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A Step in Supercritical WKB Analysis

and some Applications

CuristopHE CHEVERRY !, OLIVIER GUES 2

Abstract. We study the existence and the asymptotic behavior of large ampli-
tude high-frequency oscillating waves subjected to the 2D Burger equation. This
program is achieved by developing tools related to supercritical WKB analysis.
By selecting solutions which are divergence free, we show that incompressible or
compressible 2D Euler equations are not locally closed for the weak L? topology.

1 Introduction.

This article is devoted to the study of the two dimensional incompressible
Euler equation

(1.1) ou+ (u-Vy)u+Vp =0, div,u=20
as well as to the study of the two dimensional Burger equation
(1.2) du+ (u-Vy)u+f =0.

The time, space and state variables are respectively
teR, ="z, 20) €RY, u="*u',u?) e R?, d=2.

The equations (1.1) and (1.2) are completed with some initial data having
locally finite kinetic energy

(1.3) u(0,z) = h(z) = "(h'(z),h*(z)) € L} (R*R?).
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The analysis of the Cauchy problems (1.1)-(1.3) and (1.2)-(1.3) depends
strongly on the regularity assumptions imposed on the function h. For
instance, consider (1.1)-(1.3). When

heEs = {ve L] (R%:R?); curlv := d1v*—dv! € (L'NL>)(R%;R) }

loc
the solution u of (1.1)-(1.3) is global in time and is unique [1]-[3]-[21]. Now,
since the equation (1.1) can be put in the conservative form

8t11 + lez (11®11) + pr = 0, le:c u = 0, u®u = (uj ui)lgmgg s

one is tempted to work in a more general functional framework. This means
to enter the field of weak solutions to (1.1). In the case of vortex-sheet initial
data with vorticity of distinguished sign

heE, = {velL} (R%R?); 0 < curlv € M(R%;R) },

loc

existence results hold whereas the question of uniqueness is still open. The
first proof is due to J.-M. Delort [9]. Then, further informations have been
obtained. For background and expository accounts on this subject, the
reader may consult [1], [20] and the related references.

The usual way to derive existence results of weak solutions to (1.1) is based
on two steps. First, construct approzimate-solution sequences {ua}ge}oﬂ of
(1.1), either by smoothing the initial data h or by adding to (1.1) a small
viscosity (to get Navier-Stokes equations). Secondly, exhibit a property
of concentration-cancellation which means that the family {u®}. does not

converge strongly in L%oc yet all the extracted leoc weak limits satisfy (1.1).

This approach is well presented and clearly explained in the recent book of L.
Bertozzi and A. Majda [1]. Read especially the surveys given in chapters 10,
11 and 12. Up to the present, when d = 2, the weak limits of approximate
solutions to (1.1) have always been observed to be solutions to (1.1). Thus,
one can ask if the property of concentration-cancellation does generalize to
the space L? of energy estimates. This question is explicitely raised in [1]-p.

479. It makes sense also in the less restrictive framework L%oc.
However, such a program comes again a deep objection because :

Theorem 1.1. There is a bounded open domain Q C R x R? and a family
of functions {u°}. such that

i) u®eCQ), sup{H u’ ”L2(Q); 56]0,1]} < 00,
it) u® is a solution to (1.1) on 2,
i) u® converges weakly (as & goes to zero) to u® € C1(9).

But u® is not a solution to (1.1).



When the space dimension is three (d = 3), the corresponding result can
easily be proved, see [10]-p. 674 or [1]-p. 478. It suffices to look at simple
waves which undergo rapid variations with respect to a linear phase k - x
where k € R3. Note § € T := R/Z a fast variable. Build the oscillation

(1.4) w(t,z) = H(t,z, k-2/e),  H(t,z,0) € C°R x R? x T;R?).

The profile H can be adjusted so that u® is a solution of (1.1) and (1.2) with
respectively p constant and f = 0. But the associated weak limit u® is not
a solution to (1.1). Observe that

w(t,z) = H(t,2) == [} H(t,z,0) d§ = H(t,z,0) — H*(t,z,0).

When d = 2, such a basic procedure does not apply. Of course, there are
solutions to (1.1) of the form (1.4) with z € R? and k € R%. However, all
known examples of such solutions produce weak limits which satisfy (1.1).
Thus, to push further the investigations, it is necessary to take into ac-
count more general structures including nonlinear phases and perturbations
of simple waves. On this way, new difficulties appear.

In fact, the study of solution sequences {u®}.cjp 1) to (1.1) can reveal very
complex phenomena. The asymptotic behavior of u® when & goes to zero
can involve both concentrations and oscillations. Certainly, this is a current
challenge to understand what happens in the limiting process. Our aim here
is precisely to bring informations of this type. This is achieved by following
an original strategy which is presented below.

e Section 2 is devoted to the Cauchy problem (1.2)-(1.3) which recently
raised new interests [2]-[13]-[19]. The initial data h is defined on some open
set w C R2. Tt is smooth and bounded h € C}(w;R?). The source term f is
globally defined on R x R? and is also smooth f € C(R x R?;R?). Lemma
2.1 provides with a domain of determinacy €2, ¢ whose size is controled by
explicit constraints imposed on h and f, say (h,f) € Bj(w).

Three special cases f, = V,p, with ¢ € {—1,0, 1} for the choice of f are then
distinguished. When f = f,, the conditions mentioned above concern only h
and are noted in abbreviated form h € B] (w). In fact, they reduce to some
control on the quantities h, div, h and det D, h. This is Lemma 2.2.

Moreover, to each ¢ corresponds a nonlinear functional set V] (w) C B (w)
which is defined through a Monge-Ampére equation and which is kept invari-
ant (Lemma 2.3) under both flows issued from (1.1) and (1.2). Therefore,
when restricted to V] (w), all the discussion concerning (1.1) can be trans-
fered at the level of (1.2). This argument will be used repeatedly.



The condition h € B (w) does not mean a uniform control on all derivatives
of h. In particular, the function h can carry oscillations. The sequel to
section 2 is devoted to such oscillations, in a monophase context.

- In subsection 2.2, we identify (Lemma 2.4) the necessary and sufficient
conditions which must be imposed on the phase ¢ and the profile H to have

(1.5) he(z) == H(z,¢(x)/e) + O(e) € Bl (w), Ve €]0,1].

- In subsection 2.3, we extract (Lemma 2.6) supplementary constraints (on
¢ and H) which allow to get the more restrictive condition

(1.6) R (z) = H(z,¢(z)/e) + O(e) € V] (w), Ve €]0,1].

Couples (H, ¢) coming from (1.5) and (1.6) are called compatible with res-
pectively (1.2) and (1.1). The corresponding families {h°}. are said well
prepared for respectively the Burger equation and the Euler equation.

e The chapter 3 tackles the evolution problem through the study of simple
waves. It considers expressions having the form

(1.7) u(t,z) = H(t,z, ®(t,z)/e), € €]0,1]

where H and ® do not depend on «.

- In the subsection 3.1, we seek solutions to (1.2) which are as in (1.7). The
functions H and ® must be subjected to the overdetermined system

oH+ H-V,)H+ f =0,
(1.8) 0P + (H-V,)® =0,
V. ®(t,x) - H*(t,z,0) = 0.

Nothing guarantees that the third condition in (1.8) is propagated by the
two first equations. In fact, for general (well polarized) initial data

(1.9) H(0,z,0) = H(z,0), ®(0,2)=¢(z), Vo) H (2,0)=0

the Cauchy problem (1.8)-(1.9) has no solution. But it becomes well posed
(Lemma 3.1) when (H, ¢) is compatible with (1.2) and when f is subjected
to conditions which will be explicited. The incoming profile H can be put
(Lemma 3.2) in the form

H(t,x,0) = H(®(t,z),r(t,2,0)), H e C*(R?*;R?)

where H is fixed whereas r is the underlying scalar profile.



- In subsection 3.2, we consider solutions to (1.1) having the form (1.7).
This time, the functions H and ® must be subjected to

(1.10) OH + (H-V,)H + V,p = 0,  div,H =0,
' 8® + (H-V,)® =0, V,® H* = 0.

Again this is an overdetermined system. When p = p, with . € {—1,0,1}, a
complete analysis (Lemma 3.3) is available. The phase ® must be constant
on parallel hyperplanes which means that

O(t,z) = at+bxy + z2, (a,b) € R?.

At this stage, weak limits of solutions to (1.1) of the form (1.7) are still
solutions to (1.1). However, this picture does not resist under the influence
of small perturbations.

e Precisely, the chapter 4 is faced with the problem of stability. Seek solu-
tions to (1.1) or to (1.2) having the form

(1.11) u®(t,z) = U°(t,2,®(t,x)/e) = H(t,z, ®(t,z)/e) + O(e).
The equation (1.2) written in the variables (¢, z, ) becomes
(1.12) U + (U°-V,)U* + 7! (5,0 +U°-V,®) §U° + f = 0.

Observe that the profile H is a special solution to (1.12). The linearized
equation of (1.12) along H is

(1.13) U+ (H-V,)U + (U° -V, H + ¢! (U°-V,®) )yH = 0.

The factor e~! expresses the presence of a singularity. It prevents from
deriving energy estimates which involve the state variable U¢ and which are
uniform in e €]0, 1].

Large amplitude oscillations on the velocity field, like u®, are known to be
strongly unstable. This observation has been noticed for over a century.
It was already mentioned in works of Kelvin and Rayleigh. Since, it has
motivated many studies till for instance the recent contributions of S. Fried-
lander, W. Strauss and M. Vishik (see [11] and the related references).

The amplification phenomena under question appear also in the field of
nonlinear geometric optics [7]-[12]. There, they are often called up to explain
why classical methods do not allow to construct non trivial perturbations
u® of ©°, with u® defined on some open domain of determinacy Q@ C R x R?
which does not shrink to the empty set as € goes to zero.



Now, supposing that (1.5) involves a couple (H,¢) which is compatible
with (1.2), the analysis of chapter 2 guarantees a priori that the oscillating
Cauchy problem (1.2)-(1.5) is well posed on such fixed domain €. On the
other hand, it says nothing concerning the asymptotic behavior when ¢ goes
to zero of the corresponding solution family {u®}..

At this stage, the discussion falls under the scope of supercritical WKB
analysis. This approach has been initiated by G. Lebeau [17]. Some small
advancements have also been achieved in [4]-[5]-[6].

The articles [5]-[6] are specifically devoted to the propagation of oscillations
which are solutions to (1.1). However, the situations studied in [5]-[6] differ
from those under consideration here.

On the one hand, in [5]-[6], the data ¢ and H are selected arbitrarily leading
generically to a cascade of phases. On the contrary, we adjust here the
phase ¢ and the profile H so that such phenomena are avoided. This is a
consequence of the relations (2.19) and (2.20) imposed on ¢ and H.

On the other hand, in [5]-[6], the WKB analysis is just formal or justified in
the presence of a small anisotropic viscosity. On the contrary, our aim here
is to face the problem of stability in the hyperbolic context.

To do that, the difficulty is the following. The descriptions of Sections 2 and
3 rely on ¢ and H, and then on ® and H leading to t°*. But the structure
of 1° is too rigid to be compatible with the influence of a perturbation, say
e H(Ve2,Ve3), of size O(¢). Supplementary flexibility is required on H.

- This is obtained in subsection 4.1 by introducing a new state variable, say
Vel The scalar function V! modifies the principal term of the oscillation
since it acts by translation on the fast variable 8 of H. On the other hand,
it interferes with (V=2 V3) in a nonlinear way.

The implementation of V! can be put in concrete form by way of a blow up
procedure. This manipulation corresponds to a dependent change of state
variables which substitutes for U the function

Ve(t,x,0) = Y(VEL, VE2 VE3)(t,x,0) € CHQXT;R3), QC RxR2.

