact
that #,; N®*(l2p41) = 0 to simplify the right-hand side. Once again
we use the case i € .Z,; to determine U0,bap i1,y This gives ug ;
and thus the whole amplitude ug ; by using Proposition 5.10.

[x1=0

Because we have determined wp,; when s; v i by a unique type V se-

quence for all possible kinds of the index i the proof of Proposition 5.15
is complete. O

From now on, using Proposition 5.15, we can assume that all the indices
linked to s; by only one type V sequence has been determined. For later
purposes, let us remark that in fact the above proof does not really require
the uniqueness of the self-interaction loop. Indeed to hold it is sufficient that
the sequence / linking i to s; does not contain any self-interacting indices.

The following proposition states that we can now determine all the indices
linked to s; by two distinct type V' sequences.

PROPOSITION 5.16. — In a complete for reflections frequencies set sat-
isfying Assumption 4.8, let i € # be such that there exist two distinct
type V' sequences £ and £ such that sy v i. Then the amplitude ug; or

Uo,ip, P = 1,2, solving the cascade of equatwns (5.2), (5.7) and (5.8) can be
uniquely determined from the values of the ug s, where s, € {s}.

Proof. — Acting as for the proof of Proposition 5.15, we have to separate
several cases depending on the nature of the index 1.
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o We first consider the case i € #,. Let ¢ := ({1,...,02p+1) and

0= (0y,... by, ) with p,p" € N be the two sequences such that

S1 >—> 1. From Proposition 5.5, it is sufficient to determine g, Ao
o=

By deﬁmtlon of type V sequences and the boundary condition (5.5)
we have, thanks to the uniform Kreiss—Lopatinskii condition:

0.4, —o = —II*¢7 B, (UO,€2p+1m1=0 +u Oé’zp AP o)
— ¢t B, > ok, o (5:39)

ke @@ N Io\{lapr1,8],,, }

We have several cases to consider to express (5.39) in a suitable way.
It depends on the values of the end of the sequences ¢ and ¢'.
— First, if o511 # lap 41, then we claim that we have

{((D(Z) N ]01) \ {€2p+17£/2p/+1} = @

s10 lopr1 and s v 5,1 by exactly one type V sequence,

so that Proposition 5.15 applies to determine each of the ampli-

tudes ug,¢,,., and Yo, and thus o, _, 1 known from

(5.39). Consequently ug ; is constructed if lapi1 # €5, .

We now prove the claim. We proceed once again by contradic-
tion by assuming that there exists some j € ®(i)N.%,; such that
Jj # lopt1, 5, - By minimality of the frequencies set such a j
comes from the reflection of some k € ., N ¥(j). From Propo-
sition 4.9, such k is linked to s; by some sequence £”. Using
the same arguments as in the proof of Proposition 5.15, we
obtain that i ¢ ¢” (once again we use the uniqueness of the
self-interacting loop).

Consequently the sequence (£”,k, j) links s; to i. The fact that
i ¢ ¢” implies that the sequence (£, k, j,) can not be simplified
into (¢,2) or (¢',i). We thus have constructed three type V
sequences linking s; to ¢ which is excluded by definition of . It
gives the first point of the claim.

For the second one, we proceed by contradiction and assume
that there exists a sequence ¢” differing from ¢ and such that
s10 lopt1, then the sequences (¢, fop41), £ and ¢ are three

distinct type V sequences linking s; to ¢ which is again a contra-
diction(® . The previous proofs are summarized in Figures 5.3
and 5.4.

(6) Indeed the sequence (£”, £2,11) can be simplified into £ if and only if £2,11 admits
a self-interaction loop.
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S1

lo 4

|~
N
w

[~

52

Figure 5.3. Illustration of the first statement of the claim.

S1
ly 4
i % l3
[/ - o
12 0
52

Figure 5.4. Illustration of the second statement of the claim.

— If now we have {311 = {3, ;, then the above argument fails.
Indeed, we can show that we still have (®(2)N.7;) \{l2p+1} = 0,
but now /5, is linked to s; by two type V sequences, namely
(1. lop—1) and (£4,..., 05, ). Consequently, Proposition
5.15 does not apply directly to determine the right-hand side
of (5.39). We refer to Figure 5.5.

We thus need to make the determination of ugg,,,, more pre-
cise. Because 211 € F,;, using Proposition 5.5 it is sufficient
to determine U0 by, o From the definition of the type V
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sequences £ and ¢/, the boundary condition (5.6) and the uni-
form Kreiss—Lopatinskii condition; we have

_ Lo, Lopt1
= T +1¢,7* By <u0142p120 + ug ¢ )

20 | gg=0

‘ 5.40
_ H€2p+1 <11)22174-1 B Z uO’k‘m:W ( )

ke @@ NI\ { .0, }

U0, l2p41 5,0

if lop # £5,,. We then claim that we have

{(\P(l) N %0) \ {621)’ /217/} = @,

s170 by and s v {5, by exactly one type V sequence,

so that the right-hand side of (5.40) only depends on U0, b5y, T
U g7 , which is known from Proposition 5.15. The proof

Lol
of the‘ rzlew claim is totally similar to the previous claim, so
that the proof is omitted here. If now £y, = {5, we consider
the preceding elements {5, ; and E’Qp,_l and repeat the same
arguments until that we find two elements such that ¢, # £7,.
This necessarily occurs at some step because £ # £'. This ends
up the determination of ug; when ¢ € F,.

e If i € Z,; then the proof is the same mutatis mutandis as the one

for the case i € .%;,. We feel free to omit this proof here.

