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Large amplitude oscillating solutions for
three dimensional incompressible
Euler equations

CuristopHE CHEVERRY!, MEkkt HOUBAD!

Abstract. In this article, we construct large amplitude oscillating waves (u%).¢jo0,1)
which are local solutions on some open domain of the time-space R4 xR3 of both the
three dimensional Burger equations (without source term) and the incompressible
Euler equations (without pressure). The functions u®(¢, ) are mainly characterized
by the fact that the corresponding Jacobian matrices D u®(t, ) are nilpotent of
rank one or two. Our purpose here is to describe the interesting geometrical features
of the expressions u®(t, z) obtained by this way.

1 Detailed introduction.

1.1 Presentation of the framework.

Let (T,V,r) € (R%)? with TV < r. We work on a domain of determination
having the form of a truncated cone like

QF == {(t,z) € [0,T] xR*; |2| +tV <r}, |z| == /2% + 23 + 25.

We are looking at expressions u®(t,z), with £ €]0,1], which are special
solutions of three dimensional Burger equations without source term, namely

(1.1) O + (v - V)u® =0, (t,z) € QL C R x R,
We complete (1.1) with a family of oscillating initial data

hi(x) o(z)
(1.2)  w(0,2) = k() = | h5(a) | = w(z, T) (z,) € 9]0, 1].
h3 ()
The function h®(z) is defined on the closed ball Q0 (having center zero and
radius r) by using a bounded profile w(z,8) € C} (22 x T;R3) satisfying
(1.3) I(2,0) e ¥ xT;  dgw(x,0)#0, T:=R/Z.
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We use also a phase ¢ € C1(QV; R) which is assumed to be not stationary

(1.4) V() =" (01(x), Dop(x), d3p(x)) #0,  VaeQ).

The equation (1.1) is the prototype of a quasilinear hyperbolic system. Thus,
the solution u®(t,z) of (1.1) which is issued from the bounded initial data
he(z) inherits a finite speed of propagation V. In view of (1.2), noting
w = Y(wy,ws,w3) € R3, we can take

V = sup {(Z?:l wi(m,0)2)1/2; (z,0) € Q9 x ']I‘} < 00.

Example 1. Choose T =V = r = 1. Select any non constant function
w§ € C°(T;R) which is bounded by 1 and define

e°(z) =21, w(z,0):="0,0,w5()), u(x):="(0,0,ws(p(x)/e)).
Observe that
(1.5) O + (u®” - Viu® =0, divu™ =0, (Dxue‘s(;zc))2 =0.

The expression u®(x) is a very basic example of a contact discontinuity
solution of (1.1). More elaborated patterns are proposed in [3, 4, 5, 8, 9, 10].
Extensions can be obtained either by considering nonlinear phases ¢ or by
adding some dependence in other variables than . In this article, we explain
what can be done in these two directions. More precisely, we construct
and classify all functions p(x) and w(x,d) (if need be, the profile w can
also depend in a smooth way on ¢ € [0, 1]) allowing to solve the oscillating
Cauchy problem (1.1)-(1.2) in the class of C!—functions on a domain of
determination Q" with (7,r) € R*% x R independent of ¢ €]0,1]. Note
D.h® the Jacobian matrix of h%, that is

O1hi(x) 0Oahi(x) Oshi(x)

D.he(x) = | onhs(z) Oh5(x) O3hi(z) | € M3(R3).

Ohs(a) Dphi(x) Ouh5(a)

Our starting point is the Theorem 2.6 of [4]. To find on Q" a C!—solution

of the Cauchy problem (1.1)-(1.2), it suffices to look at what happens at the
initial time ¢ = 0. A necessary and sufficient condition is to impose

(1.6) (D:hf ()’ =0,  V(z,e) € 0x]0,1].

Then (see [4]), the solution of (1.1)-(1.2) satisfies divu® = 0 in QI. Tt
means that the solutions of (1.1) under study are also (local) solutions of
the incompressible Euler equations (with constant pressure) :

(1.7) ot + (u® - V)u® + Vp. =0, divu® =0, Pe =cC.



In what follows, we work with the conditions (1.1), (1.2) and (1.6). We
seek simple wave solutions meaning that we want to solve directly (1.1)-(1.6)
through a construction relying on the special form (1.2). Taking into account
(1.7), this can be viewed as a preliminary step towards a more general (large
amplitude) WKB calculus concerning incompressible or compressible Euler
equations. The long-term perspective is indeed to incorporate at the level
of (1.1) the influence of extra terms (like pressure, viscosity, ---) and the
presence of complete expansions for the profile such as

(1.8) we(z,0) = w(z,0) + 372, e" wi(z,0), k€]0,1]1NQ.

Let us recall here what has yet been obtained concerning (1.7) when the
initial data are adjusted as in (1.2) and (1.8). The case x = 1 with a profile
w(z,0) = w(x) independent of the fast variable § € T is well-known. It is
a variant of standard results in weakly nonlinear geometric optics [11, 13].
The case k €10, 1]NQ with still w(z,0) = w(x) is fully discussed in [6]. The
case k = 1 associated with (1.3) corresponds to a more singular situation.
It is much more delicate. It is what here holds our attention.