More precisely, Proposition 4.1 says that the singular equation (1.12) can
be replaced with some well posed hyperbolic quasilinear system (4.5) which
givess rise to V°. The construction of V¢ on a domain 2 x T independent
of ¢ is made possible because (4.5) involves no more coefficients which are
singular with respect to € €]0,1]. Observe by the way that 6 plays at the
level of (4.5) the part of a slow variable.



- Now, it remains to perform the analysis at the level of (4.5) and then to
interpret the results in terms of the original variables. This is the frame of
subsection 4.2 which is devoted to applications.

Seek solutions V¢ to (4.5) having the form

(1.14) Ve(t,z,0) = Y000 &0 Vit 2,0, U(t,x,0)/¢)
where ¥ contains m phases

U = (Uy,---,0,) € C°(QxT;R™), meN*
and where the profiles V; are smooth

V(t,z,60,0) € C®(Q x T x T™;R?), VjeN.

The analysis depends strongly on the structure hypothesis imposed on the
profiles V;. The elementary case is when all the V; do not depend on 0.
Then, to identify Vj, it suffices to retain the principal term in the Tay-
lor expansions with respect to ¢ of the coefficients which appear in (4.5).
This yields a transport equation (4.6) on Vo = {(V}, V2, V}). The related
oscillation u® can be recovered through the formula

(1.15) u®(t,z) = Up(t,z, ®(t,z)/e) + O(e)
where Uy is given by
(1.16) Uo(t,z,0) = H(t,z,0 + Vi(t,z,0)).

Of special interest is the study of such u® issued from data h® which are
well prepared for (1.1) because these u® are solutions to (1.1). On the
one hand, the examination of the associated ®, H and V(l) indicates that
caustics phenomena can occur for incompressible Euler equations. On the
other hand, the influence of V} induces the objection previously mentioned
(Theorem 1.1) to the concentration-cancellation property.

Finally, choose to work with a Vo which is only a function of (t,z,0) whereas
the other contributions V; with j > 1 depend on ¢. Suppose moreover that
the trace of U at time ¢ = 0 does not see 6. In other words

(0,2,0) = ¥(x), &) = (@i(@), - ,dn(z)) € C®(w;R™).

Under these assumptions, the discussion of (4.5)-(1.14) rests on the theory of
multidimensional weakly nonlinear geometric optics [14]-[15]. Now, coming
back to u®, we find

u(0,2) = H(z,p(x)/e) + e Ho(z,d(x)/e,4(x)/e) + O(?).



This means that, interpreted at the level of (1.2) or (1.1), the matter is to
describe the interaction of some large amplitude high frequency monophase
wave with small amplitude oscillations which can involve phases v; transver-
sal to ¢. It turns out that the data can be adjusted (Proposition 4.2) so
that the asymptotic behavior of {u®}. on 2 is governed by

w(t,x) = H(t,z, ®(t,x)/e) + ¢ Hy(t,2,9(t,x, 8(t,x)/e) [e) + O(e?).
(

This contains a rigorous justification that kinetic energy of solutions to (1.1)
can be transfered from “low” wave numbers modes (namely of size e~!) to
“high” wave numbers modes (of size e72). Such a transfert could also affect
the principal term of the oscillation.

The basic mechanism thus revealed could be repeated. It can be conceived
as a starting point in order to study the propagation of more complicated
oscillations. It is a convenient way to tackle phenomena (possibly infinite)
of cascade of energy from large-scale motions to small-scale motions. Obvi-
ously, the modern tools of nonlinear geometric optics offer means of exploring
some turbulent features in fluid mechanics.
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2 Well prepared initial data.

This Section is devoted to general considerations concerning the dynamics
of a two dimensional vector field u = (u!, u?) € R? described by the Burger
equation (1.2).

Let w be a bounded open domain of R%. If necessary, make a translation
in = to be sure that '(0,0) € w. Note CF with k € NU {400} the space
of functions with bounded continuous derivatives up to the order k. Select
data h and f such that

(2.1) u(0,z) = h(z) € CHw),  f(t,z) € CYR x R?).

2.1 Preliminaries.

We start by looking at the life span of solutions to (1.2)-(2.1).

2.1.1 About the life span of solutions to Burger equations.

Look at the ordinary differential equation

(2.2) & =(t,a,b) + £(,E(t,a,b)) =0

completed with

2(0,a,b) = a € R?, 42(0,a,b) = beR2,
Suppose that the source term f has at most a linear growth with respect to
the space variable, uniformly in the time variable
(2.3) 3C e Ry ; f(t,x)] < C (1+|z]), V(t,z) e RxR?.
Then, the application = is globally defined and is smooth = € C}(R x R%).
Introduce the graphs

Gy = {(x,h(m)); wa} c R? x R?,

DG, = { (z,hz),D;h(z)); z €w} C R? x R? x M*(R),
where_Md(R) is the space of d x d matrices with real coefficients. Note G},
and DG}, the closures of respectively G, and DGp. By hypothesis, these

are compact sets. The speed of propagation up to time T of a solution u to
(1.2) coming from h and f is bounded by

chg(T) = || h||poe(wy + T sup { |£(t,E(t,a,b))|; (t,a,b) € [0, T]xGy } .



This allows to define the domain of determinacy
Que(T) == { (t,z) € [0,T[xR?; B(z,tc(T)[C w}
where B(z,r| with r € R4 is the ball
B(z,r[:= {& ="(&1,32) € R?; |-z = (Z1—21)*+ (T2 —22)? < 1% }.
Let (t,a,b, M) € R x R? x R? x M2(R). Introduce the 2 x 2 matrix
[(t,a,b, M) := D,=(t,a,b) + Dy=E(t,a,b) M.
Compute
Ry(a,b, M) := sup {T eRy; detI'(t,a,b, M) >0, Vit e [O,T[}.

Lemma 2.1. The Cauchy problem (1.2)-(2.1) has a C' solution u which is
defined on the domain

th = U{T;O<T<Th7f} Qh’f(T), Th7f := inf {Rg(z); S leh } .

Remark 2.1.1 - introduction of Bj(w). Since I' is a continuous function
satisfying I'(0,-) = Id, we have T}, ¢ € Ry U {+o00} so that Q¢ # 0. Let
7 €]0,1]. Consider

Bi(w) := {(h,f) € C} x C; |h(z)] <771, |f(t,2)] <771 (1+]a]),
Ry(z,h(z), Dyh(z)) € [1,4+00], V(t,z) ERXxw}.
It is sure that
() = sup { ene(T); heBj(w)} < 0.

Applying Lemma 2.1, the solution u of (1.2)-(2.1) issued from h € Bf(w) is
defined on

Q1) :== {(t,z) € [0,7[xR?; B(z,c(r)t[Cw}. o
Remark 2.1.2 - a more general situation. Let g : R? — R2 be a C!
diffeomorphism. Look at the Burgers type equation

ou + (g(u) - Vy)u =0.

In fact, this situation is equivalent to (1.2) with f = 0. Indeed, it suffices to
take g(u) as the new unknown. o

Proof of Lemma 2.1. Since unicity is clear in the context of C! functions,
it remains to show that a solution u of (1.2)-(2.1) exists on € ¢(7) when
0 < T < Tj¢. Classical results yield a time T e R, such that a solution u
of (1.2)-(2.1) exists on Q,¢(f) for all £ < T. Take T as large as possible.
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If T > T, there is nothing to do. Thus, suppose that T < T. The continua-
tion principle (exposed in Majda [18] paragraph 2.2) says that

(2.4) sup { || Dzu(t, &) |I; (£,7) € Qe(T) } = +o0.
To simplify the notations, define Z(¢, z) := E(t,z, h(z)) and
U(t,x) :== T(t,a,h(z), Dyh(z)),  R(x) = Ry(z,h(z), Dyh(z)).

Since u must be constant along characteristics, for each (,%) € th(f),
there is © € w such that

(2.5)  u(t,@) fo f(t,2(t,2)) dt, i=2(2).
It follows that
(26)  Dyu(f,) U(f,z) = Dyh(z) — [ Df(t,3(t,x)) T(t,2) dt.
On the one hand
I <T<T<Thy <R, Vecw.
On the other hand
det T'(t,z) > 0,  VY(tz)e[0,R(z)[xw
In particular
det T'(t,z) >0,  VY(t,z) €0, T[xw
Suppose that there is a sequence {(t,,zn)}n € ([0, T[xw)N which satisfies
lim, 0o T(tn,2n) = 0.
Extract a subsequence (given by ¢ : N — N) such that
limp, — oo (te(n)s Tegn)s M(@e(n)), Dah(Te(n))) = € [0,T] x DGy,
The continuity of I' guarantees that det I'(¢,zZ) = 0. This implies that
Ry(2) <t < T < Tyt < Ry(2)
which clearly is not possible. It means that
(2.7) inf {detf(t,m); (t,x) € [0,T[xw} = ¢ > 0.
Note Co (M) the co-matrix of M. Remember that
I(f,z)™' = (detD'(#,2))"" Co (I(f,2)).
Use this and the relation (2.6) to get
sup { | Dzu(t, &) ||; (¢,%) € th(T)} < 00
which is a contradiction with (2.4). Therefore T > T. O

11



2.1.2 Three special cases.
This paragraph deals with
(28) odu+ (u-Vy)u+f =0, f(t,z) =12, e {-1,0,1}.
First, consider the case ¢ = 0. When ¢ = 0, simplifications occur in the
preceding discussion. Introduce the domain of determinacy

Qh = {(t,:L’) € [O,—I-OO[XRz; B(:L’,t ” h ”Loo(w) [C w}.
Define the application

In:w — R?
z — Iy(z) = "I} (2),I}(z)) = '(divy h(z), det Dyh(z)) .
The image of w by I}, is
I(w) = {(z); z€w}.
Note Ij,(w) the closure of I,(w). This is a compact set. Compute
R(a,b) :=sup {T € Ry; 1+at+bt*>0,Vt€[0,T[} € RyU{+oc}.
The result 2.2 below is true even if w is not bounded.

Lemma 2.2. Take: = 0. The Cauchy problem (2.8)-(2.1) has a C* solution
u which is defined on the truncated cone

W (Th) = { (t,x) € Qp; t<Th }, Ty = inf {R(y); y € In(w) } -
Remark 2.1.3 - introduction of B](w). The condition (2.3) is obviously
satisfied by the functions f,. Instead of Bj(w), we can consider

Bl (w) = {h € C,}(w;RQ); |h(z)] < 771,

R(Ip(z)) € [r,+], Vzew}. 3

Proof of Lemma 2.2. When w is bounded, just apply the procedure of
Lemma 2.1 to find

c(T) = hllzeqw =(t,a,b) = a+tb, T(t,a,b,M) = Id+t M .
It follows that

Qs (T) C Qs (T), YT €]0,T],

det D,=(t,x) = det (Id +t Dyh(z)) = 1 + I}(x) t + IF(x) 2.

Now, it is easy to see that T} g, = T}, and Qp ¢y = Q.

12



When w is not bounded, it suffices to remark that the time 7} associated
with the restriction of h to the open domain w N B(0,r[ is such that

T, <TI0, VreRy, lim,_. o0 I0 =T).
Since the speed of propagation is bounded by || & || e (y,), the expected result
can be obtained by passing to the limit (r — +00). a
Remark 2.1.4 - comparison with other results. Observe that

R (400) ={(a,b) eR*;a>0,b>0}U{(a,b) eR*;a<0,b> %}
Suppose that w = R2. Then, the solution of (2.8)-(2.1) with + = 0 is global
in time if and only if

(2.9) R(Ip(z)) = oo, Vo € R2.