e For all possible layers, that is to say i € Fey1, & € Fev2, § € S, OF

i € J,,, then depending on the nature of ¢, only one of the traces
on {Y7 = 0} or {Y2 = 0} needs to be determined (where Y, stands

S1

lo %
7 L3
LA A

2, 0

52

Figure 5.5. Tllustration for the case la,41 = £y, .
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for the associated fast variable of the boundary layer). The bound-
ary conditions (5.5) or (5.6) combined with the uniform Kreiss—
Lopatinskii condition permit to express this trace by an equation
analogous to (5.39). The end of the determination then follows ex-
actly the one exposed in the framework ¢ € .%,,.

e Finally, if ¢ € .#;, then the proof differs a little from the one
where ¢ is linked to s; by a unique type V sequence, so we will
give more details. Let ¢ € .%; be linked to s; by two distinct se-
quences £ = ({1,...,£p) and £’ = (£1,...,£,,). From the definition
of type V sequences we have p,p’ € N. Let us point that p and p’ do
not necessarily have the same parity. We thus make the following
distinctions depending on the above parities:

— If pand p’ are both odd, then we have i € ®({,,) = ®({;,) where
Ly, by € Fo;. The claim here is that if the end of ¢ differs from
the end of ¢' (¢, # {},) then

{(‘P(i) NIoi) \ {p, by} = 0,

$1 ) £, and s v E;, by exactly one sequence of type V.

We are in the same position as in the case i € .%,, see Fi-
gure 5.6.

S1

ly b

l3

|,

52

Figure 5.6. Illustration for i € .#;;

So, from Proposition 5.15 the amplitudes associated to £, and
¢, are known and then the boundary condition (5.5) combined
with the uniform Kreiss—Lopatinskii condition gives the follow-
ing relation governing Ui, _, in terms of the traces of the
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Uo,

above amplitudes:

u0’2|x1:0 = _H1¢21Bl <UO’ZPI110 + UO’Z;/mlo) . (541)
To conclude it remains to determine the value of the trace on
0. Reiterating the same arguments as the ones exposed in the
proof of Proposition 5.15, we can then show that ¥(¢)N.%;, = 0.
Indeed if such an intersection is not empty, then we can eas-
ily construct a third type V sequence linking s; to i. As a
consequence, the second trace is given by Ui, = 0. Propo-
sitions 5.3 and 5.5 apply and the amplitude ug ; is determined.
If p and p’ are both even, then the same arguments apply except
that it is now the trace of ug; on 92 which is non trivial and
given by the analogous of (5.41), the trace on 02 being trivial.
If p is odd and p’ is even (the other case being similar), then
we have on the one hand ¢, € ®(3), ¢, € #,; and on the other
hand £, € ¥(£,), £, € Fo. The claim is now that

{(‘I’(i) NIoi) \{lp} =0 = (Vi) N Si0) \ {6},

s100 ¢y and 51 o é;, by exactly one sequence of type V.

Lz =0

The proof of the claim follows the same lines as the ones of the
case 1 € %, of Proposition 5.15 and we feel free to omit the
details. Consequently, the boundary conditions (5.5) and (5.6)
combined with the uniform Kreiss—Lopatinskii condition for
each side, give

and wug;
Lzg=

= —Hl(biBluO,zp‘ o = —Hl(ﬁﬁBguO’g// 5
z1 Pz

=0 29 =0

the right-hand sides being known elements in H°(R xR ) from
Proposition 5.15. As a consequence, Proposition 5.5 applies and
gives ug,;. The above situation has already been depicted on
Figure 3.4.

This ends up the determination of the amplitudes associated to indices
linked to s; by two distinct type V' sequences. ]

Using Proposition 5.15, we can assume that all the indices linked to s;

by at most two sequences of type V have been determined and reiterating
the same kind of proof as the one of Proposition 5.16, we can construct
inductively all the elements linked to s; by at most P sequences of type V
for any P > 0. Thus it determines all the leading order amplitudes in the
geometric optics expansion.

— 477 —



Antoine Benoit

The proofs are similar to the one where ¢ was linked to s; by two distinct
type V sequences. Indeed, the proofs of the claims only require that by
contradiction we obtain 2 + 1 type V sequences. We feel free to omit the
details for a sake of brevity.

We have thus shown the following concluding proposition:

PROPOSITION 5.17. — Under Assumptions 2.1, 2.2, 2.9 and 2.11, we
consider a complete for reflections frequencies set satisfying the unique-
ness Assumption 4.8. Finally, assume that the inversibility Assumption 5.14
holds. Then there exist (wo k)ke .7, (Uoa,k)ken, and (Uok2)ken, satisfy-
ing the cascade of equations (5.2), (5.7) and (5.8) at first order.

Once that the leading order term of the geometric optics expansion is
constructed, then it is a simple and classical exercise to construct the higher
order corrector terms. Indeed the only difference being that the hyperbolic
and evanescent terms of order more than two are not polarized any more.
As a consequence, these terms will be determined by the same equations as
in Paragraphs 5.2.1 and 5.2.2 up to some extra interior terms depending on
the above non-vanishing unpolarized part. However, the unpolarized part is
determined uniquely from the preceding terms so that these source terms are
known and Proposition 5.4 and Lemma 5.6 apply. Similarly the construction
of high order terms for glancing modes is rather classical. It follows the one
given in [17].

Consequently we omit the details here for a sake of brevity. It concludes
the construction part of the proof of Corollary 2.13.