In the case K = 1 together with (1.3), the WKB analysis of incompressible
Euler equations is supposed to be not well-posed [14]. This is due to a strong
coupling between the profile w(zx, ) and the phase ¢(z). In such a regime,
many unstable phenomena (see for instance [10, 12]) can occur. Therefore,
any progress in this direction requires to work in a very specific context, like
here (1.1)-(1.2)-(1.6), with adapted tools.

The study of (1.2)-(1.6) is not so easy to achieve. In [3, 4, 7], some very
special examples are proposed implying functions h¢(x) which are adjusted
such that the matrix D, h®(x) is of rank 1. These preliminary advancements
are partially completed in [5] by exploring (without restriction on the space
dimension d € N ) some necessary condition on ¢(x) and w(x, ) giving rise
to matrices D h®(x) which are nilpotent, as in (1.6).

1.2 The main results.

In this paper, we restrict our attention to the case d = 3 but, this time, we
seek necessary and sufficient conditions on (¢, w) to have (1.2)-(1.6). This
approach leads to the notion of compatible couple given below.

Definition 1.1. Let p € CL(Q%R) and w € CHQY x T;R3) two functions
satisfying the preliminary assumptions

(1.9) Opw(x,0) # 0, Vop(z) £ 0.



The couple (¢, w) is said to be compatible on QO x T if the family {h®}.
which is associated to (p,w) through (1.2) satisfies (1.6).

It is possible to derive an exhaustive description of all compatible couples.
In the statement below, for the sake of brevity, we express this remarkable
fact in a rather imprecise form.

Theorem 1. There is a whole class of compatible couples (o, w).

The interesting aspects will appear in the text when precising the structure
of the functions ¢ and w such involved, and especially when describing the
geometrical features of ¢ and how to get them.

Retain here that we can perform a complete WKB analysis of the constraints
(1.2), (1.6) and (1.9). Then, applying Theorem 2.6 of [4], we are sure to
recover by this way the existence of large amplitude high-frequency waves
uf(t, ) which are special solutions of (1.7) on Q. Now, the structure of the
expressions u® (¢, x) can be precised as follows.

Theorem 2. Let (o, w) be a couple which is compatible on Q2 x T. There
are functions W (p,1,0) € CH(R? x T;R) and 1 (x,0) € CH(QV x T;R) such
that the profile w(z,0) can be factorized through

(1.10) w(z, ) = W(cp(ac),w(x,«?),ﬁ) ) VoAV Z£0.
There is also some T > 0 such that the Cauchy problem
(1.11) 0P+ (W(@,0,0) - V)2=0,  &0,z) =),

' oV + (W(@, v, 0)- V)\I/ =0, U(0,x,0) = (x,0),

has a solution (®,¥)(t,x,0) on the domain QL x T. We have 9p® = 0 and,
for all e €0, 1], the oscillation

(1.12) u(t, ) = W(@(t,z), U(t, z, ®(t,x)/e), B(t,x) /), €€]0,1]

is a solution of (1.1) on the domain QI with initial data u®(0,-) as in (1.2).
Moreover, for all't € [0,T] the couple (®(t,-), W(t,-)) where

Wi(t,z,0) = W(‘b(t, x),¥(t,x,0), 6)

is still compatible on B(0,r — tV[xT. More precisely, for all t € [0,T], we
must have

(1.13) VO - 9yW + gl VO - 9gW = 0,
(1.14) (VO -0y W) (VU - W + 90 VI -9gW) = 0,
(1.15) (VO -9,W)? + (VO -9y W) (VI -9, W) = 0,
(1.16) Vo -9,W + VU -9yW = 0.



In comparison with preceding works [3, 4, 5, 7, 10], this second result 2
includes various situations which have not yet been studied. It allows to
exhibit many new phenomena with respect to both the propagation and the
interaction of oscillations.

1.3 Plan of the article.

We present here the plan of the present article. We take this opportunity
to make some clarifications and to indicate ideas of proof.

e In Chapter 2, we discuss the notion of compatible couple. More precisely,
the Proposition 2.1 of Section 2.1 says that any compatible couple (¢, w)
must verify a list S, namely (2.1)-(2.2)-(2.3)-(2.4), of conditions which are
independent of the parameter ¢ €0, 1].