Simple computations indicate that this criterion is equivalent with the con-
dition imposed in Theorem 2.2 of [19]. On the other hand, when (2.9) is
violated, our analysis of the local in time existence is more refined than what
can be extracted from [19]. o

Remark 2.1.5 - the other cases. When ¢ = —1 or ¢ = 1, the solutions of (2.2)
are respectively

E_1(t,a,b) = acht + bsht, Z1(t,a,b) = a cost + bsint.
It follows that

_1(t,a,b,M)=cht (Id+tht M), Ty(t,a,b,M)=cost (Id+tgt M).
Thus, the stopping times T}, ¢, which are associated with the functions f, are

- arcthTy if Tp <1, -
Thy ., = { oo i T, > 1, Th,;, = arctgTy, . o

The reason why the functions f, are distinguished is the following. When h
is conveniently adjusted, the Cauchy problem (2.8)-(2.1) furnishes a solution
of (1.1)-(2.1). This fact is proved in the next subsection.

2.1.3 Invariant sets given by Monge-Ampeére equations.
Observe that
f(t,x) = Vyp.(2), p.(z) =1 % lz|> + C.



Therefore, the solutions of (2.8)-(2.1) which are incompressible
(2.10) divzu(t,z) = 0, V(t,x) € Qg

can be interpreted as solutions of incompressible Euler equations. When
v = 0, they satisfy (1.1) with p constant. Thus, they are also solutions of
compressible Euler equations. In fact, they are subjected to the pressureless
gas dynamics system.

Suppose to simplify the discussion that w is simply connected in R?. Then,
look at the nonlinear functional set

V(W) := {h="(=020,010) € Cy(w; R?*); [h(x)] <77,
0€ C*(w;R), det D2, 0=1}.

According to the usual terminology, this definition involves a Monge-Ampére
equation which is called hyperbolic, degenerate or elliptic when respectively
t=—1,¢t=0or ¢ = 1. Obviously, the subset V] (w) is not empty.

Lemma 2.3. The C! solution u of the Cauchy problem (2.8)-(2.1) is sub-
jected to (2.10) if an only if h € V] (w) for some T €10, 1].
Remark 2.1.6 - another interpretation of V] (w). Introduce

Vi(w) == {heClw;R?); |h(z)| <77, I(z) =40,0), Vzew}.
Let h =!(—020,010) € V] (w). Obviously

Ii(z) =0, I}(z)=detD20(z) =¢, R(I(x) >1, Vrecw.
It follows that

Vi(w) C V(w) C B'(w), VY7e€lo,1].

Now, if h € V7(w), the restriction I} = 0 means that h coincide with
t(—090,010) for some scalar function ¢ € 02(0{; R). Then, the condition
I? =, is equivalent to det D2, o = ¢. Therefore V] (w) = V7 (w).

If h € VJ(R?), the solution u of (1.2)-(2.1) or (1.1)-(2.1) is global in time.
Moreover, the set V7 (R?) is invariant under the flow

heVi(R?) = u(t,)eVi(R?), VtcR,. o

Proof of Lemma 2.5. When + = 0, the result 2.3 can be deduced from
Theorem 2.6 in [8]. The proof given below is different and more direct. It
is also more general since it allows to incorporate the cases ¢ = 1.
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o Suppose that u is a solution of (2.8)-(2.1) which is subjected to (2.10). On
the one hand, the relation (2.10) means that the two (complex) eigenvalues
of the matrix Dyu(t,x) are opposite, say £A(¢,x). On the other hand, the
equation (2.8) implies that

(O +u-Vy)Dyu + (Dyu)? + 0 1d = 0, V(t,x) € Qg -
Take the trace to get
Tr(Dyu)? + 20 =2\ +41) =0, V(t,z) € Qng, -

Look at what happens when t = 0. Since w is supposed to be simply
connected in R2, there is o € C?(w;R) such that

u(0,2) = h(z) = V0 (2) := '(—020(x), 010(z)), Veew
and the preceding condition reduces to

—X0,2)? = det D,u(0,7) = det Dyh(z) = det D2, 0(x) = ¢.
Take 7 small enough to be sure that h € V] (w).

o Conversely, suppose that h € V] (w). Apply Lemma 2.1 to find a solution
u of (2.8)-(2.1) on Q4¢,. Note A; and Ay the two eigenvalues of Dyu. Deduce
from (2.8) that

(O +u-V,)(Dyu)? + 2 (Dyu)® + 20 Dyu = 0, V(t,x) € Qpy, -
Observe that
Tr(Dyu)® = AP + A3 = A1+ X)) (A2 — A1 Ao+ A2).
It follows that
{ (O +u-Vy)divyu + [Tr (Dyu)?+2¢) =0,
(O +u-Vy) [Tr(Dyu)? 4+ 2] + 2 (AE =X Adg+AF +¢) divyu = 0.
By hypothesis, at time t = 0, we start with
div, h(z) = 0, Tr D h(z)? + 20 = 2 (—det D2, o(z) +¢) = 0.
Combining these informations with Gronwall’s Lemma gives rise to
divyzu(t,z) = 0, Tr Dyu(t,z)? + 20 = 0, V(t,x) € Qug, .
In particular, the divergence free condition (2.10) is verified. O

Remark 2.1.7 - about the choice of . In the preceding proof, the value
of ¢ can be fixed arbitrarily in R. What is important is only that ¢ does
not depend on (t,z). Nevertheless, when ¢ # 0, the change of time-space
variables (t,z)/ |¢|='/? (t,z) reduces to the situation + € {—1,1}. o
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2.1.4 Large amplitude monophase oscillations.

According to the preceding construction, solutions u of (2.8)-(2.1) issued
from h € B] (w) are defined on Q(7). When ¢ = 0, we can take

Q(r) = {(t,x) € [0,7[xR*; B(z,t 7' [Cw}.

Now, the constraint h € B](w) does not imply a bound on all derivatives
contained in D, h. In particular, with 7 fixed, it is possible to find families
{h®}ce0,1) which satisfy

(2.11) h® € B] (w), Ve €]0,1]
but for which

(2.12) lim = | Dah® flpoequy = +o0.

The aim of this paper is precisely to consider such families {h}., having a
specific behaviour when & goes to zero. Some material is needed to describe
the oscillating structure of h*. Fix J € N. Introduce :

2.a) a phase ¢ € C®(w;R) with V,¢ € Cp°(w;R). Assume that ¢ is not
stationnary. More precisely, impose

(2.13) Jdce Ry, ho(r) > c, Ve ew,
2.b) a profile H = H_; ='(H', H?) € C{°(w x T;R?) which is non trivial
(2.14) I(x,0) € wx T; OpH (z,0) #0,
2.c) other profiles
Hj:t(H},Hf)ECgo(wa;R2), jed{0,---,J—1},
2.d) a function rh® € CP°(w;R?) which is controlled by
(2.15) sup { || 7h¥ [|poo@y +&771 || Darh® ||y s € €]0,1] } < o0.
With all these ingredients, build the asymptotic expansion
(2.16) he(z) = 2720 T Hy(w, ¢(x)/e) + eV rhf(a) .
Observe that h® is a large amplitude oscillating wave
he(z) = H(z,¢(z)/c) + O(e), OpH #£ 0.

In the next subsection, we identify necessary and sufficient constraints to
impose on ¢ and the H; in order to have (2.11) for some fixed 7 €]0, 1].
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2.2 Well prepared families for the Burger equation.
The hypothesis 2.a), ---, 2.d) guarantee (2.12) and the fact that
dreRy; sup { |h¥(z)]; (5,2) €]0,1] xw} < 77! < .

Now, to obtain a family {h}. € B (w)l%! with corresponding solutions
{u®}; defined on a domain (1) (which does not shrink to the empty set as
e goes to 0), it suffices to check the condition on I which is stated below.

Definition 2.1. We say that the family {h}., where h® is defined as in
(2.16) and is made of ingredients satisfying 2.a), ---, 2.d), is well prepared
on w for the Burger equation (1.2) if

(2.17) Ir e Ry ; R(Ipe(w)) € [, +00], V(z,e) € wx]0,1].

Any function v € L'(w x T) can be decomposed according to
u(z,0) = (u)(x) +u*(z,0) = u(r) + u*(z,0)
where (u) = 4 is the mean value
(u)(z) = a(z) = [; u(z,0) df
Introduce the oscillating support of u which is
osup u = {m cw; u*(x,-) 5_'50}.
Define also
0 tu) (2, 0) = [ w(x,0) d — [ () u(x,8) db) df.
In view of (2.13), for each z1 € R, the apphcatlon
w(zy) == {z2; (z1,22) Ew} — R
zo +— P21, 72)
is strictly increasing. The image set
I(xq) = {gb(xl,xg); T € w(xl)}
is open. Introduce the other open set
T = UgperZ(z1) C R.

Seek a family {h®}. which is well prepared on w for (1.2). Easy computations
indicate that the analysis can be reduced to the case w = osup H. Thus,
from now on, we can suppose that w = osup H*. We suppose moreover that
the curve {z € w; ¢(z) = z} is connected for all z € Z. These are technical
assumptions which simplify the following statements.
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Lemma 2.4. Under the assumptions mentioned above, the family {h}. is
subjected to the condition (2.17) if and only if the three following conditions
are satisfied :

i) the profile H* is polarized according to

(2.18) Viop(x) - H*(z,0) = 0, V(z,0) ewxT.

ii) there exists f in Cy°(Z;R) such that

(219)  96@) = [(6(@) o(a), Vecw.

iii) there exists g in Cg°(Z;R) such that

(2.20) f(o(2)) H'(z) + H*(z) = g(s(z)), Vzecw.

Couples (H, ¢) which satisfy (2.18), (2.19) and (2.20) for some f and g are
called compatible with (1.2).

Proof of Lemma 2.4. Note that

400 if a<0 and b>ia2,
R(a,b) =

400 if a>0 and b>0,
—L if a<0 and b=0.

a

For all other values of (a,b), one has
a a2—4b)3
R(a,b) = — & — @2
It follows that

R_l([T,—i-OO]) = {(ajb)eRQ; a< —271 b> %a2}
U{(a,b) €R? a > —2771, b > —72 (ra+1)}.

o Suppose that {h¢}. is subjected to (2.17). Observe that

Ine(z) =e 1 Iq(z, et p(2)) + O(1), I q(z,0) =1L, 1)) (x,0)
with It = V,¢ - 9gH* and

I, = 016 (OgH"' 0o H? —0gH? Oy HY) + 0o (g H? 01 H' —0pH' 01 H?) .
Select any (x,60) € w x T such that ¢(z) # 0. Introduce

ep = ¢(z) (0+ k)7L, ¢ = sgn ¢(z), ke N\{0,1}.

By construction

(2.21) Iner(z) = et I-1(z,0) + O(1).
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This indicates that the sequence {Ipex(z)}
oo with the half line

D:={AI_(z,0); NeRy }.

. 1s asymptotic when k goes to

In view of the geometry of the set R™!([r,+00]), this is compatible with
(2.17) only if I';(z,0) > 0. Because of (2.13) and the continuity of the
function I*,, it leads to

It (z,0) > 0, V(z,0) ewxT.

The foregoing shows that I'; is a positive function. On the other hand,
it is obviously a periodic function with mean zero. Therefore, it must be
zero which is exactly the polarization condition (2.18). There is some scalar
function s = s* € C*°(w x T) which is such that

(292)  H(n.0) = H) + 5*(2,0) Vad(2)-,  Viot = ( _a?f > .

The information (2.22) allows to simplify the expression of
12 = [01¢ 029 (O1H' — 0, H?) — (010)* 2 H' + (02¢)? O1H?| Ops*
+ [ =2 019 020 0,0 + (010)? 03,0 + (020)? 0} ¢ s* Dgs*.