6. Construction of the geometric optics expansion under
Assumption 4.10

The construction for geometric optics expansion when the set of frequen-
cies admits an arbitrary number of self-interaction loops looks like the one
when we have uniqueness of the self-interaction loop. But, we have to be a
little more precise about the order of determination of the amplitudes.
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Let us first stress that the ansatz when the set of frequencies contains
several loops is the same as the one when we have uniqueness of the self-
interaction loop that is to say

wlte)~ 3 OVET 3o et ()

n>0 k € Hhyp
i X
+ Z \En Z esipk(t,x)un)k(t,l‘g,\/lg)
n>0 ke Iy
i X
b3 e (b, 22)
ke Iy
i x
+ Y OVET DY erttmy, (75,9627?1)
n>0 k€ R,
i x
b2 (n 2). 6
k € Ry

As a consequence, when we inject this ansatz in the interior equation,
in the boundary conditions and finally in the initial condition, it still leads
us to solve the cascade of equations (5.2)—(5.7) and (5.8). Similarly, the
reformulation steps of Subsection 5.2 are unchanged because the cascade of
equations is the same. But, let us stress that in this cascade, this will speci-
fically be important for the boundary cascade (5.7), we now have several
self-interaction phenomena (all of them being hidden in equation (6.1), in
the first sum on SHyp).

As a consequence, we have to study how the order of determination of the
amplitudes is affected by several self-interaction loops. This is described in
the following paragraph for the leading order term. We do not describe the
determination of higher order terms here. The only point to keep in mind
is that because these amplitudes are not polarized any more, we have extra
interior source terms compared to the leading order method of resolution.
However in Subsection 5.2 we anticipated such a case of study.

In this section we describe how the method described in Section 5 needs
to be modified to construct the geometric optics expansions when the fre-
quencies set contains several (simple) self-interaction loops. In order to do so,
let us first remark the following important refinements of the construction
in the unique self-interaction loop framework of Section 5:

(1) The determination of the elements of the “first” self-interaction loop
(namely the one turned on by the source ¢°) only requires that
this loop is not a composite loop. So that we can reproduce the
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determination of the first loop’s amplitudes in order to initialize the
resolution.

(2) The determination of the elements away from the loop based on
the number of type V' sequences only requires that the considered
sequence do not contain any self-interaction index.

As a consequence, we can use the same arguments as in Section 5 to deter-
mine first the amplitudes associated to the indices in the first loop and then
to determine the amplitudes which are linked to s} by an arbitrary number
of type V sequence if all these sequences do not contain any self-interaction
indices.

To save some vocabulary we introduce the following definition:

DEFINITION 6.1 (Simply regenerated index). — Let i € .#. We say that
i is simply regenerated if all the type V sequences linking i to s} do not
contain any self-interacting indices except the ones of {s'}.

6.1. Determination of the first self-interaction elements and deter-
mination of simply regenerated indices

In this paragraph we first justify that if the first self-interaction loop,
namely the one turned on by the source ¢° is a simple loop, then we can
reproduce the computations made in Subsection 5.3.1.

The only point to be clarified is Lemma 5.13. However, a careful look at
the proof of Lemma 5.13 shows that to conclude we do not really require
the uniqueness of the self-interaction loop. We only use that the loop {s'} is
simple in the sense of Definition 4.7. It is the case under Assumption 4.10.

As a consequence, we can reproduce the computations made in Subsec-
tion 5.3.1. It gives an initialization condition reading under the form (5.36).
More precisely we should have

(I - Tl)UO,séb = Tlga
1|xzy=0

where T"! is defined by (5.37) (the exponent here only specifies that it is the
operator obtained by considering the first interaction loop namely {s'}).

We assume that the operator I-T! is invertible on the space H, e (RxR,).

It gives sk, and all the amplitudes associated to the loop {s'} are
e1=

determined.

Because at the end of the day we will have to consider all the self-
interaction loops in .# we make the following assumption. This is just a
generalization of Assumption 5.14 to the framework of Assumption 4.10.
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ASSUMPTION 6.2. — We assume that for all a € [1,A], the opera-
tor I — T® defined by (5.37) and obtained by repeating the computations
of Subsection 5.3.1, to the loop {s®} is invertible from HZ°(R x Ry) into
H®(R x Ry).

We now describe the determination of simply regenerated indices in .#.
To do this we use the fact that because the type V sequence(s) linking i to s
do not contain self-interaction indices, then the analysis of Subsection 5.3.2
can be reproduced. Indeed, the only points where we used Assumption 4.8
on self-interaction loop in the proofs of Propositions 5.15 and 5.16 are at the
first step of Proposition 5.15 and the first point of Proposition 5.16 where
we required that a sequence reading (i, 5,3, ... 4, 1,k j,i) can not be a
self-interaction loop for 4.

It is the case for simply regenerated indices because in the sequence(s)
linking these indices to s} we do not have any self-interaction indices. As a
consequence, Propositions 5.15 and 5.16 apply and it gives the determination
of all simply regenerated indices.

At this step of the proof, we thus have determined the amplitudes for the
indices in the first loop and the indices which are linked to s} by type V
sequence(s) which do not contain any self-interaction indices except the ones
of {s'}. In the following, to conclude the whole determination of the ampli-
tudes, we consider the indices linked to si by type V sequences containing
self-interaction indices (differing from the ones of {s'}).

6.2. Determination of the other amplitudes

The determination of the other amplitudes in the geometric optics expan-
sion follows essentially the same sketch of construction as the one performed
under Assumption 4.8. We will first determine the amplitudes linked to s}
by a unique type V sequence containing self-interaction indices away from
those of {s'} (that is to say that the indices are not simply regenerated any
more). It is made in Subsection 6.2.1.

Then, to conclude the whole determination we proceed, inductively by
considering indices linked to s} by two type V sequences containing self-
interaction indices (away from the ones of {s'}) and so on.