Then, in the Proposition 2.2 which is proved in Section 2.2, we observe that
there exists a scalar function ¢ € C}(Q0 x T;R) leading to a factorization
of the involved profiles w(zx, #) in the form (1.10). It follows simplifications
when dealing with the system S. It remains (see the Proposition 2.3 proved
in Section 2.3) some necessary and sufficient conditions to impose on the
three ingredients ¢, ¢y and W. In fact, the matter is to work with the
relations (1.13), (1.14), (1.15) and (1.16) at the time ¢ = 0.

e Chapter 3 consider the simplest case, when V- 9, W = 0. Then, as it is
explained in Section 3.1, the level surfaces of the phase ¢ can be associated
with some foliated structure of R? by planes. This information is a crucial
key which, in Section 3.2, enables progress leading to a complete description
of (p,1, W), and therefore (¢, w).

e Chapter 4 is devoted to the case Vi - 9y W # 0. Then, without loss of
generality, the profile w(z, ) can be assumed to be of the form

w(z,0) = t(v, ¥, £(1, U))(x, 0), v(z,0) = V(ga(x), Y(x,8), 9)

where £(1,v) and V(p,v,0) are auxiliary functions. On the other hand,
the expression 1(z, ) can always be factorized according to

P(x,0) = u(x,v(:v,Q)), Opu(z,v) £ 0.

In Section 4.1, see the Proposition 4.1, the information Vy - 0, W # 0 is
exploited in order to rephrase the conditions (1.13), (1.14), (1.15) and (1.16),
written at the time ¢ = 0 on ¢ = ®(0, ), ¥ = ¥(0,-) and W, in terms of the
more convenient conditions (4.13), (4.14) and (4.15) which concern only ¢
and 1 (as well as £ and V).



After eliminating the special case J3u = 0, we concentrate on the remaining
situation dsu # 0. At this stage, the question becomes the following (see
also the remark 4.3.1 for a functional analysis viewpoint).

The intermediate problem under study. The question is to find smooth
non constant functions ®(xq,x2,u,v), locally defined in R*, satisfying the
two transport equations

(1.17)  X®=0, Y&=0, X:=0+Rd, Y:=RI+0,

and involving a variable coefficient R(z1,x2,u,v) which can be identified
through the implicit relation

(1.18) dou(z,v) = R(z1,22,u(z,v),)
where the function u(x,v) must satisfy the two conservation laws

(1.19) O+ 0pL(u,v) Osu =0, Oou + 0y L(u,v) d3u =0.

At the level of (1.19), the variable v plays the part of a parameter. When
solving (1.19), there are degrees of freedom related to the choices of u(0, 0, z3)
and £(u,v). Once the function u (and therefore R) is known, the difficulty
is to find solutions ® of (1.17) satisfying V® # 0. Let us say a few words
about the origin of the conditions (1.17) and V® # 0. In fact, the expression
® is issued from ¢ after a blowing-up procedure. Indeed, one has

o(r) = @(xl,xg,u(:v,v),v), R=0,u#0, v(z,0) .

In this context, the condition Y ® = 0 means simply that ¢ does not depend
on v. Since the letter v is aimed to be replaced by a function v(x,8) of the
variables (z,0) € R® x T, this is equivalent to say that dp¢ = 0. This
is a natural requirement. Despite the strength of the nonlinearity, we do
not want that the phase ¢ starts to oscillate with respect to itself. The
other restrictions X ® = 0, (1.18) and (1.19) are coming from (1.6) after the
reduction procedure.

Recall that the phase ¢ is supposed to be not stationary, see (1.4). This is
possible if and only if the Poisson algebra A generated by the two vector
fields X and Y is of dimension strictly less than four (dim.A < 4). The
corresponding integrability criterion (of Frobenius type) can be traducted
in terms of conditions on R. Actually, the Proposition 4.2 in Section 4.2
exhibits the relevant nonlinear PDE’s to impose on R. In the case dim A = 2,
we find (4.38). When dim .4 = 2, we have to deal with (4.39)-(4.40).



Note that the construction of phases ¢ (through ®) is associated with the
production of special foliations of R*. The related subtle informations would
be out of reach when working with functions ¢ depending only on = € R3.
Now, the difficulty is that the coefficient R must also be issued from (1.18)
after solving the two conservation laws given line (1.19). It follows that
the expresssion R inherits some special structure described at the level of
Proposition 4.3 in Section 4.3. Given smooth functions K and £, introduce

(1.20) a(x1, e, u,v) == R(u,v) + 0, L(u,v) 1 + 0uL(u,v) z2.
The function R must be in the form
(1.21) R(x1, 2, u,v) = — Oya(x1, 2, u,v)/Oya(x1, T2, u,v).

In Section 4.4, we test the integrability conditions (4.39) and (4.40) in the
framework of (1.20) and (1.21). Surprisingly, all requirements are met for
many choices of the functions £ and £ leading in Section 4.5 to a complete
classification of all compatible couples (¢, w).

To our knowledge, the preceding approach and the corresponding analysis
is completely original and new. In the end, it furnishes a good description
of the class of functions p(x) and w(x,#) mentioned in the Theorem 1.

We conclude the chapter 4 by producing in the paragraph 4.6 illustrative
examples of compatible couples (¢, w).

e In Section 5, we study the time evolution problem. We show Theorem 2.
This result is proved in the paragraph 5.1. It furnishes, in the context of
the equation (1.1), a complete description of what can happen in terms of
smooth large amplitude oscillations. The formula (1.12) generalizes previous
examples exhibited in [5, 7, 9, 14].