Since now I, (z,6) = 0, the sequence {Ihek (x)}k is asymptotic when k goes
to oo with

Dy = {(0,b); £b>0} if +£I?,(z,6) > 0.

In view of the geometry of the set R™!([r,+00]), this is compatible with
(2.17) on condition that I?,(x,0) > 0. Because of (2.13) and the continuity
of the function I2,, it leads to

I? (x,0) > 0, V(z,0) cwxT.

Again I? is a positive function. It is periodic and the formula given above
indicates that it is with mean zero. Therefore, it must be zero. Since by
hypothesis w = osup s*, the condition 131 = 0 amounts to the same thing
as imposing for all € w the two relations

(2.23) 01 o¢ (D1 H' — 0oH?) — (91¢)* H' + (099)? 01H? = 0,
(224) 2010 D20 a0 — (019)° a0 — (02)” D116 = 0.

In view of (2.13), the identity (2.24) is equivalent to

(2.25) (02 D1 + 016 Bo) (D16)02d) =0, Vzew.
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This differential equation impies that the quotient 0y¢/02¢ is locally con-
stant on each level curve of ¢. In fact, it is constant on the whole curve
because by hypothesis the curve is connected. Since moreover the appli-
cation z9 — ¢(x1,x2) is a local C*° diffeomorphism, the property (2.19)
must be achieved for some f € Cp°(Z;R).

Since ¢ is now subjected to the restriction (2.19), the relation (2.23) can be
simplified according to

(2.26) (—02¢ 01 + 016 Ba) (H? + f(¢)H') = 0.

The same argument as above gives (2.20).

o Conversely, choose any couple (H, ¢) satisfying (2.19) and (2.20). Select
any profile s*. Define H as in (2.22). It implies that /_; = 0 so that

3C > 0; IL.(z) < C, |I}(x)] < C, V(e,z) €]0,1] x w.
In particular, we find (2.17) for some 7 €]0, 1]. O
Remark 2.2.1 - existence of compatible couples. Take any f € Cy°(R;R)
with f <0 and any g € Cp°(R;R). Select any function ¢g with

o € C*(R), ¢y € Ce°(R) dp(x2) > 2¢ >0, VyeR.

Solve the conservation law (2.19) where z; is interpreted as a time variable
and the Cauchy data is ¢(0,z2) = ¢o(x2). It furnishes a solution of (2.19)
which is defined on a domain of the form

O = {x="w1,22) €R%; |21| <}, n>0.

If necessary, restrict 7 to be sure that (2.13) is verified. Take any s* and
any H'. Extract H? through (2.20). Then, piece together these ingredients
to obtain a compatible couple (H, ¢) which is defined on w.

When f’ is not constant, the construction of a compatible couple (H, ¢)
which is globally defined on R? is not possible. This is due to (2.19). When
f"” =0, the characteristics are straight lines which cross. o

Introduce the family of lines
E(z) = {X¥(-1,f(z)); AeR} C R?, zel.

The proof of Lemma 2.4 is based on a decomposition of the profile H in its
oscillating part H* and its mean value H. Another point of view consists
in looking at the vector valued function H in the basis (*V,¢, Vé'). This
changes the presentation of H.
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Lemma 2.5. Let ¢ € Cy°(w;I) satisfying (2.19). The profile H is subjected
to (2.18) and (2.20) for some function g € Cy°(Z;R) if and only if there is
a scalar function r € Cp°(w x T;R) (called the underlying scalar profile) and
there are two smooth vector fields

H, € C°(T;R?), H, € C°(T x R;R?)

which are polarized according to
(2.27) Hy(z) C E(2)*, H.(z,y) C E(2), V(z,y) €Z xR
and which are such that

(2.28) H(z,0) = Ha(¢(2)) + Ho(o(x),r(z,0)), V(z,0) cwxT.

Proof of Lemma 2.5. Decompose H according to H = HS + Hf with
HS(x,0) = |Ve¢(2)| 2 (Ved(z) - H(2,0)) Ved(z),
He(z,0) = [Vad(x)| 72 (Vad(@)t - H(z,0)) Vad(a):.

o Suppose (2.18) and (2.20). Then
HS(,0) = Ha($(2)) Ho(z) = [1+ f(2)?] " g(2) '(f(2),1),
HE(2,0) = Ho(6(2),7(2,60)) , Holzy) =y ' (=1, £(2)) -

This can be achieved with the choice
r(z,0) = [1+ £(6)] " {(=1,£(9)) - H(x,0).

With these definitions, we recover (2.27) and (2.28).

o Conversely, suppose (2.27) and (2.28). Then
Veo(z) - H*(2,0) = Vad(x) - [Hy(¢(2),7(2,0))]" = 0

and we obtain (2.20) with g(z) = *(f(2),1) - Ha(2). O

2.3 Well prepared families for the Euler equation.

Our aim in this subsection is to identify the constraints to impose on ¢ and
H in order to have

(2.29) W eVi(w), Veelol].

We work with fy = 0. The other cases « = 1 and especially + = —1 are
interesting but they will not be considered here.
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Definition 2.2. We say that the family {h®}., where h® is defined as in
(2.16) and is made of ingredients satisfying 2.a), ---, 2.d), is well prepared
on w for the incompressible Euler equation (1.1) if

(2.30) Il (x) = div, h%(z) = 0, Y (z,e) € wx]0,1],

(2.31) I (z) = det (Dgh*(z)) = 0, V(z,e) € wx]0,1].

In other words, a well prepared family {h®}. for (1.1) is well prepared for
(1.2) and is made of functions h® which are contained in Vj(w).

Suppose that {h¢}. is well prepared on w for (1.1). According to Lemma 2.4,
we have (2.16) with a phase ¢ and a principal profile H adjusted according
to (2.18), (2.19) and (2.20). It is interesting to identify the other constraints
satisfied by such ¢ and H. In fact, these supplementary conditions concern
only the choice of g and of the function s* defined in (2.22).

Lemma 2.6. Select any functions ¢ € Cp°(w;R) and f € Cy°(Z;R) satis-
fying (2.19). Select any functions K € Cp°(Z x T;R) and fo € Cg°(T;R).
There exist some open set w C w and a family {fvf}e which is given by an
asymptotic expansion like (2.16) with J > 0, which is well prepared on & for
(1.1) and which is associated with the phase ¢ and the profile

(232)  H(x,0) = K(¢(2),0 + do(,0)) ( —folgb(:c) >+ < gogﬁ(w) >

where
(2.33) g&):lﬁQ®f®%+AzK@)fW)@, et

and where ¢g is subjected to the scalar conservation law

231y 9190 = [(9) Dado + (=F'(0) do + Jo(0)) 02 By
' + (= F(8) b0+ o)) P = 0.
Proof of Lemma 2.6. The restriction (2.31) means that we can find
he = Hh he?) € CR(TR?), ¢ € O®(wiT),  =€]0,1]
such that

(2.35) W (z) = YR (), h¥2(x)) = RE(¢(x)),  V(z,e) € wx]0,1].

Choose any sequence

K; e C®(IT xT;R), je{0,---,J—1}.
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Define
B(e) = K (2,2) = K (2, 2) e X020 & K(2,2), (2,0) € Tx]0, 1],
he2(2) =[5 (=f(y) +e () (=)' (y) dy, (2,€) € Ix]0,1],
where
Fe) =35 € fi(2), HECRRR), je{0 J-1}.
Two integrations by parts lead to
h2(z) = (= f(z )+€f€( )) hel(z) — ( (0)+€f€( )) h<1(0)
—Jo Hf ) +e(f) ) K
ISR Ee A
+e (=1(0) +& (f)(0) (9" K=)(0,0)
+e Jy (- f” (y) +e(f)"(y )) (0 IKE* ) (v,
+e fo (=) +e(f) W) ( 881[{5*(
The procedure can be repeated since for instance
(9 K)(y:2) = €0y [(950, ' K=) (v, £) | =€ (9,050, K=) () -
It furnishes
he2(z) = H*(2,2) + ¢ Y00 &8 H2(2,2) + O(e7)

with in particular
(2:36)  H?(2,0) == — f(2) K(2,0) + f(0) K(0,0) + [7 K(y) ['(y) dy,

(2.37)  Hj(2,0) :== —f(2) Ko(2,0) + fo(2) K(z,0) + f(0) Ko(0,0)
—fo( ) K(0,0) + [5 f'(y) Koly) dy — [5 f(y) K(y) dy
F1(2) (8, ' K*)(2,0) — £'(0) (8, "K*)(0,0).

The expression h? is adjusted so that (2.30) becomes the consequence of

(238) 01" + (—f(°) +e S () B = 0.

1) dy
1) dy

Seek solutions ¢ of (2.38) in the form

(239)  ¢°(x) = ¢(x) + € ¢°(x,9(x)/e), ¢ € C3°(w x T;R)
where ¢(z) is subjected to (2.19) and ¢°(x, ) can be expanded according to
6 (,0) = Y750 & dj(@,0) + &Mt r¢*(,0).
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The expression ¢° must satisfy
(2.40) 0¢° + ale, t,x,d%) 020° + b(e,t,z,¢%) 0pp° + b(e,t,x,¢°) = 0
with

a(57t7$72) = —f(¢+52) + € f8(¢+€z)7

ble,t,z,2) == [~z fol fl(¢+esz) ds + fS(p+ez)] 0a.

Look at (2.40) as an evolution equation in the variable z;. Remark that
J :=w(0) C R is an open interval containing 0. Choose functions

¢O]€O§O(\7XTaR)7 T¢6€Cgo(jXT7R)a 36{077‘]—’_1}
where the family {r¢g}. is such that

sup { | 765 oo (7xm) +€772 || Dago 765 lo(axm); € €]0,1] } < o0,
Complete (2.40) with the initial data

(241) ¢€(07$279) = ¢8($270)7 ¢8 = Zji()l Ej ¢0] + €J+2 7“¢8

Under these conditions, it is possible to find some open set & C w C R?
with @(0) = J and, for all € €]0, 1], a solution ¢° of (2.40)-(2.41) on w. The
main term ¢ is subjected to (2.34) and the remainder r¢° is controlled by

sup { || 7¢° || oo @xm) +&772 || Daor¢° |eo@xmy; € €]0,1] } < oo
By way of formula (2.39), this furnishes a solution ¢° of (2.38). Plug ¢° in
he as in (2.35) to get with K_1 = K and H?, = H?

W) = S0 & K (6(x) + 67 (), () [2 + 67 (x))

Fa) = SI7), e B2 (6(x) + 2 6 (2), 6la) 2 + ¢°(2)) + O(7+1)

Use a Taylor formula to recover (2.16) with ingredients satisfying 2.a), - - -,
2.d). The relation (2.36) leads to (2.32) with ¢ as indicated. Obviously, the
family {h®}. is well prepared on @ for (1.1). O

We can also deduce from the preceding construction the following more
refined informations.

Lemma 2.7. Select any functions Ko € Cp°(Z x T;R) and f1 € C;°(Z;R).
In the framework of Lemma 2.6 applied with J > 1, the second profile Hy
can be put in the form

HO(‘T79) = HO(:E7¢(:£)70 + ¢0(‘T79)) ) HO € CI())O((:} X R x T7R2) :
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Above, the function Hy =t(H{, HZ) can be adjusted so that
Hi(z,2,0) = ¢o(z,0) (0.K)(2,0) + ¢1(x,0) (05K)(2,0) + Ko(z,0),
Hij(w,2,0) = go(w,0) (0-H?)(2,0) + ¢1(x,0) (9pH)(2,0) + H§(2,0),

with H? and HE defined according to (2.36) and (2.37), and with ¢; subjected
to the scalar conservation law

1 — f(@) Qo1 + 020 (— f'(®) do+ fo(9)) Do
(2.42) — ¢ (1+ 0pdo) f'(9) d1 + o (— ['(d) do+ fo(d))
+820 (14 8po) (=5 ["(8) &3 + fo(d) do+ f1(¢)) = 0.