6.2.1. The determination of indices linked by one sequence

In all this paragraph we consider an index i € .#. From Proposition 4.9
it is linked to s} by (possibly many) type V sequences. We assume in the
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following that i is linked to s} by a unique type V sequence and that, be-
cause we have already determined simply regenerated indices, this sequence
contains self-interaction indices away from the ones of {s'}.

Before to give a precise sketch of construction of the amplitude associated
to i, let us give the following lemma which describes the structure of the
considered type V sequence.

LEMMA 6.3. — Consider a complete for reflections frequencies set sat-
isfying Assumption 4.10. Let i € & and let £ be a type V sequence linking
i to si. Note that we authorize { to contain self-interaction indices differing
from the ones of {s'}. Let £, := 5%, and {, be two consecutive self-interacting

P
indices of £. Then one of the following alternatives is satisfied:

(1) If g =p+1, then £y = s3, ., (with the convention that if p' = 2b,
then sp, 1 = s1).
(2) Ifg>p+1, then £y = sg,/ with a # o' and for some ¢' € [[1,2by/].

As a consequence if the sequence £ contains self-interacting indices differing
from the ones of {s'}, then it reads under the form

1 1 a a
/ (SQ,...,Sp,€p+1,...,éq_l,Sq/,...,Sq/_;'_,,,, >
— )

’ ’
a a
£q+7’+17' .. ,£q+r+l,$q//, .. .,Sq//_,'_,r/,. .. ,ef
or

’

a a
’ (&,...,ép_l,sp,,...,sp,+,_,£p+,+1,...,)
= y

£q+7’+l75(q1/7 .. '7SZ/+T/’ e 7€f
where the £. are non self-interacting indices.
Proof. — To fix the ideas and to simplify the exposition, we assume that
¢, := sy € 7, This special proof can then be extended to the general
framework.

Let us assume that ¢ = p+1. We want to show that ¢, = si. By contradic-
tion let us assume that ¢, = s;,/ € ;o N®(s}) with a’ # a. Then because SZ:
Z,') is a loop for
sg,/ In particular the last index of ¢, namely ¢}, satisfies ¢] € (I’(sgf) = ®(sd)

is self-interacting we can find a sequence ¢’ such that (sg:, s

and ¢] € .7,;. Then by construction the sequence (s1, s3, SZ:7£/, S%y ..., 8h,81)
is a loop for the index si. It differs from the unique self-interaction loop {s'}
for s}. Indeed 52 is not an element of s*. As a consequence, £, € {s'} because
{s'} is a simple self-interaction loop and we necessarily have £, = £,,11 = s3.

Let us assume now that ¢ > p+ 1. By contradiction we thus assume that
¢, € {s'}. For simplicity, we here justify that we have ¢, & {si,s},si,s1},
the proof for the other indices follows the same lines.
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Assume by contradiction that ¢, = s}. By definition of type V sequences
we can find non self-interacting indices £py1,€pt2,. .., p42r+1 such that
(82, 0p41,lps2s - Lprory1) forms a type V sequence linking sj to si. As a
consequence, the sequences (s, s3, ..., 55,1, 51) and (s1, 83, €41, .., Lptorit,
iy Sqp1,51) are two distinct loops for s{ which is excluded because {s'}
is a simple self-interaction loop.

We now justify that we can not have ¢, = sl. Proceeding similarly we can
find non self-interacting indices €41, €p+2, - - ., {pyor such that (s3, €41, €pso,
.oy lpyoy) forms a type V sequence linking s} to si. Once again the existence
of such a sequence contradicts the fact that the loop {s'} is simple.

The proof is the same to justify that ¢, # s}, s3.

The previous discussion is illustrated on Figures 6.1 and 6.2.

1 1

S1 S6
1 b 1
83 : 52
O1 gy freeeeeesd
5% st

Figure 6.1. Illustration of the structure of type V' sequences.

1 1

51 55
4
sl sl
23 : 2
1 R 3
Sy f 65
2r

Figure 6.2. Ilustration of the structure of type V' sequences bis.

|

The simple self-interacting indices being determined from the analysis of
Section 5, we now turn to the determination of indices which are not. Such
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indices are linked to si by (at least) one type V sequence(s) containing self-
interaction indices differing from the ones of {s!}. We start the determination
by the indices which are linked by a unique type V sequence containing self-
interaction indices which differ from the ones of {s'}. We stress that from
Lemma 6.3 several loops can be visited in such a sequence.

PROPOSITION 6.4. — Consider a complete for reflections frequencies set
satisfying the loop Assumption 4.10 and the inversibility condition Assump-
tion 6.2. Let i € & be such that there exists a unique type V sequence link-
ing i to st and containing self-interaction indices (differing from the ones of
{s'}). Then ug; or Up,;p, p = 1,2, solving the cascade of equations (5.2),
(5.7) and (5.8) at first order can be uniquely determined from the source g.

Proof. — We have to study different cases depending on the nature of the
index g. In all cases, from Lemma 6.3 we know that ¢, the sequence linking
s1 to i, reads under the form

a a
’ (617""‘61?17sp’7"'7sp’+rvgp+?”+17>
= )

a a’ (62)
...7£q+r+l78q/,...78q/+r1,...7£f

or possibly

/= 557...,311),€p+1,...,Eq,l,s;‘,,...,sguﬂ,
€q+r+1, “ee 7£q+7'+l7 Sg//, ey SZH_H./, ‘e ,ff
Because the self-interacting elements in the first loop {s'} are determined
from Subsection 6.1, there is no loss of generality by assuming that ¢ reads
under the form (6.2). The first terms can possibly depend on the ampli-
tudes indexed by elements of {s'}, but such elements are known and depend
explicitly on the source g.