The families {u®}.¢jo,1] exhibited in (1.12) belong to a regime which, in non
linear geometric optics, is called supercritical (because one order derivatives
of u® explode when ¢ goes to 0). Expressions like u® are very unstable objects
[7] unless some small viscosity is added [2]. Their asymptotic behaviours
(always as € — 0) can involve interesting features.

For instance, in Section 5.2, we can exhibit a phenomenon of superposition
of oscillations. It is obtained by selecting compatible couples (¢, w.) where,
in contrast to (1.2), the profiles w. depend on ¢ €0, 1]. More precisely, the
expression we is built with functions W and 1 through the formula

we(z,0) = W (p(a), ¥(2)/e,0),  Wlp,-0) € C*(T;R?).



At the time t = 0, we are faced with a large amplitude multiphase oscillation

(1.22) u®(0,2) = W((p(:c),zp(x)/e, w(x)/e) , Vo AVY Z£0.

On the other hand, at any time ¢ € )0, T, the function ¥(¢, -) starts to really
depend on 8 € T giving rise to
U(t,z,®(t,z)/c) Bt x)

(1.23) uE(t,x):W(cp(t,x), - = )

Thus, the interaction of large amplitude waves oscillating in transversal
directions at the frequency e ! can produce oscillations with frequency 2.
Such a turbulent effect was already mentioned in [3] in the context of the
system (1.1) when d = 2. On the contrary, we were not able to prove the
same effect in the case of (1.7) when d = 2. It seems that, when adding the

divergence free condition, it is a specificity of the space dimension d = 3.

e The aim of Appendix 6 is to check that the list of situations enumerated
at the level of Proposition 4.4 is exhaustive. The corresponding work of
verification is quite long and technical. The difficulties are due to the fact
that it is delicate to interpret the integrability conditions to impose on R
into convenient constraints on the functions £ and £ appearing at the level
of (1.20). This will be done step by step, from paragraph 6.1 up to 6.5.
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2.1 The notion of compatible couples.

Given two vectors u = !(uy,ug,u3) € R? and v = *(v1, v2,v3) € R3, we note

UV = ULV + U2 V2 + uz vz,
UiV UV U1v3 U2V3 — U3V2
URU = U2V1 U2V2 UQV3 y UNv = u3v] — U1v3
U3vl  U3v2  U3V3 U1v2 — UV

We can interpret (1.6) in the form of conditions on (w, ¢).

Proposition 2.1. Let ¢ € C1(Q%R) and w € CH(QV x T; R3) satisfying the
preliminary assumptions (1.9). The couple (¢, w) is compatible on QO x T
if and ony if it is a solution on QU x T of the system S made of

(2.1) Ve 0w =0,
(2.2) V- (Dyw Opw) = 0,
(2.3) (D,w)? = 0,
(2.4) M (Dyw)? + Dyw M Dyw + (Dyw)? M = 0, M :=dgw ® V.

Proof of Proposition 2.1. We find
Efan pz)y 1 p(z)
Dyhf(z) = (Dyw) (93, — ) + 5 Opw (m, — ) ®@ V().

The constraint (1.6) can also be formulated as

3
Y g (x 90(“)) =0, EZ(x,0) € CO(Q0 x T, Ms(R?))
=0

3
where
Zo = (Dyw)? Z1 = (Dyw)?> M + Dyw M Dyw + M (Dyw)?,
EgIM3 s 52:M2wa+waM2+MDa;’wM.

To guarantee (1.6) for all € €]0, 1], it is necessary and sufficient to impose
(2.5) =,=0, V(r0ec®xT, Vjc{0,1,2,3}.

Our aim is to solve (2.5) for some r € R%. The constraints Zg = 0 and
=1 = 0 are repetitions of respectively (2.3) and (2.4). Since
M3 = (V- 0gw)? dpw @V = 0, Opw @V £0,

the examination of =3 leads to (2.1). In view of (2.1), we have also M? = 0.
Thus, the condition Z9 = 0 reduces to M D,w M = 0, that is (2.2). O

10



The system S, as presented above, is not yet exploitable. The purpose of
this chapter 2 is to put it in a suitable form. In view of (2.3), the rank of
the matrix Dyw is either one or two (the zero case being trivial). The next
paragraphs 2.1.1 and 2.1.2 deal separately with these two situations.

2.1.1 The case of rank one.
In this paragraph, we suppose that
(2.6) rg(Dyw(z,0)) = dim(Im(Dyw)(z,0)) =1, V(x,0) € QY xT.

By the constant rank theorem [1] and due to the compacity of the torus T, by
restricting r € R* if necessary, we can find two functions ¢ € C*(Q% x T; R)
and W € C}(R x T;R3) with Vi) # 0 and 9, W % 0 such that

(2.7) w(z,0) = W ((z,0),0), VY (z,0)€ Q) xT.