Remark 2.3.2 - more general constructions. The preceding description of
families which are well prepared for (1.1) is not exhaustive. For instance,
for all j € {0,---,J — 1}, the function f;(z) can be replaced by f; (z, g)
which yields more complicated formulae. o

3 Simple waves.

A simple wave is a solution of (1.1) or (1.2) having the form (1.7) where the
profile H and the phase ® do not depend on . The functions H and ® are
chosen smooth on some domain of determinacy 2 C R x R?, say

HeCX(QxT;R2), &eC®(QR).

3.1 The case of Burger equations.

The aim of this subsection 3.1 is to construct all simple waves which are
associated with (1.2). Suppose that a family {G°}.c}o1] is made of C* solu-
tions on 2 to the Burger equation (1.2) and is given by a formula like (1.7).
Then, the corresponding initial data is

H(0,z,9(0,2)/e) = H(z,$(x)/e)
with

H(z,0) == H(0,2,0),  ¢(z) == ¢(0,2).
To avoid inside € the crossing of characteristics, necessarily the couple (H, ¢)
must be compatible. It means that the expressions H and ¢ are adjusted
as in Lemma 2.4, with ingredients f, g and s* yielding (2.19), (2.20) and

(2.22). Now, there is a natural way to associate with such (H,¢) a simple
wave. Define

s(x,0) := — H'(z) / Dap(x) + s*(z,0).
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Introduce the eiconal equation
(3.1) P + g(P) 0P =0

and the scalar conservation law

s + g(@) Oss + s (—82¢ o1+ 0,9 82)5

(3:2) = 095 (¢(P) + f/(P) P s) — [V,P[2 'V, f.

Complete these equations with the initial data
(3.3) ®(0,z) = ¢(x), s(0,z,0) = s(z,0) .
Lemma 3.1. Select any compatible couple (H,$). There is a domain of
determinacy 2 of the form
Q(r) :== {(t,z) € [0,7[xR?; Bz, 7' t{Cw}, 7 €]0,1]

such that the Cauchy problems (3.1)-(3.8) and (3.2)-(3.3) have solutions ®
and s respectively on Q(7) and Q(7) x T. With these ingredients, build the
large amplitude wave

- W (t,x) = H(t 2, &(t,x)/e) 0,0(t.2)
3. PRI y
= s(t,2, 8(t, 2)/¢) < 0,9(t, ) >+ < 9(@(t,x)) >

At the time t =0, one has

(0, 2) = he(z) := H(z,¢(z)/e) .

Assume that the source term f is adjusted so that V,® - f = 0. Then,
the expression G° is a simple wave which is a solution on Q(7) of (1.2).
Moreover, the relations (2.19) and (2.20) are conserved during the evolution.

Proof of Lemma 3.1. Start by checking the initial data. Use (2.19), (2.20)
and (2.22) to obtain
H(0,2,0) = s(0,2,0) Vip(x)- + (0, go¢:17))
= H(z) + s*(z,0) Voo(z)" = H(z,0).
The definition (3.4) clearly implies that
H*(t,z,0) - V,®(t,z) = 0, V(t,x,0) € Q1) x T

Plug (3.4) at the level of (1.2). Say that the expressions with e~! and

€% in factor are separately equal to zero. Then, collect all the preceding

informations to get the system (1.8) which is overdetermined.
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For general choices of (H, ¢), the system (1.8) has no solution. In fact, the
matter is to show that the Cauchy problem (1.8) is (locally in time) well-
posed once the couple (H, ¢) is compatible with (1.2). Lemma 3.1 proposes
to solve (1.8) by using the formula

35 H(t2,0) = s(t,z,0) < ‘8?3{)‘12&";) >+ < g(@&x)) > .

This formulation (3.5) contains obviously the polarization condition on H*.
It is adjusted so that the second equation of (1.8) gives rise to (3.1). From
(3.1), it is also possible to extract

[0 + g(®@) B2 + 0@ ¢'(@)] (01® — f(P) 0®) = 0.

It follows that the relations (2.19) and (2.20) are propagated during the
evolution. In other words

(36)  a®(tx) = [(2(t2)) BO(t,x),  V(x) € (),
(3.7) ﬁz(t,a:) + f(q)(t,x)) ﬁl(t,a:) = g(@(t,a:)) , V(t,x) € Q7).
Consider now the first equation in (1.8). Because of (3.2), it reduces to

OV, L + g(®) VBt + 0,® ¢/(P) VPt
+5 [(Vo@1 - V,) V@t + /(D) (02@)2 V@1 ] = 0.

On the one hand, the equation (3.6) guarantees that
(=02® 01 + 01® 0p) VB = — f/(®) (020)? V, 0.
On the other hand, the derivation of (3.1) furnishes
OV D + g(®) RV, + 0@ ¢'(®) V01 = 0.
Thus, the identity (3.8) is verified. 0

(3.8)

There is another way to consider H. This point of view consists in appealing
to the framework of Lemma 2.5.

Lemma 3.2. The profile H can be written

H(t,x,0) = H(®(t,z),r(t,2,0)), H(z,y) = Ha(2) + Hy(z,9)
where the phase ® is given by
(3.9) O® + (Ho(®) V)@ = 0, ®(0,z) = ¢(x)

whereas the function r is obtained by solving the scalar conservation law

O + (H(®,1) - V)r + (14 f(®)2) " t(=1, f(®)) - f = 0,
(3.10) { r(O,a:,G() = 7“(:17,0).) ( ) ( )
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Remark 3.1.1 - about r. To solve (1.8), it suffices first to consider the eiconal
equation (3.9) and then to look at the transport equation (3.10). For obvious
reasons, the function r is called the underlying scalar profile. o

Proof of Lemma 3.2. In view of Lemma 2.5, we have

H(0,2,0) = H(z,0) = H(¢(z),7(z,0)).

The solution of (1.8), once it exists, is unique. Therefore, it suffices to show
that the expressions ® and H which can be extracted from (3.9) and (3.10)
satisfy the system (1.8). The condition (3.9) implies that

[0 + Ho(®) -V, + HYP) -V, @] (01@ — f(P) 52@) = 0.
One has (3.6) which means that V,® L E(®). Using (2.27), it gives rise to
H - V,® = H(®) -V, V.® H* = V,®- H,(®,r)* = 0.

Thus, (3.9) is the same as the second equation of (1.8) whereas the third
equation of (1.8) is verified. It remains to compute

OH + H-Vo)H = [§r + (H-V,)r| 9,H.(®,r) + f

which is equal to zero because of (3.10). O

Remark 3.1.2 - weak convergence. Look at the special choices
s(t,z,0) = x1 cos(2I16) /(1 +¢ cos(2116)), O(t,z) = —x9,

which satisfy all the required conditions (with f =0 and g = 0). The weak
limit u of the corresponding family {u®}. is

a(t,r) = 1 fol [cos (2116) / (1 + ¢ cos (2116))] d6 *(1,0).
Observe that u is not a solution of (1.2) since

(a1 + (0- Vo)) (0,2) = —aq fol (cos (2H9))2 o # 0.
It means that (1.2) is not closed for the weak topology of L?. Now, this is
a very natural expectation since (1.2) has no conservative form. o
Remark 8.1.3 - special diffeomorphisms. Select again a couple (H, ¢) which
is compatible with (1.2). The application

Efrar— z+ t H(z,¢(2)/e)
is a local diffeomorphism whose inverse can be explicited. It is

E)™ s ar— z — t H(t,z,9(t,z)/e)

where H and ® are obtained by solving the nonlinear system (1.8). o
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Remark 3.1.4 - caustics of the first type. There is no constraint (except the
regularity) on the choice of g. When the function ¢ is non increasing the
solution ® of (3.1) develops shocks which correspond to the formation of
caustics for the Burger equation. o

3.2 The case of incompressible equations.

The study of the overdetermined system (1.10) is more delicate than the one
of (1.8). We restrict here our attention to the case p = p,. In this particular
context, the construction of simple waves which are incompressible needs to
restrict the choice of the phase.

Lemma 3.3. Among the solutions to (1.2) given by Lemma 3.1, those who
satisfy also (2.8) are plane waves

(3.11) w(t,r) = [k:(z, 71’(;)) Qp,(Z)]\z:at-i-b:cl-‘r:cz ( _bl > - ( 2 )

built with k € C°(R x T;R), v € C®°(R;R) and (a,b) € R2.

Proof of Lemma 3.53. Select a general simple wave u° as in (3.4), involving
ingredients @, s and H as in (3.1), (3.2) and (3.5). In fact, the matter is to
solve (1.8) where f = f, and where the condition div, H = 0 is added. This
amounts to the same thing as looking at the scalar conservation law (3.2)
completed with the constraints

(3.12) Vedt . Vus* =0, V,01.V,58+ ¢ (D) 3d =0.

The first condition means that s*(¢,-) is a function of ®(¢,-). The second
condition, when imposed at time t = 0, must be preserved during the evo-
lution induced by (3.2). The initial data ¢ and s must be adjusted to this
end. However, it is delicate to identify at the level of (3.2) the constraints
to impose on ¢ and s. The difficulties are due to the interplay between the
oscillating part s* and the mean value S.

Below, we adopt another point of view. Our argument consists in appealing
to the criterion of the paragraph 2.1.3. The expression

he(z) = 6°(0,x) = H(0,2,9(0,2)/¢) = H(z,¢(x)/e)

must satisfy

(3.13) div, h*(x) = 0, det D A% (z) = o, Ve ew.
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The divergence free condition yields

div, h¥(z) = Vus(z, ¢(x)/e) - Vad(x)t + ¢ (o(2)) dad(z) =
Pass to the weak limit (¢ — 0) to find

Vas(z,0) - Vao(z)t + ¢ (¢(z)) dag(z) = 0, V(z,0) ewxT.

Separate the mean value

(314)  —0hd(x) Bi5(x) + () Br5(x) + ¢ (8(x)) Dablx) =
from the oscillating part

(3.15) Vs (x,0) - Veg(z): = 0.

As expected, the conditions (3.14) and (3.15) are the same as (3.12). In
particular, there is k* € Cp°(Z x T;R) such that

(3.16) s*(x,0) = k*(¢(z),0), E* £ 0, V(z,0) ewxT.

For j =1 or for j = 2, one has
0;h* () = 9; [Dag(x) s(w, X)) (=1, f($(x))
+0;6() [%0(x) f'(6()) s(z, 22) +¢'(¢()) ] 1(0,1).
Mark the coefficients
a*(z) = Bad(x) ['(d(w)) s(x,°
a(x) + Ma(w )k*(¢(x, <E
b () = 01 [0ai(x) s(x, 42)] — f( 2)) 9 [026() s(z, “2)] = 0.
_ 016(0) 015(z) — Dr(z) Dol )+ F(6(2)) (B20(x)) s(x, 22)
b(x) + mo(2) K (8(x), “F).
Now, examine the second condition in (3.13) which is equivalent to
Oap(x) a®(x) b°(x) + ¢ = 0, Ve €]0,1].
Pass to the weak limit (¢ — 0) to find
a(z) b(z) + t/degp(x) + (ma(z) +1mp(2)) k* (4(),0)
+ma(x) my(x) K (¢(x),0)* = 0.
0

) € w x T, this is the same as

©-

D)+ ¢ (6(x)

Since this must be true for all (z,

a(z) b(z) =0, me(z) + mp(z) =0, Mg (x) mp(x) =0.
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In particular
Ma() my(w) = (Da0(w))” f'(6())* = 0.