Step 1: Entering in the first self-interaction loop after {s'}. — We first
show that we can reiterate the computations of Subsection 5.3.1, in order to
determine the first indices s* appearing in £.

We make this justification when ¢,_; € .#,;. The analysis is similar when
l,_1 € F. In such a situation we have, because of the definition of type V
sequences, s, € F, and we want to justify that

{any D(sp) N Foi \ {€p-1, 5} is simply regenerated, (6.3)

¢,_; is simply regenerated.

where s stands for the incoming-outgoing index of s* such that sg € (I)(S;/).

The second point of the claim (6.3) is clear.
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To prove the first part of the claim, we consider j € ®(s5,) N Fo; \
{€p—1,5%}. From Proposition 4.9 this index j is linked to si by type V se-
quencesiand such sequences ¢’ read a priori under the form (6.2). However
if there exists self-interaction indices in ¢ then the sequence (¢, j) is a se-
quence (containing self-interaction indices differing from the ones of {s'})
linking i to s and differing from ¢. This is excluded from the choice of 4 for
which we have uniqueness of such a sequence.

As a consequence, any element in ®(s7,)N 5 \{s);} is simply regenerated
and thus it is determinable from the analysis of Section 5. So the boundary
condition (5.5) for s7, reads after the use of the uniform Kreiss-Lopatinskii
condition:

a a
_ s, Spr s, Sp!
u(),s;, = —1I'» ¢1 B1U0,sg —1II» ¢>1 B, 'U/O,j‘llzoa
|z =0 =|x1=0
j€<I>(sZ,) ﬂﬂai\{sg}

the second term in the right-hand side being a known function depending
explicitly on g. We can not apply Proposition 5.5, because the first term
in the right-hand side is a self-interacting index in the loop {s*}. We have
determined the term which acts as a source term, but we need to reproduce
the computations of Subsection 5.3.1 to determine the amplitude Uo,s, -

Step 2: Solving the first loop. — We can reiterate exactly the same pro-
cess for all the elements of the considered self-interaction loop {s®} by sho-
wing that if s; € .%;, we have

a
_ 2 1 Sp
uO,sg‘m:o - _H p(b] Bluo,s;_l‘llzo - g;m

and if s € Z,; we have

a
s 1 Sp
= — P
Uo,sg 117 gy BQUO,s;71‘12:0

_gpv

where g, depends on the suitable trace of the known amplitudes wugg,_,
(which depend on g from Assumption 4.10). Indeed the proof is exactly
the same for all indices s included in (6.2). For non visited indices we
proceed similarly except that we form an other type V sequence by passing

through s7;,.
For instance, consider to simplify that s® = {sg,,sg/+1,sg,+2,5§} and

assume that the sequence ¢ only contains s, and s7, ;. By contradiction,
we assume that there exists j a non simply regenerated index in W(s5)N.%, \

5%, }. Then it is linked to s} by a sequence ¢’ containing self-interaction in-
p'+2 1
dices and thus the sequence (¢', j, sp/, 83/, 1, - .. ) is an other type V' sequence
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containing non self-interaction indices sequence linking i to si. It is impos-
sible because such a sequence is assumed to be unique.

As a consequence, we can reproduce the same computations as the ones
of Subsection 5.3.1 which give rise to a new compatibility condition reading

(1= Tup, =T, (6.4)
P’ |2y =0

where the operator T® is defined by (5.37) applied to the loop {s*} and
where g% depend explicitly on the source g.
From Assumption 6.2, we invert I — T“ to obtain ug s, . We then
P le1=0
deduce the values of the visited self-interacting elements of {s*} in ¢ from
the explicit formulas of Subsection 5.3.1.

Step 3: Next self-interaction loops. — From the above results the se-
quence ¢ now reads under the form (6.2) where we now have a = o’ and
where the ¢;,...,€,_1 now depend on the (known) self-interaction indices
of {s'} and {s%}. We can thus reproduce Steps 1 and 2 where we now used
“does not contain self-interaction indices except in {s'} or {s*}” for the new
concept of simply regenerated indices.

So that pass each loop gives rise to a compatibility condition under the
form (6.4) which can be solved uniquely from Assumption 6.2.

Step 4: The end of the sequence. — Using Step 3 as many times as there
are distinct self-interacting groups of elements in ¢ we can now assume that
¢ reads under the form

C=(lr,..., 0, li4q,..., ), forsome t< f

where the first terms ¢4, ..., ¢; depend on the visited self-interaction indices
in ¢ and where ¢¢11,...,¢; do not contain any self-interaction indices. Con-
sequently all the amplitudes associated to the indices in the sequence ¢ are
known.

Step 5: The determination of ug;. — To conclude it remains to de-
termine ug ;. We distinguish several cases depending on the nature of the
index 1.

o If i € .7, then we distinguish two subcases depending on if 7 is
self-interacting or not:
— If i ¢ .. In such a case the boundary condition (5.5) deter-
mining Yo, reads:
o = —H%Z‘)%Bl Z U'Oaj\zlzo (65)

JEQ(@H N Soi

Uo,j,

|z1=

— 486 —



Geometric optics expansions for quarter-space boundary value problems 11T

Uo,i

— If i € ./, then the boundary condition determining ug;

|z1=0

where the sum in the right-hand side contains the index £
(whose amplitude is known) and possibly other indices which
are simply regenerated (from the uniqueness of the sequence /)
so that their amplitudes can be determined. As a consequence,
Proposition 5.5 applies and thus ug; is determined from (6.5).