Lemma 2.1. Assume (1.9) and (2.7). Then, the couple (v, w) is compatible
on the domain Q0 x T if and only if the following conditions are verified :

(2.8) V- 0w =0,
(2.9) (V- 0yW) (Vi - Bgw) = 0,
(2.10) V-0, W = 0.

Proof of Lemma 2.1. The condition (2.8) is the same as (2.1). Taking
into account (2.7), we find D,w = 0, W ® V1 so that (2.3) becomes

(Vp - 0,W)2 0,W @ Vi) =0, OpyW @V #0
which implies (2.10). Knowing (2.10), the constraint (2.4) reduces to
Dyw M Dyw = (Vo - 0y W) (Vi) - Ogw) Oy W @ Vi) =0.

We recover here (2.9) which also allows to guarantee (2.2). O

2.1.2 The case of rank two.
In this paragraph, we suppose that
(2.11)  rg(Dyw(z,0)) = dim(Im(Dyw)(x,0)) = 2, V(x,0) € Q0 xT.

As before, we can apply the constant rank theorem [1] in order to find three
functions ¢ € C1(Q0 x T;R), ¢ € C}(QY x T; R) and W € CH(R x T; R3) with

Vi 20, Vih £ 0, Vb A Vep # 0 and 9, W # 0 such that
(2.12) w(zx,0) = W(&(w,&),w(:cﬁ),&), V(z,0) e Q0 xT.

11



In the Section 2.2, we will show that we can take 1; = . The precise
statement is the following.

Proposition 2.2. Let (¢, w) be a compatible couple on the domain QU x T.
By restricting r € R’ if necessary, we can find a function ¢ € CHQY x T; R)
satisfying Vo AV # 0 and a vector function W € C*(R? x T;R3) such as

(2.13) w(z,0) = W(p(z),9(2,0),0),  V(x,0) € xT.
Assuming (2.13), we can compute
(2.14) Dyw(x,0) = 0,W @ Vo + 0y W @ Vi) .

In view of (2.11), the two vectors Vi and Vi), as well as ,W and 0y W,
must be independent. In other words :

(2.15) Vo ANVY # 0, 0, W NOyW # 0.
On the other hand, the condition (1.9) amounts to the same thing as
(2.16) O0pp Oy W + W # 0.

In the Section 2.3, we will further exploit the information (2.13) in order to
interpret the system S differently. Just retain here that :

Proposition 2.3. Assume (2.11) and (2.13) together with the preliminary
hypothesis (2.16). Then, the couple (p,w) is compatible on the domain
00 x T if and only if we have (2.15) and the following conditions :

(2.17) V- -0gW +0pyp V- 0yW = 0,
(2.18) (V- 0uW) (Vi) - 0gW + 0ptp Vo - 0, W) = 0,
(219) (Ve 0,WP + (V- 0,W) (Vo 0,W) = 0,
(2.20) Ve 0,W+ V- 0,W = 0.

Comparing the two Propositions 2.1 and 2.3, we see that (2.8)-(2.9)-(2.10)
can be handled as a special case of (2.17)-(2.18)-(2.19)-(2.20). It suffices to
work with 9,W = 0. Thus, in the chapters 3 and 4, we can concentrate
on the system (2.17)-(2.18)-(2.19)-(2.20). We will examine separately what
happens when respectively Vi - 9y W = 0 and Vo - 9, W # 0.

2.2 Factorization of compatible couples.

Suppose (2.11). To obtain (2.13), we proceed in two steps. First, in the
paragraph 2.2.1, we produce a local version of the Proposition 2.2. Then, in
the paragraph 2.2.2, we complete the proof of the Proposition 2.2.
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2.2.1 The local version of the Proposition 2.2.

Note 0 = (0,0,0) € Q% C R3. In this paragraph, we work locally, near a

point (0,0) € Qf x T. We select some open connected neighbourhood T

satisfying (0,0) € T' € QY x T. Typically, we can take
P=r0:=Qx]§—7,0+7, (r70)cR;x]0,1[xT.

Let (p,w) be a couple which is compatible on ng‘ By exchanging w(z, 6)

into w(z, 0 — é), we can always suppose that § = 0. In what follows, we will

argue on ng‘ Note 2, j and k three distinct elements chosen among the set
{1,2,3}. The constraint (2.11) means that there is k giving rise to

(2.21)  Vuwg(z,0) € Vec(Vw;(z,0), Vw;(x,0)) , VY (z,0) € I‘gﬂ;,
(2.22) Vwi(z,0) AVw;j(z,0) #0 , VY (z,0) €T,

The direction Vgo(ﬁ) cannot be simultaneously colinear to the two vectors
Vw;(0,0) and Vaw;(0,0). Pick the indice I € {i,j} in such a way that
ch(@) A le(ﬁ, 0) # 0. Then, do a permutation on the three directions x7,
x9 and x3 (with the corresponding permutation on the components wi, ws
and ws) in order to have I = 1 and k = 3. Then, by restricting r € R and
7 €]0,1[, we can obtain