Necessarily f is a constant, say f = b € R. In view of (2.19), one has
JPp e OX(R;R); =Y >0,  ¢(x) = P(ba1 +2).

Now, remember that the construction of Lemma 3.1 requires a condition on
f. This condition concerns here f, and, at time ¢ = 0, it is

Vo ®(0,2)-£,(0,2) = ¢ (bxy +22) ¥/ (bx1 +22) = 0, Vrew.

Since ¢’ # 0, this is possible only if ¢+ = 0. Therefore, the hyperbolic and
elliptic cases (¢ = —1 and ¢ = 1) are excluded. From now on, take ¢ = 0.
Use (3.14) to extract

a(x) b(z) = dho(x) ¢ (d(x))" = 0.
It means that g is a constant, say g = —a € R. In view of (3.14), one has
3k € C®(R;R); 5(z) = k(bxy + x2).
Solve (3.1) to get
O(t,x) = Ylat+ bz + x2).
It remains to look at (3.2) that is
s —adss +sY (—0+bde)s =0.
Observe that the choice
s(t,z,0) = k(2) + k*(¥(2),0) ¢'(z) '(-1,b), z=at+bxy + x9
is convenient. This is the expected result. O
Remark 3.2.1 - intuitive derivation of Lemma 3.3. The restriction on ¢
contained in Lemma 3.3 can be guessed by looking at the construction un-

derlying Lemma 2.6. To find simple waves, small amplitude terms (of size
e’ with j > 1) must be suppressed. Now, to get

w(0,2) = he(z) = H(h(2), k2 (x)) = H(z, d(z)/e)
it is convenient to take

r¢gc =0, $; =0, K; =0, vie{0,---,J+1}.
Then, consider he2. We must have

89]?3(3;,2,9) = 89]?3(2,9) = fo(z) OgK*(2,0) + f'(z) K*(2,0) = 0.
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This is possible only if f/ = 0 on the set @ = osup K* # (. It follows that
g = —a for some a € R and, therefore, that ®(¢,x) = ¥(at + bxy + x3) for
some function ¢ € C*(R;R). o

Remark 3.2.2 - weak convergence. The weak limit of the family {u®}. is
u(t,z) = (k¢)(at+bxy +x2) {(—1,b) — 1(0,a).

Adjust the profile k so that
k(2)® 2 [y k(2,0)% df.

Then, the weak limit of the product {u®! w2}, differs from the product
of the weak limits, that is ' u?. A similar remark is made in [1] (see p.
495, example 12.9). Observe however that u(t, ) is still a solution to (1.1).
Therefore, this argument does not bring any contradiction with the property
of concentration-cancellation. o

4 The problem of stability.
Let (H, ) be a compatible couple. Lemma 3.1 describes the evolution of
the large amplitude wave u® which is issued from

0 (0,x) = he(x) == H(z,p(x)/e) .
Now, consider the perturbed initial data h®(z) = H(z, ¢(z)/e) built with
a profile H¢ defined according to
(4.1)  H(x,0) = H(z,0) + e > /g & Hj(x,0) + ¢’ rh*(2).

Above, the profiles H; and the remainder rh® are adjusted as in 2.c) and
2.d) of paragraph 2.1.4. By virtue of subsection 2.2, the family {h®}. is still
well prepared on w for (1.2) so that the oscillating Cauchy problem

(4.2) ou® + (u®-Vy)u® + f =0, u®(0,z) = h°(x), e €]0,1]

is well posed on Q(7) for some 7 > 0. In other words, as explained in the
introduction, the existence of a solution u® to (4.2) on a domain Q(7) which
does not shrink to the empty set as € goes to zero is guaranteed a prior:.

On the other hand, the analysis of chapters 2 and 3 says nothing about the
asymptotic behavior on Q(7) of the family {u®}.. To see where the difficulty
is, look at the linearized equation along u®, that is

o+ (°-Vy)u + (u- Vo) H + 7! (- V@) pH = 0.
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Multiplying by ‘i1 and integrating over R? yields the rough control

& ha) e < Ce™t [la) e -
This inequality does not provide with energy estimates which are uniform
in € €]0,1]. It allows the presence of instabilities. Nothing guarantees that
u® remains closed to ® and, in fact, what follows shows that this is not the
case. More precisely, the difference u® —a° is of size O(e) when ¢t = 0 but it
can become of size O(1) for some t €]0, 1].

The possibility of such a mechanism of amplification is already hidden be-
hind the discussion of chapters 2 and 3. Indeed, there is a contrast between
the weak conditions made on (H,¢) in Lemma 2.6 and the strong restric-
tions imposed in Lemma 3.3. The first conditions (imposed on the main
term of the oscillation) are weaker because small perturbations of size O(e)
are allowed. This remark seems alleviating but it announces in fact the
following more general principle.

When dealing with the propagation of large amplitude high frequency os-
cillating waves, the shape of the main contribution which is of size O(1)
1s generically coupled with what happens at the level of smaller terms, for
instance of size O(g).

The aim of this chapter 4 is to clarify this assertion. The links between large
and small terms is cleared up in the next subsection.

4.1 A blow up procedure.

From now on, fix H, ® and f as in Lemma 3.1. Work with both slow and
fast variables (¢, z, ). Use the representation (1.11) with

Us(t,z,0) € CLQ(r) x T;R2), Ve elo,1].
The equation (1.2) becomes (1.12). It is completed with

(4.3)  U(0,2,0) = H(z,0).

At first sight, nothing guarantees that the Cauchy problem (1.12)-(4.3) is
well posed on (7) x T. On the one hand, the analysis of chapter 2 brings
no information since it is not adapted to (1.12)-(4.3). On the other hand,
the usual methods do not apply at the level of (1.12).

Indeed, they rely on energy estimates related to the linearized equation along
H(t, x,0), that is (1.13). Now, as before, this equation (1.13) leads to

110 l2@exm < C et 10@) ll2@exT -
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This differential equation is not sufficient to obtain some control which is
uniform with respect to the parameter ¢ €]0,1]. In fact, the structure of
He¢(x,0) is too rigid to absorb a perturbation of size O(g). More flexibility
is needed. Observe that a translation on the fast variable

Tyr : CHQr)xT) — CYQr) xT)

1
H(t,0) — H(tzo+v) @ ¢ 8

alters the profile H without changing the energy (H?) of the oscillation.
From this point of view, the application Ty plays the part of a gauge
transformation. Now, the idea is to incorporate V! as a new state variable.
As explained in the introduction, this can be achieved through a dependant
change of variables.

Proposition 4.1. Select data f and H® as in (2.1) and (4.1). There is
T > 0 such that, for all € €]0,1], the Cauchy problem (1.12)-(4.3) has a
solution U on a fized domain Q(7) x T (which does not shrink to the empty
set as € goes to zero). Moreover, there are smooth functions

X¢ = X(e,t,2,0;V) € COO([O, 1] x Q1) x T x R?’;RS),
M = M(e, t,xz,0; V) € OOO([O, 1] x Q(7) x T x R3;M3(R)),
I =T(et,z,0;V) € C™([0,1] x Q(r) x T x R*R?),
such that the solution U of (1.12) can be represented as
(4.4) U*(t,z,0) = I'(e,t, 2,0, V°(t,2,0)), Ve = {(vEl veR ves)
where V¢ s subjected to the non singular Burgers type equation
(4.5) HVe + (X(e,t,2,0; V") -V, ) V5 = M(e,t,2,0;, V) V.

We have V& = Vo + O(e) with Vo = 1(V},0,V3). The scalar components
Vi and V} are determined by solving the non linear system
HVE + (X0 Ve V) = — |V, V3,
(4.6) 3 S0 .o V3
associated with the initial data
Vé(07m79) = 07 Vg(oaxae) = |VI¢(x)‘_2 vz¢(x) HO(‘T79)
and involving
X0-V,0 = XOt,2,0, V§, V3) -V,
= H(t,z,0 + V}) -V + |V, ®> V3 9.
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Remark 4.1.1 - identification of the main term in the oscillation. The ap-
plication I' can be explicited. Noting V = #(V!, V2, V3) it is

(e, t,z,0;V) := H(t,2,0 + V) + V2V, &(t,z)t + ¢ V3 V,O(t,z).
It follows that

(4.7) U(t,z,0) = H(t,z,0 + V{(t,2,0)) + O(e).

By construction, at time ¢ = 0, the contribution Vé does not occur. Suppose
that V,¢ - Hy #Z 0. Then V§(0,-) #Z 0 and V} becomes non trivial when
t > 0, due to the coupling in system (4.6). We see here that an information
of size O(e) at time ¢t = 0 (namely £ V3(0,-) V,¢) can influence the shape
H(t, 2,0 + V{}) of the large amplitude wave when t > 0. o

Remark 4.1.2 - other formulation of (4.6). Suppose that £ = 0. Introduce
the vector valued function Wy = (W}, W3, W3) defined according to
‘(Wg, W5) = H(t, 2,0 +Vg), Wi = (1+f(2)%) V3.

The informations contained in (1.8) and (3.6) allow to extract from (4.6)
the constraint

(4.8) Wy + WL a Wy + W32 0, W + (0:8)2 W3 9,Wy = 0

completed with
WO(nyae) = t(Hl(xve)v H2($70)7 82¢(1‘)_2 qub H0($,0)) :

The equation (4.8) is a three dimensional Burgers type equation. Suppose
that 0@ is a function of ®, say 9o® = h(®P). This means that f' =¢ =0
or that, for all ¢ € [0, 7], the function ®(¢,-) is constant on parallel lines (as
in subsection 3.2). In this special case, the equation (4.8) can be further
reduced. Just replace the component W3 by h(®)? W} to recover exactly
a three dimensional Burger equation on Wj,. o

Proof of Proposition 4.1. First, recall that

V. ®(t,z) = 1(0:D,0:®P)(t, 2), Vo ®(t,x)t = {(—=0u®,0,®)(t, ).
For each (g,t,2,0) €]0,1] x Q(7) x T, the application

R35V — I'(e,t,z,0; V) € R?

is surjective (but not injective). In particular, the initial data H® can be
achieved as the image of some function V¢. In other words

He(z,0) = TI'(e,0,2,0;Ve(,0)) , Ve = (Ve e yes),
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There are several possible choices for Ve. Take V¢! = 0 and seek

(VRVD) = TLo & (VY + 020, (2.0%) = 0(1).

The contribution due to Vi can be absorbed inside H. Thus, impose VZ = 0.
Then, it suffices to set

V= |Vo®|? V@t Hj oy,  Vjie{l,---,J},

V3= |V,®|7? V,®- Hj, vjie{0,---,J -1},
and then to adjust (r°2,7%3) conveniently. Observe that V¢ € C'(w x T;R?)
and that by construction the family {V¢}. is subjected to the uniform control
(4.9) sup { || VE [|oo@wxt) + | DoV |z (wxmy; € €]0,1] } < oo
At time ¢ = 0, impose

(410)  VE(0,2,0) = Vi(z,0), Veelo,1].