Lz =0
reads

= —H%%Bluo,i‘wl:() — Tt By > oy (6.6)
JE Q)N Ioi\{5}

where j stands for the self-interacting outgoing-incoming index
such that j € ®(i). As in the subcase i ¢ ., the second term
in the right-hand side of (6.6) is a known function.
Reiterating the arguments of the above Steps 1 and 2, we can
justify that all the boundary conditions involving the elements
of the loop containing 4 read under the form (6.6).
This leads us to a compatibility condition (I — T%)ug ;

Lz =0
g%, where a; is such that i € {s"} and where g* depends on
the right-hand side of (6.6), so on g. Inverting the operator
I — T% thanks to Assumption 6.2 thus gives the desired value
of U, As a consequence, Proposition 5.5 applies and thus

Ug,; is determined.

o If i € Z,;, then the proof follows the same lines as for the case
i € Z,. We feel free to omit the details here.

o Similarly when i € % U Fey1 U oo U Iy, U S, then once it is
clear that the amplitude associated to the last index of ¢, namely
Ls, has been determined the method of determination of Section 5
applies.

O

As a consequence we have determined all the amplitudes which are linked

to s by type V sequences where at most one of these sequences contains
self-interacting elements away from {s'}.

6.2.2. Determination of the other amplitudes

In the spirit of Section 5, we then turn to the indices linked to s by two

such sequences.

PRrROPOSITION 6.5. — Consider a complete for reflections frequencies set

satisfying Assumptions 4.10. We also assume that we have Assumption 6.2.
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Leti € . be an index such that we have two distinct sequences £, €', contain-
ing self-interaction indices differing from the ones'™ of {s'} which link s}
toi. Then ug; or U1 solving the cascade of equations (5.2), (5.7) and (5.8)
can be uniquely determined from the source g.

Proof. — Using Lemma 6.3, we can assume that the two sequences ¢, ¢’
read under the form:
l= (61,. . ,Ep_l,sg, .. "SZ-H“" .. ,ﬁf)7
and

V= (¢ ! a’ a’ Vi
== IERERE p/7178q/7...78q/+r1,...7 f/ 5

where before to enter into the loop {5%} (resp. {s*}) the indices 1, ..., 1
(vesp. £1,...,0, ) only depend on the self-interacting indices of {s'}. So
that, we can assume that the associated amplitudes are known from the
previous discussion.

The remaining of the proof looks like the one of Proposition 5.16. We
have to consider several cases depending on the kind of the index 3. To fix
the ideas let us assume that i € .%,, the other cases being essentially similar.
We have several possibilities:

o Let us assume first that £; # E’f,, then we claim that

every element in ®(2) N %, \ {¢y, 'f,} is simply regenerated,
(s and (', are linked to siby only one sequence (6.7)

containing self-interacting indices.

This is a direct consequence of the fact that i is linked to si by
exactly two type V sequences containing self-interacting elements
(see the proof of Proposition 5.16). We illustrate the situation on
Figure 6.3.

So that, we can apply Proposition 5.16 to determine the simply
regenerated elements in ®(¢) N.7,; and Proposition 6.4 to determine
the amplitudes ug ¢, and U,z - It determines all the required traces
to determine ug; by Proposition 5.5.

e We now consider the case where {5 = E’f/. In such a situation the
claim is the following;:

Any element of ®(i) N Z,; \ {{s} is simply regenerated,
(¢ is linked to s} by two type V sequences (6.8)

containing self-interacting terms.

(7) We stress in particular that the visited loops are not necessarily the sames.
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S3
52 57
3% 53

Figure 6.3. First illustration of the situation with several self-
interacting loops, £y # ¢/,

The proof of the claim (6.8) is clear. It is a straightforward con-
sequence of the fact that i is linked to si by exactly two type V
sequences containing self-interaction elements. As a consequence,
the amplitude associated to any element in ®(7) N .7, \ {{;} can be
determined from the results of Subsection 6.1.

To construct ug ; it is thus sufficient to determine ug ¢, . To do so,
we explore the terms composing £ and ¢’ until that the two sequences
differ. We can then apply the claim (6.3).

The proof operates exactly as the one of Proposition 5.16 (with
“type V sequence” replaced by “type V sequence containing self-
interaction elements away from the ones of {s'}”), so that we feel
free to omit the details here. We conclude by Figure 6.4 which illus-
trates the previously described situation. On this figure, the symbol

O denotes self-interaction loop(s). O
s 4
P
o5 53
i
by

Figure 6.4. First illustration of the situation with several self-
interacting loops, £y = ¢/,
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We then generalize inductively Proposition 6.5 to indices linked to s}

by three sequences and so on. This completes the determination of all the
amplitudes for the leading order term.

We end up with the following proposition summarizing the above con-
struction.

PROPOSITION 6.6. — Under Assumptions 2.1, 2.2, 2.9 and 2.11, we con-
sider a complete for reflections frequencies set satisfying the multiple loops
Assumption 4.10. Finally, assume that the invertibility Assumption 6.2 holds.
Then there ezist (uok)ke.7,., (Uoik)ken, and (U k2)kem, satisfying the
cascade of equations (5.2), (5.7) and (5.8) at first order.

Because we do not want to give more details about the construction of
higher order terms to complete the proof of Theorem 2.12 we only have to
Justify that the truncated ansatz ug,, y, makes sense and to justify that it
is indeed a good approximation of the solution to (1.1). It is the purpose of
the following section.

7. Some extra remarks

To end up the proof of Theorem 2.12, let us justify that the expansion
makes sense, that it is effectively an approximate solution and let us also
give some more details about Assumption 6.2.