(2.23) Vo ANVw; # 0, vV (z,0) € ng
while the conditions (2.21) and (2.22) become

(2.24)  Vws(z,0) € Vec(Vwi(z,0), Vwa(x,0)) , V¥ (x,0)¢€ I‘g’;,
(2.25) Vwi(z,0) A Vws(z,0) #0 , ¥V (2,0) €}

The constraint (2.24) allows to deduce the existence of a scalar function W3
in C1(R%?x] — 7, 7[; R) such that

(2.26) ws(z,0) = Ws (wl(x, 0), wa(x,0), 9), V (z,0) € Fgﬂ:.
Then, using the convention
Wl(wl,wg,ﬁ) w1
W(wl,wg,ﬁ) = Wg(wl,wg,ﬁ) = w9 y
W3 (wr, w2, 0) W3 (w, w2, 0)
we can get
(227) Uj(l',e) :W(wl(l"e)an(xae)’e)a V(l’,e) € Fg,i‘"
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Lemma 2.2. Select a couple (@, w) which is compatible on ng and which
satisfies (2.24) together with (2.25). Then, there exists a scalar function
Wy € CH(R2x ]| —7,7[;R) such that the component wo can be put in the form

(2.28) wa(w,0) = Wa(p(a),wi(2,0),0), ¥ (2,0) € T,

Proof of Lemma 2.2. To obtain (2.28), it suffices to show that

(2.29) Vwsy(z,0) € Vec(Vo(x), Vwi(z,0)), Y (z,0)¢ Pﬂf.

The proof is by contradiction. Suppose that (2.29) is not verified :

(2.30) 3 (xg, bp) € FE{,:, Vwa(xo,6) ¢ Vec(Vp(zo), Vwi(zo, o)) -

Combining (2.23) and (2.30), we see that the vectors Vy(zg), Vwi(xo, 6o)
and Vws(xg, 0p) give rise to a basis of R3. In addition, by using the definition
of the Z; and the restrictions (2.1), (2.2), (2.3) and (2.4), we can get

(Dzw + dpw ® V(p)g = Z?:o E;=0.

Thus, the matrice
til + Ogwn tVQD
Dyw+ Opw @ Vo = | 'Vwsy + Opws 'V
tVws + Opws 'V

is at most of rank two. In view of (2.26), the third row vector is

Vws + Opwz Vo = 0w, W3 (Vwy + pw1 Vo)
+ 8w2W3 (ng + Opwo V(p) + 0yW3 V.

It must be a linear combination of the two first row vectors so that
(2.31) (69W3)(w1(a:0,00),wg(xg,Qo),Hg) = 0.

In what follows, the functions will be (unless stated otherwise) computed at
the point (z,0) = (x0,6p). The information (2.31) implies that

Jows = 0w, W3(w1,w2,00) dpw1 + 0w, W3(w1, w2, 09) dpws .
Looking at (1.9), we note that either dgwi(zo,00) # 0 or dpwa(xg, o) # 0.

We will below consider the case pwa(zo,0y) # 0. The other situation (that
is Jpw1 # 0) can be dealt in a similar way.

The constraint (2.31) allows simplifications when writing (2.1), (2.2), (2.3)
and (2.4). For example, the condition (2.1) reduces to

Opw1
8.91[)2

(2.32) V- 0uy,W = — V- Op,W.
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The condition (2.3) is nothing other than
(Dyw)? = [(Dyw)? 8y, W] @ Vwy + [(Dypw)? 8y W] ® Vawy = 0.
Taking into account (2.25), this identity is possible only if
(2.33) (Dyw)? 0y, W = 0, (Dyw)? Dy, W = 0.
Defining « := 'Vw; Dyw 9y, W and 3 := 'Vws Dyw 0y, W, we find
(Dpw)? 0y, W = a (1,0, 0,0, W3) 4+ 50,1, 04, W3).

The first constraint of (2.33) means that the two coefficients o and [ are
zero, yielding

(2.34)  (Vwy - 9, W)? + (Vwy - 0, W) (Vg - 0, W) = 0,
(2.35) (VU)Q . GwIW) (Vw1 . 8w1W + Vws - anW) =

By the same method followed this time at the level of the second condition,
we can extract the necessary and sufficient conditions

(2.36) (le . anW) (Vw1 . 8w1W + Vws - anW) = 0,
(2.37)  (Vwz - 0y W) + (Vwy - 0y, W) (Vg - 0y, W) =

We claim that it is not possible to have

(2.38) Vuwi - 8w1W + Vws - anW #0.

Indeed, suppose that (2.38) is true. Then, the relations (2.35) and (2.36)
imply that Vwsg - 0,,, W = 0 and that Vw; - 0, W = 0. Using these in-
formations, the relations (2.34) and (2.37) lead to Vwy - 0y, W = 0 and
Vws - 0w, W = 0. Now, these two last informations are in contradiction with
(2.38). Therefore, we are sure that

(2.39) Vwy - O, W + Vawy - 9y W = 0.