Seek a solution to (1.12) which can be expressed like in (4.4). This manipu-
lation corresponds to a dependent change of state variable, the vector valued
function V¢(¢,z,0) being the new unknown. Introduce the vector field X¢
which is such that

X Va0 = X(e,t,2,6; V) -Vy9 = X;-V, + X; 0p
= H(t,z,0 + V') -V, + V2V, 0(t,2)+ -V,
+e V3V, ®(t,x) -V, + |V, 0(t,z)2 V3 9.
For € = 0, it remains
X0. Vo = X(0,t,2,0;V) - Vo
= H(t,z,0 + V) -V, + V2V, 0(t,2)* -V, + [V, ®(t,z)]> V3 0.
Use (1.8) to interpret (1.12) according to
(0 + X(e,t,2,0;VE) - Vyp) I(e,t,2,0; V(t,z,0)) + £ = 0.
Remember that f does not depend on #. This fact and again (1.8) allow to
reduce the preceding equation to
€0 {(9 + X° - Vyu9) V! + |V, 22 V3 } 9yH
+e% { (O + X - Vu0) VE2) Vo 0 4 X2 V2 }
+e! {0+ X5 V,9) V) V0 + %53VE3} = 0.
Here the notation X2 is for the vector

X2 1= 9V, @t 4+ (X5 V)V, @t + (V@1 V,)H)(t,2,0 + VoL,
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On the other hand, the notation X2 is for the vector
X3 1= OV, ® + (X5 V,)Ve® + ((Vo@ - V) H)(t, 2,0 + Ve,

There are three unknowns Ve, V2 and V&3 for two equations so that the
preceding constraint on V¢ is underdetermined. To remedy to this, just
impose the supplementary condition

X Vel 4 |V, @2 Ve3 = 0.
Then, it remains (4.5) with
M® = M(e,t,x,0;VE) = (Mij(z—:,t,ac,G;Vg))

1<4,5j<3
] 0 0 |V, ®*
= — W 0 %62 . Vx@l 9 %63 . qu)J'
‘ T | 0 6_1 %82 . qu) %83 X qu)

We have to show that this matrix M¢ does not involve coefficients which are
singular with respect to €. In particular, we must pay attention in Msa (e, -).
Recall that

H=H + s* V,0(t,z)" = H + s* 5,9 (-1, f(D)).
Remark that
OV, ® + (H-V,)V,® + (V@ -V,)H = (0,H% — 0,H') V, 0,
OV, P+ + (H-V,)V, 0+ + (V@1 -V,)H = SV, 0,
where S is the symmetric matrix
. ( 20l gH? - H! )
0oH? — 9, H! —2 0;H?
The relation (3.7) gives rise to
Hf(®),1) - (Vo @t - Vo) H = (V.0 V) [{(f(®),1) - H]
— (V0L V,) g(®) = 0.
It follows that
V@SV, 0 = 2[(0:9)? .H' + 0, 0,® (,H*—9,H') — (0,®)? 6;H? |
=2V,® (V, & -V, ) H = 0.

Observe that
(V@ -V, )V, 0t = — f/(®) (029)% V, 0.
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The preceding informations can be collected in order to simplify the expres-
sions given for ¥°2 and X3, We find

X2 = £ Ve (V, 8- V)V,
+{ = f(®) (029)* [2 s*(t, 2,0 + V') + V2]
+ (Vo ®1+ - V,)s* + |V, @2 IV, dL S fob} V,®1,
X% = e Ve (V, @ - V,)V,.® + (0H? — 9,HY) V, 0t
+5*(t, 2,0 + V) [(V, @1 - V)V @ + (V@ - V)V, 0L |
+Ve2 (V1. V,) VP + (V@ V,)s* V, 0.
It implies that
e X2.V,d = V3 (0,8)? |V, 2% f(D).
Therefore

Me = (Mg

Siciges = MO+ e MY + 2 M2, MF = (Mf)1<ij<s
where the coefficients MZ;» are smooth functions on Q(7) x T x R3. It means
that M is a smooth function of (¢, z,6, V) and also of € € [0, 1]. In particular,

it satisfies uniform estimates with respect to ¢ €10, 1].

Consequently, the quasilinear symmetric system (4.5) is a nonlinear trans-
port equation involving coefficients and a source term which all are non
singular with respect to € € [0, 1]. Therefore, it can be solved in the context
of C' regularity by the usual method of characteristics, in a way similar to
what has been done in paragraph 2.1.1.

Taking into account (4.9), there is a domain of determinacy Q(7) x T such
that, for all ¢ €]0,1], the Cauchy problem (4.5)-(4.10) has a solution V¢
on Q(7) x T (where 7 does not depend on ¢). By way of formula (4.4), we
recover a solution U® to (1.12)-(4.3) on Q(7) x T.

By construction, at time ¢ = 0, the expression V¢ is given by the Taylor
expansion

Ve = Z}']:o el V; + eltl e, Ve €]0,1]
where

Vi(z,0) = "V}, V2, VP)(2,0) € Clwx T;RY),  0<j<J.
Now, seek profiles

Vi(t,z,0) = "(V};, V3, V])(t.2,0) € C'(Qr) x T;R?),  0<j<J
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adjusted so that
(4.11) Vilt,z,0) = 35 ¢ V(te,0),  e€]0,1]
is an approximate solution of (4.5) in the following sense

sup {7/ || VS = V5 |lcoqmyxm i € €]0,1] } < oo.

The vector valued functions V; are determined as follows. Substitute the
sum (4.11) into (4.5) to get a formal expansion. The term with &/ in factor
can be put in the form

(M;) OV + (X Vao) V) + Fy(t,2,0;Vo,--- ,V;) =0
where X° = X(0,¢,,0; Vg). Complete (M) with the initial data
(4.12) V;(0,z,0) = Vj(x,0).
In particular, to identify the main contribution Vg in V¢, it suffices to solve
HVo + (XU -Vu9)Vo = M°Vy,  V(0,z,0) = (0,0, V).
Since MY = 0, the condition VZ(0,-) = 0 is propagated which means that
Vo(t,z,0) = t(Vé(t,x,Q),O,Vg(t,x,Q)) , V(t,x,0) € Q1) xT.
and which implies that X° = X°. It remains to compute
My (t,2,0;1 (V! 0,V3)) = s*(t, 2,0 + V)
X Vo - [(Vo@t - Vo)V, @ + (V@ - V)V, 0+ .
On the one hand
Ve® - (V0L - V)V, 8 = — (8,9)2 |V, 02 f/(D).
On the other hand
Vi@ (V@ V)V, 0L = 0,0 V, @ t(O,f’(<I>) |V$<I>|2) .
Therefore
M§)3(t,a:,9;t(V1,0,V3)) =0

and the validity of (4.6) is established. Once Vi has been identified, the
systems (M) with 0 < j are made of linear transport equations. Therefore,
the Cauchy problems (M;)-(4.12) with 0 < j can be solved inductively on
the whole domain of determinacy Q(7) x T where V| is defined. 0

Remark 4.1.3 - the incidence of the procedure on 6. At the level of (4.4),
the status of # is changed. There, it plays the part of a slow variable. o
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Remark 4.1.4 - come back to the original state variables. The expression
u®(t,z) = US(t,z, (¢, z)/e), £ €]0,1]

where U*® is given by Proposition 4.1 is a solution to (4.2). o

4.2 Applications.

Subsection 4.1 emphasizes the system (4.5). The equation (4.5) being non
singular with respect to e, it falls under the scope of classical theories in
nonlinear geometric optics. Applying usual tools, we can construct solutions
Ve to (4.5) having the form (1.14).

The most elementary case is when all the V,; do not depend on 0. Then,
the expressions V;(t,z,0) can be identified just by looking at the Taylor
expansions with respect to € of the coefficients which appear in (4.5). This
is exactly what has been done to produce and to justify (4.7).

The paragraphs 4.2.1 and 4.2.2 below are devoted to this simple situation,
when u® is determined through (1.15) and (1.16). The difficulty there is
not the asymptotic analysis. It is due to the fact that we deal with (1.1).
Therefore, all the data ¢, H and Hj are not authorized which means that
special profiles Uy are involved.

4.2.1 Various caustics phenomena for Euler equations

Lemmas 2.6 and 2.7 explain how to adjust the data H® and ¢ and therefore
V¢ and ¢ in order to have

W (0,z) = H*(z,¢(x)/e) € Vj(w), Ve e€l0,1].

Lemma 2.3 says that the corresponding solution u®(t, x) to (1.2) where f =0
is also a solution to (1.1) with p constant. Then, Proposition 4.1 exhibits
for the subsequent family {U¢}. the asymptotic behaviour (4.7).

Note however that Lemmas 2.6 and 2.7 require conditions on H and Hj.
These conditions can influence H and Vé. In other words, the formula
(4.7), when applied in the context (1.1), involves special expressions H and
V. The discussion starts by examining and commenting the constraints
thus retrieved on H and V(lJ.

In contrast with the situation of Lemma 3.3, the Lemma 2.6 demands no
particular restriction on the phase ¢, except (2.19). Moreover, the function
® is obtained through (3.1) where g is given by (2.33). As in remark 3.1.4,
the phase ® can develop shocks.
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This formation of shocks corresponds to caustics phenomena of the first
type for (1.1). This can surprise since Euler equations are often regarded as
being linearly degenerate. But, it is so. Note however that the analysis of
subsection 4.1 stops before the formation of these caustics.

The profile H must be subjected to (2.32). The expression H can be deduced
from (3.2) or (3.10). We find
(4.13) H=H:= K(&0+®) '(1,—fo®) + (0,90 )

where the scalar function ®((¢,x,0) is determined by

0Py + K(P,0+ Dg) (01 —fo® 0y) Py + go P Py = 0,
(4.14)
®0(0,-) = ¢o.

The expression ®y which appears here plays an ambiguous part. Of course,
it is linked with the underlying scalar profile r and it influences H* (since
it can depend on € in a non trivial way). But also, it acts on K as a phase
shift. To insist on this second aspect, ®( is called the second phase.

Now, consider the following specific situation. Take
WZR27 ngEO, ¢($):q)(t,$):x2

Work in the framework of Lemma 2.6. Impose ¢g|,,—g = 0 but fo # 0 so
that ¢o(z) = —x1 fo(xa). Select a profile K satisfying K(0,0) = 0, K =0
but K* # 0. It remains

H(z,0) = K*(ajg,O — o1 fo(acg)) t(1,0), 0# fo € C;°(R;R).
Under these conditions, the Cauchy problem (4.14) reduces to

0Py + K*(x9,0 + ®y) 01P9 = 0, D6(0,) = —x1 folza).
The variables z2 and 6 can be regarded as parameters. Since by construction

3 (z1,22,0) €ERZX T, — fo(wa) OgK* (22,0 — 21 fo(z2)) < 0
shocks do appear at the level of ®(. In other words

AT eRy;  limy,_ 7 || 01@0(t,-) lpoemexm) = +00.

By virtue of Lemma 2.6, the couple (H, (b)vwhich is selected above is asso-
ciated with the main term of oscillations {h}. which are well prepared on
R? for (1.1). More precisely

he(z) = H(z,p(x)/e) + e rhi(z) € VJ(R?), rh*#0, Veelo,1].
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Note (¢, z) the solution issued from h¢ by solving (1.2) with £ = 0. Apply-
ing Lemma 2.3 (see also remark 2.1.6), the function u° is a global (in both
time and space variables) C* solution to (1.1).

Applying Lemma 3.1, the couple (H, ¢) gives rise also to a simple wave a°
which is a local solution to (1.2) with f = 0, defined on the domain |0, T [xR2,
with breakdown when t < T goes to T. We have seen in subsection 4.1 that
the asymptotic behaviour of the family {u°}. is modeled by the one of {u®}.
(modulo some translation in the fast variable ).

There is no contradiction between the two preceding assertions.

On the one hand, looking at ®( as a second phase, the presence of shocks can
be interpreted as caustics phenomena of the second type for Euler equations.
It does not preclude the solution G® to remain smooth. In fact, only from
this point of view, the situation can be compared to what is observed in the
framework of semilinear equations [16].

On the other hand, the simple wave G° is a solution of (1.2) but it is not
a solution of (1.1). Indeed, the profile H(z,0) does not depend only on xs,
as is required in Lemma 3.3. Thus, nothing guarantees that G® remains a
smooth function.