7.1. Some comments about Assumption 6.2

In order to effectively apply Theorem 2.12, we need to verify Assump-
tion 6.2. As a consequence, we have to justify that all the operators of self-
interaction are invertible. Because we are considering simple loops, these
operators do not interact the ones with the others and it is thus sufficient to
consider them separately.

In this paragraph, we will give some more details about the invertibility
of some operator reading under the general form:

(I-THu=yg, (7.1)

where (Tu)(t,y) := Su(t — ay, By) where a, 8 are real positive numbers and
S is a given matrix.

Of course one favourable case, where equation (7.1) can be uniquely
solved is when the operator T is a contraction. A simple change of variable
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shows that we have | Tul/r2 < |Ju||rz when we have the following condi-
tion on the parameters ||S|| < v/B. Then, by direct computations involving
Leibniz formula, this condition can also be used as a sufficient condition for
invertibility on the subspace H°°. We here give more precisely the sufficient
condition for invertibility obtained in [1, Théoréme 6.9.5].

THEOREM 7.1 ([1, Théoréme 6.9.5]). — We have the following sufficient
condition for solving (7.1):

e If 0 < B < 1 (the ray associated to the loop concentrates at the
origin) and if ||S|| < /B, then the operator I — T is invertible on
H® to H* with a flat value at the corner.

e If B > 1 (the ray associated to the loop spreads the information to
infinity), then let K € N and if ||S||%~'/? < 1, then the operator
I — T is invertible from H¥ to HX with a flat value at the corner.

We refer the interested reader to [1], Paragraph 6.9.5, where the above
condition can be shown to be sufficient on some particular cases (for instance
when S is reduced to a scalar). In the future, we plan to have a more complete
study of Assumption 6.2, in particular, we plan to study the influence of
compactly supported sources on this assumption.

7.2. Some words about the justification of the expansion
7.2.1. Some comments about the number of phases

The first point in the justification of the expansion is of course to give
a precise sense to the formal series defining the ansatz (5.1). In order to do
so, as in [2], we can use the assumption that the number of phases obtained
during the phase generation process is finite that is that #.% < co.

Of course, this assumption is far to be harmless for a given hyperbolic op-
erator. Indeed, when N large, then it is really complicate to effectively apply
the phase generation process and to verify effectively this requirement. The
reason is simply that the eikonal equations encountered in the phase gener-
ation process have “many” roots at each step of the process. Consequently,
check effectively that #.% < oo is far to be trivial.

Let us, however mention a framework where we can easily show that
this assumption is satisfied. Finite time problems can be of some help if
we assume moreover that the initial source has its support away from the
corner. In such a configuration we can then show that all the required traces
in Propositions 5.5, 5.7 and 5.10 have their supports away from the corner
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(because they are obtained as explicit solution of some transport equation
whose source(s) has(ve) this property). Then if we consider a given amplitude
Uo,; € Jio U Ho; its transported trace will have its support away from the
origin. Consequently it will require some time to go on the other side. As
a consequence, the descendants of i appear after the time of appearance of
Up,; plus some strictly positive time of travel.

The time of resolution being finite we can then not have an infinite num-
ber of phases in the process.

Of course, consider finite time problems with some source having its sup-
port away from the corner is rather unsatisfactory if we are interested in
corner problem. But, it has the advantage to show that the number of phases
can effectively be finite. This is however still a rather big remaining obstruc-
tion to the applicability of Theorem 2.12.

In a future contribution we aim to study the assumption #.% < oo with-
out using any support property. We have two approaches in mind:

e try to give some geometric condition on the characteristic variety ¥’
ensuring that the condition #.% < co holds.
e Try to bypass this assumption by characterizing the boundary con-
ditions which give enough decay and ensure that the series
Z 6%(’0’“ Un,
k € Fhyp
makes sense even if #.7# = co. The amplitudes ug j essentially read
under the form
o, (t, ) = S gy,
where g, is some explicit evaluation of the source g along the suitable
composition of the characteristics and where S* describe all the
coefficients of reflections ¢ B; and ¢%Bs encountered to generate
the index k. So that, find a way to ensure that [|S¥|| ] 0 sufficiently
fast may be a good way to deal with geometric optics expansions
without the assumption #.% < oco.

7.2.2. The justification in itself

We assume that #.% < oo, so that for Ny € N, the following truncated

ansatz u,,, , given by:

No '
ugpp’NO(tjx)NZ\/gn Z eélpk(t’w)un,k(tax)

n=0 k € Fhyp
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Ny )
+Z\/5" Z eim(t’z)un,k (Lﬂfz,\x/lg)

n=0 ke dg,
i T2
+ eePr(hz)y, t,x1, —
Z n,k 1 \ﬁ
k€ Sy,
+3VE Y eé¢k,1(t,zz)Un7k71<t7x2,;)
n=0 keNR, €
i X
+ Z ezwk,Q(t,:r1)Un7k’2(t7xl,72)7 (7.2)
k€ Ro <

makes sense as a finite sum. In order to proceed to the error analysis, we
require some energy estimates for the solution u to the boundary value prob-
lem
LOu=f 1inQ,
Biujg,—0 = g1 on 99y, (7.3)
Baujz,—0 = g2 on 0s,

upgo=0 onT.

We assume that this problem is strongly well-posed in the following (clas-
sical) sense. We need to introduce the following weighted L2-spaces: for v > 0
and X C Q we define

L2(X):={ue 2 (X)\ e Mue L*(X)}.