The condition (2.39) induces (2.35) and (2.36). It is also adjusted in such
a way that (2.37) is equivalent to (2.34). Thus, the analysis of (2.3) is the
same as the one of (2.34) and (2.39). These two constraints (2.34) and (2.39)
say in particular that the two vectors

(Vwy - Oy, W, Vws - 0, W) € R2, (Vwy - Oy W, Vws - 0y, W) € R?
are colinear. In other words, we can find (&, §) € R?\(0,0) such that

(2.40)  Vwi-(G O, W+ 0, W) =0, V(& Oy, W+ D, W) = 0.
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Now, we consider (2.2) computed at (zg,6y). Exploiting the informations
(2.31), (2.32) and (2.39), we can formulate (2.2) according to

2 Opwy (le . ale) + Opwa (le . aw2W)
(2.41) (3911)1)2

S (ng-awlwﬂ (V- 8, W) = 0.

Multiply (2.41) by dpwa (Vws -0y, W). Then, use (2.34) and (2.39) to obtain
(2.42) (V- 00, W) (Vws - dgw)? = 0.

In the same way, multiply (2.41) by dpwa (Vw; - 0y, W). Then, use (2.34)
in order to extract

(2.43) (V- 0, W) (Vwy - dpw)* = 0.
Two situations can happen :

>1< The case V-0, W # 0. The equations (2.1), (2.42) and (2.43) imply
that Vi, Vw; and Vws belong to the same plane (Ggw=). It follows
that these vectors are linearly dependent, in contradiction with (2.30).

>2< The case V- 0yyy W = 0. From (2.32), we deduce that V-9, W = 0.
It follows that

(2.44) Ve - (a 8, W+8 0,W)=0, V(,3)eR%

We choose o' = & and 3 = 3. According to the definition of the

function W and since (&, 3) # (0,0), we have
& Oy W + B 0w, W = H(&, B, %) # (0,0,0).

The informations (2.40) and (2.44) (where o' = & and 3 = () indicate
that the vectors Vo, Vw; and Vws belong to the same plane, namely
(& Dy W + 3 By, W), Tt follows that these three vectors are linearly
dependent. This is in contradiction with (2.30).

In conclusion, we have (2.29), as expected. =
Proposition 2.4 (local version of the Proposition 2.2). Assume (2.11) and

select anyé € T. Let (¢, w) be a couple which is compatible on Ffﬂ:. Then, by
selecting r € R% and 7 €0, 1] conveniently and by permuting the directions
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x1,x9 and x3 (with accordingly the components wi, we and ws of w), it is

possible to obtain (2.23) and to write the profile w(zx, ) in the form

(2.45) w(z,0) = W(p(x),w (2,0),0), (2,00 €T,

with a function W = t(Wy, Wa, W3) € CH(R?x ] — 7,7[; R?) whose two first

components W1 and Wa satisfy

(246) Wl(%wlﬂg) = Wy, V(QO,’UJLQ) €R2X]_f77:[a

(2.47) O Walp,wi,0) # 0, ¥ (p,wi,0) € R*x]| —7,7[.

Proof of proposition 2.4. Without loss of generality, we can suppose that

6 = 0. Taking into account (2.28), the function ws can be put in the form
w3(x76) :W3(¢(x)7wl($’9)70)7 v(xae) GFQ,F

with Ws3(p, w1, 0) := W3 (wl, Wa(p, wr, 0),9). In addition, we can define
Wl(cp,wl,ﬂ) =wy, \V/(QO,QU179)ER2X}—?,?[.

With these conventions, we recover both (2.45) and (2.46). Recalling (2.23),
to have (2.11), the vector ,W Ad,,, W must not vanish on R?x ] —7, 7. This
amounts to saying that the function 9,W> does not vanish on R2x ] — 7, 7.
This is exactly what requires the condition (2.47). 0

2.2.2 The proof of the Proposition 2.2.

Select a compatible couple (¢, w). The condition (2.11) implies that
(2.48) dim Vec(Vwy, Vws, Vws) =2, Y (z,0) € QY xT.

Locally, by permuting the directions x1, o and x3 as it is made in the
Proposition 2.4, we can get Vo € Vec(Vwy, Vwsy). It follows that the
direction V¢ belongs to the vector space Vec(Vwi, Vwa, Vws). Observe
that this property does not depend on the choice of the coordinates. Thus,
it remains to be true in all the domain under study. We must have

(2.49) Ve € Vec(Vwy, Vws, Vws) , V(z,0) € Q% xT.
Fix § € T. Given a function ¥y € C'(R3;R) and ry €]0, 7], introduce
Vo(x,0) = Wg(wy, we,ws)(z,0), Y (z,0) € Q9 x]0 —rg,0 4 rg].