4.2.2 On the concentration-cancellation property.

The preceding analysis produces special families {1°}. made of C'! solutions
on Q(7) of incompressible equations

oa® + (u®-Vy)ut =0, div,u® = 0, £ €]0,1].
It allows also to identify the corresponding weak limits u which are

u(t,x) = (U)(t,z),  Ut,z,0) = H(t,z,0 + Vit,2,0))

where H is of the form (4.13) whereas V] is given by (4.5). Since the
divergence free relation is obviously preserved when passing to the weak
limit, the expression u is subjected to

(4.15) 4+ (0-Vy)u + f =0, div, i = 0.

It remains to determine the function f. In general, as already noticed in
Remark 3.2.2, we find f # 0. In fact, we have even the following more
precise information.

Lemma 4.1. The construction can be adjusted so that curl f £ 0.
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Proof of Lemma 4.1. Recall (4.8) which contains
U + (U-V,)U + (5:9)2 W3 9,U = 0.

Extract the mean value to get

f = (U*-V,)U*) + (8:,9)% (W3 9U).
At time ¢ = 0, it remains

flo = (U Va)H*) + (Vai - Hy) 0pH)

where H := ﬁ|t:0 is defined as in (2.32). In Lemma 2.6, select fo = 0 and
take ¢g = 0 so that

H(x,0) = K(§(2),0) '(1,—f o ¢(z)) + (0,90 ().
In particular, we have
H*(2,0) = K*(¢(2),6) (1, o ¢(x)).
With (2.19), it follows immediately that
(H*-Vo)H* = —K*(6,0) 297" (Vo V) [K*(6,6) (1, —fog)] = 0.
In Lemma 2.7, select fi =0 and take ¢y = 0. We have to deal with
Ho = Ho() + Ko(,0) "(1,—f 0 9) + f 0¢ (9 K*)(#,0) *(0,1).
Now, compute
flimo = /00 (K*(6,0)%) Vo
which leads to
curl f(0,2) = A(lod)(x),  Uz) =[5 ['(y) K*(y,60)%) dy.
In general, this quantity is non trivial. For instance, choose
f) =2, @) = a2/(L+a1),  K(2,0) = V2 cos(n0).
In this special case, we find

curl £(0,2) = 2 29/(1+21)3 # 0. 0

Proof of Theorem 1.1. The family {u°}. satisfies the conditions i) and ii) of
Theorem 1.1. It converges weakly (as e goes to zero) to u’ = u € C'(Q(7)).

The function u is subjected to (4.15) which involves the source term f.
If f can be expressed as the gradient of some scalar function p, one has
curl f = 0. But, in view of Lemma 4.1, this condition is not always verified.
Therefore, it can happen that u® is not a solution to (1.1). O
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Remark 4.2.1 - beyond Theorem 1.1. An improvement would be to replace
in Theorem 1.1 the bounded domain € by R? and the Sobolev space L? by
LP with any p € [1,400]. This would express that the operator solution
associated with (1.1) is not closed for the weak LP topology, replying to the
question raised by L. Bertozzi and A. Majda [1]-p. 479.

Our approach does not give yet access to such a result. Indeed, our key
argument relies on the use of the nonlinear functional set Vj(w). At this
level, two difficulties arise. On the one hand, the families {h}. which are
well prepared on R? for (1.1) satisfy (2.35) which is not compatible with
LP(R?) except if p = +0o. On the other hand, the hypothesis f' # 0 is
crucial in the proof of Lemma 4.1. However, when f’ 2 0 or when (f¢)" # 0,
there is no way to define on R? a C! solution ¢° to (2.39).

Of course, one is tempted to localize the analysis. But, this forces into being
faced with the problem of stability in the setting of (1.1). Now, this is a
more delicate matter than what we did in subsection 4.1. o

Remark 4.2.2 - interpretation related to the strong topology of LP. Many
mechanisms of amplifications concerning (1.1) and involving the LP—norm
have recently been exhibited [7], [11], [12], [17], see also Proposition 5.1 in [5].
The preceding method provides an alternative way to obtain such results.
However, in so far as this subject has much been studied, this aspect will
not be underlined here. o

4.2.3 Interaction with small amplitude transversal oscillations.

From now on, consider (1.2) with f = 0 or (1.1) with p constant. Fix two
integers J and m with J > 2 and m > 1. Choose any couple (H, ¢) which
is compatible with (1.2). Note H and ® the expressions obtained through
(3.1) and (3.2). Select m smooth phases

P € C®(w;R), V. € Cf°(w; R?), Vje{l,---,m}.
Note ) := (1, ,¥m). Suppose that
(416)  Fye{l;--,m};  Vedr Ve £ 0.

Take profiles H ; such that
Hj(2,0,0) € C°(w x T x T™R?),  Vje{0,---,J—1}.
Assume that Hp is a non trivial function of 6. More precisely, impose

(4.17) Vbt - @;Jﬁo £0.
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On the contrary, prescribe
(4.18) vm-aéjﬁo =0, Vje{l,---,m}.
With these ingredients, build the multidimensional oscillatory wave

he(z) == H(z,d(x)/e)

(4.19) n Z‘j]:_& e+l [, (x’qb(:c)/g’z;(x)/g) + e/ phe(2).

Require that the remainder 7#h* is controlled by
(420)  sup {|| #h° ||poe) +771 | Dafh® oy € €]0,1] } < .

Easy computations using (4.18) indicate that
div, he(z) = O(1),  det (Dyh%(z)) = O(1).
Complete (1.2) with the initial data

(4.21)  w5(0,z) = h'(x).

According to Lemma 2.2, the oscillating Cauchy problem (1.2)-(4.21) yields
a family {G°}. made of C! solutions G to (1.2). The functions G¢ are defined
on some open domain of determinacy € C R x R? which does not depend
on €. The structure of ° encodes the interaction of the large amplitude
wave H(t, x,®(t,x)/ E) with small amplitude oscillations which can involve
phases v; transversal to ¢. Here is what happens.

Proposition 4.2. Assume (4.16), (4.17) and (4.18). The solution G° to
the Cauchy problem (1.2)-(4.21) inherits on S the asymptotic behavior
W (t,x) = H(t,z, ®(t,z)/e)

(4.22) +e Ho(t,2, 0(t,2) /2, ¥ (1,2, 0(t,2) 2) [e) + O(?)

where Vgﬂo Z 0 and 0p U Z 0. Moreover, the family of initial data {izg}e
can be adjusted so that

he e Vi(w), Veelo,1].

It follows that the transformation of (4.19) into (4.22) actually occurs at the
level of incompressible Fuler equations.

Proof of Proposition 4.2. Define the following functions of (x, 6, é)

V2, = [Vad| 2 Voo By V{0, T -1},
V‘jS — |Vx¢|_2vx¢H]7 V]E{O,,J_l}
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Consider also

r(x) = [Vao| 72 Vo - 707, r3(x) == |Va¢| 2 Vg - 7RE.

Introduce

Ve2(2,0) = 372 V2 (2,0, 0(x)/2) + e/t #2(x),
VS (2,0) = Y2720 & V3 (w,0,9(x)/e) + & i(x).

At time ¢ = 0, impose
(4.23) VE(0,2,0) = VE(x,0) == (0, V=(x,0), V3(2,0)).
Observe that
4°(0,2) = he(x) = U (2, ¢(x)/e),  US(x,0) :=T(c,0,2,0;V(,0)).
The definition of V2 and the condition (4.18) imply that

(424)  V(@,0) = Vo(e.0) + S5 & Vj(.0,0()/e) + &’ 1°(a)

where by convention Vj := (0,0, V) and
Vi(2,0,0) :==(0,V3(2,0,0),V3(x,0,0)), Vje{0,---,J—1}.

Associate with the system (4.6) the initial data t(0, V). This furnishes a
solution *(V{, V3) to (4.6). Now, for all j € {1,--- ,m}, solve on Q x T the
eiconal equation

(4.25) { @‘IEO -; e()H(_ w,9+‘76)-vx)\1fj + VL2 V3 9yl = 0,

The description of the propagation of solutions Ve to (4.5) issued from
oscillating initial data V¢ as in (4.24) is the matter of what is called mul-
tidimensional weakly nonlinear geometric optics [14]-[15]. Assumptions are
needed to use the related results.

On the one hand, the real vector space spanned by the function ¥y(t,z) =t
and the other functions W;(¢,x) must be coherent. On the other hand,
some small divisor property must be satisfied. It turns out that all theses
prerequisties can be verified in the present context.

In fact, the corresponding hypothesis are checked in [8] where a very similar
situation is examined). Therefore, Theorem 6.4 of [14] can be applied. The
solution V*¢ is such that

Ve(t,z,0) = Vo(t,z,0) + e Vi(t,z,0,9(t,z,0)/c) + O(?)
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where
Vi(0,2,60,0) = Vi(z,0,0), U = (Uy,---,¥,,).
Recall that
@ (t,x) = U°(t,z,®(t,x)/e),  U(t,z,0) := [(e,t,x,0; V(t,z,0)) .
In particular
Us(t,2,0) = H(t,z,0) + ¢ Hy(t,2,0,9(t,2,0) /) + O(?)
with
Hy(t,z,0,0) == V3(t,z,0,0) V,B(t,z)" + V3(t,z,0) V. ().
In view of (4.17), we have 85JV%(O, -) # 0. Exploit (4.16) to obtain

O (89\11]')(07') = - (82¢)_1 Ogs* VI(ZSJ_ : VITZJ] §é 0.

It follows that V(;I:Io # 0 and Oy U % 0 as expected. The first part of
Proposition 4.2 is shown.

Examples of families {715 }e which are well prepared on w for incompressible
Euler equations are given in Lemma 2.6. Follow the same procedure as in
the proof of Lemma 2.6 except at the level of (2.39). There, seek solutions
©° to (2.38) having the form

P () = d(x) + & ¢¢(w, 6(x) /e, P(x) /)
where ¢° can be expanded according to

¢%(2,0,0) = Y720 & ¢5(2,0,0) + 72 ¢ (x,0,0).
Impose V¢ =0 and 85]5251 # 0 so that (Lemma 2.7)

0 Ho(w,0,0) = — 020" 9 ¢1(x,6,0) 0K Vo

Obviously, the two restrictions (4.17) and (4.18) are verified. This observa-
tion completes the proof. O

Remark 4.2.8 - transfer of energy. Examine how the square F(0)? of the
Fourier transform of G° is distributed. At time ¢ = 0, it is divided amongst
the two characteristic wave numbers k ~ 1 and k ~ ¢~ 1. In view of (4.22),
this situation does not persist. At a time ¢ > 0, the concentration is around
the three wave numbers k ~ 1, k ~ ¢! and k ~ 2. This spontaneous

apparition of a new frequency expresses turbulent features. o
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Remark 4.2.4 - improvement of Proposition 4.2. In fact, the preceding analy-
sis allows to take into account, already at time ¢ = 0, oscillating phases
¥j(z, ¢(z)/e). The presentation has been here intentionally simplified. It is
to underline the creation phenomena of a new frequency (by interaction of
waves having the same frequencies). o

Remark 4.2.5 - this is just a first step. Of course, the situation studied here
is particular since the data H and ¢ have been adjusted in a very special
way. The propagation of a general large amplitude wave solution to (1.1)
can reveal many other complex phenomena. For sure, the picture must be
completed with the cascade of phases observed in [5], and no only. o

Remark 4.2.6 - about the choice of ¢o. The equation (2.38) can be solved
on a domain which does not depend on ¢ even if Vz¢g # 0. This indicates
that the method developed here can be pushed forward to incorporate the
interaction of large amplitude multiphase oscillations. We are satisfied here
to touch on this delicate subject through the present remark. o
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