DEFINITION 7.2. — Let v > 0 and let (f,91,92) € L2(€) x L2(99;) x
L2(0Qy), we say that the corner problem (7.3) is strongly well-posed, if it
admits a unique solution u € L2(S2), with traces in L2(9Q:) x L2(9Qy),
satisfying the energy estimate: there exists C > 0 such that for all v > 0,

VHUHQLg(Q) + H“m:OHig(an) + H“ImzZOHig(am)

1
< C(,\/HfHQL?,(Q) + ||91H%3(691) + ||g2||2Lg(anz)>- (7.4)

The full characterization of the boundary conditions leading to strongly
well-posed problems has not been achieved yet in the literature. One of the
main advances in such a result is probably the analysis of [14]. This works
describes a way to construct a symmetrizer which permits to obtain an a
priori energy estimate reading under the form (7.4), but with some (non
explicit) looses of derivatives.

However, for specific operators and boundary conditions, namely, for sym-
metric operators with strictly dissipative boundary conditions, then we can
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show (see for example [4]) that the associated boundary value problem is
strongly well-posed in the sense of Definition 7.2.

The aim of the following is to justify that the truncated ansatz (7.2) is
a good approximation of the unique solution namely u® if the associated
boundary value problem is strongly well-posed. More precisely, we have

PROPOSITION 7.3. — Under the assumptions of Theorem 2.12, assume
moreover that #.% < oo and that the boundary value problem (7.3) is well-
posed in the sense of Definition 7.2. Then we have the estimate

VY Ng €N, ||uE — ugPP7N0’|L3(Q) < C\/EN0+1’

where u® stands for the unique solution to (1.1) and where ug is the

app,No
truncated ansatz defined in (7.2).

Proof. — The proof exposed here is rather classical. We first estimate the
error u® — ug o no 1o and then we conclude by the triangle inequality. The
eITOr U® — Ug,, N, 4o SOlves the corner problem

»4V0

L(0) (u® — uéELpp,NoJr?) =f¢ inQ,
u® 0 on 994,
0 on 09,

By (
By (us - ugpp,No+2)\x2:0 =
(us — uipp,No+2)|t<o =0 onT,

where the source f¢ is defined by
fe = \/gN0+1 Z €£¢kL(a)uNg+1,k

__ € —
uapp7No+2) |z1=0

k€ Fuyp
No+2 i
+\£ ’ Z es“’kL(B)uNﬁg’k
k € uyp
N i x
++/c o+t Z e=¥* L (0)uny+1.k t,xg,—l
ke \/g
No+1 i x
+ \/g ’ Z eELP}C}hBXl (uNo-i-lJf) (t,l‘g, \/%)
ke
No+2 i T1
+e° Z e= ¥k L1 (0)ungt2,k (t,xm\/g)
ke
No+1 i T2
+\@ 0 Z es‘PkL’z(B)uNOH’k t, 1, —
k€9 \E
No+1 i x
+ \E 0 Z EEWkA28X2 (uN0+1’k») (t,lL’l, \2)
k€ 9>
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No+2 a X
++e "’ Z e=?* L (D) unyt2,k (tv‘rlv\/Qg>
k€ 9>

No+1 i x

+yE T Z €E¢k’1L/1(5)UNO+1,k,1(t7332>?1
keRy

X

keNR,
T

No+1 i 2
+yvET Y efwk’QLé(a)UNo+1,k,2<t7x1’?

k € Ra

No+2 i
_|_\/g o+ Z esdjk’lL,l(a)UNO—&-Z,k,l<t7x27?1)

n \/gNo-i-Q Z e§¢k,2L’2(a)UNO+27k72 <t, z1, %) .
k€ Ry
Because of the fast variables, when we take the L?-norm of the terms de-
pending on the boundary layers on the right-hand side of f¢, by a simple
change of variable, we recover an extra factor e* (with o = 1/2 for evanes-
cent modes and o = 1/4 for glancing modes). Consequently, the limiting
term in f€ is the hyperbolic term /2" ° ' 2oke S €<% L(9)uny 41,1 Which

is O(ﬁN‘H_l). Then, the energy estimate of Definition 7.2 gives that

No+1
||uE - ugpp,N0+2HL2(Q) < CK/‘g o

The triangle inequality concludes the proof. (|

8. Examples

In this last section we give some examples of characteristic varieties for
which we have the existence of multiple loops discussed so far. We here
only describe the geometry of the characteristic variety and not the operator
from which it comes from. As we will see the examples are all based upon
an ellipsis and several lines. They can thus be constructed from an operator
reading under the form L(0) where the coefficients read

A5 0 Ay 0

where A%, A3 € May2(R) are chosen to construct the ellipsis and where
AE, Ag are diagonal matrices of size M, where M is the number of lines
in the characteristic variety. Consequently, the operator 0 + Ag@l + A582

is a wave type operator which is completed by some (uncoupled) transport
phenomena. The coupling may occur at the level of the boundary conditions.

Because the lines associated to the transport phenomena intersect the
ellipsis, we are not dealing with a strictly hyperbolic operator. Indeed, the
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multiplicities of the eigenvalues vary at the intersection points. However, we
can show that we have a geometrically regular hyperbolic operator in the
sense of [13] and as long as we do not have to consider the phases associated
to the intersection points, the previous construction of the geometric optics
expansions applies.

The following figures give examples of the possible behaviours encoun-
tered so far in the article. More precisely,

e Figure 8.1 gives a simple example of appearance of some glancing
mode for a non glancing initial phase.

e Figure 8.2 gives an example with a loop admitting more than four
elements.

e Figure 8.3 gives an example with two loops. These loops being simple
loops.

e Figure 8.4 gives an example of a composite loop.

ot
>

Figure 8.1. A simple example of glancing appearance
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Figure 8.2. A loop with six self-interacting elements.

\ ]

Figure 8.3. A characteristic variety with two simple loops.
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Figure 8.4. A characteristic variety with a composite loop.
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