We can deduce from (2.48) and (2.49) the existence of ¥y € C'(R3;R)
and rg €10, 7[ such that Vi is not colinear to Vi)y, namely that the first
component of Vo A Vg is positive
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(Vo AVipg)1 > 0, Y (z,0) € Q?ex]é?—rg,e—i-rg[
whereas

Vec(Vp,Vihg) = Vec (Vwy, Vwe, Vws), V(z,0) € Qggx]ﬁ—m,ﬁ—i—r@[.
The family of intervals |0 — rg,0 + rg[ with # € T is an open cover of T.
Since T is compact, there is a finite subcover T C Ufil 10; — ro,,0; + 70,] .
Now, consider some associated partition of unity {Xi}f\;l where the functions
xi € C®(T;Ry) are adjusted such that suppx; C0; — ro,,60; + ro,| and
Zfi 1 Xi = 1. We replace » € R* by the minimum of the numbers rp, (with
i € {1,---,N}). Then, we can introduce ¥(z,0) := Ziil Vo, (x,0) xi(0).
The preceding construction yields (2.15) as well as

(2.50)  Vec(Vp, Vi) = Ve (Vwi, Vs, Vws), Y (x,0) € Q2 x T.

The restriction (2.50) means that the three components w; can be expressed
as functions of ¢, 1 and 6. At this level, we recover (2.13).

2.3 Necessary and sufficient constraints on (¢,¢, W).

In this Section 2.3, we first show the Proposition 2.3, see the paragraph 2.3.1.
Then, in the paragraph 2.3.2, we exclude the situations already examined
in [5] and we precise the assumptions on (¢, 9, W) to be retained.

2.3.1 The proof of the Proposition 2.3.

The restriction (2.17) is just a repetition of (2.1). Concerning (2.18), it
comes from the constraint (2.2) in which the matrix D,w(z,0) is replaced
as in (2.14). The relation (2.1) induces simplifications leading to (2.18).
With (2.14), we can formulate (2.3) according to

(Dyw)? 9,W ® Vi + (Dyw)? 0y W @ Vi = 0.

Recall (2.15). The two vectors Ve and Vi being independent, the above
identity is equivalent to

(2.51) (Dyw)? 9,W = 0,
(2.52) (Dyw)? OyW =

Plug (2.14) into (2.51). Then, exploit (2.15) in order to extract

(2.53) (V- 0,W)? + (V- 0,W) (V- 9 W) = 0,
(2.54) (V- 0,W) (Vi) - 0yW +Vp-0,W) =
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We do the same with (2.52). This time, we get

(2.55) (V- 0y W)? + (V- 9, W) (Vo - 9y W) = 0,
(2.56) (V- 0yW) (Vi - 0yW + V- 9,W) = 0.

The relations (2.19) and (2.53) are similar. Observe that we cannot have
Vip - 0y W + Vo - 0,W # 0. Indeed, in such a case, (2.53), (2.54), (2.55)
and (2.56) would provide

O, W € Vec(Vo,V)- | 9uW € Vee(Vp, Vip) T .
In other words, because of (2.15), the two vectors 9,W and 9, W of R3
would be colinear. This is clearly not coherent with (2.15). Therefore, we
are sure to have (2.20).
Now, we have to show the opposite implication, that is the "only if” part of
the Proposition 2.3. Using (2.13) and (2.15), the relations (2.1), (2.2), (2.11)
and (1.9) are respectively equivalent to (2.17), (2.18), (2.15) and (2.16).

In addition, we have seen that looking at (2.3) is the same as imposing
(2.53), (2.54), (2.55) and (2.56). The three conditions (2.53), (2.54) and
(2.56) are taken into account at the level of (2.19) and (2.20). In view of
(2.20), the remaining condition (2.55) reduces to (2.53).

It remains to check that the relation (2.4) is indeed a consequence of the
constraints of the Proposition 2.3. To this end, use (2.14) in order to identify
the different terms of (2.4). With (2.19) et (2.20), we can easily recover
M (D,w)? = 0. Then, we can exploit (2.17) and (2.18) to obtain

Dyw M Dyw+ (Dyw)? M = (Vip-0pw) (V- 0,W +V1p-0, W) Oy W@ V.

In view of (2.20), we have (2.4). The proof of the Proposition 2.3 is finished.

2.3.2 Further adjustments.

Before going further in the analysis, we must take care to deal with situations
which are not considered in [5]. Noting W (z,6) := W (p(), 9 (z,0),6), the
article [5] is based on the following condition, see (35) of [5] :

(257) H(%WL DxW vaj_ = H(agd) 8¢W+89W)l (8¢W ® Vw) HVQOJ' =0.

Therefore, in order not to repeat what is made in [5], we have to work with
W, ¢ and v adjusted such that 9, W A 9gW # 0 and Vi) A Vo # 0.

There are different ways to factorize the profile w(x,f) as it is proposed
in (2.13). Indeed, if x(¢,%,0) € C®(R? x T;R) is any function such that

19



yx Z 0, noting ¢ := x(p, ¥, ), we find w = W(p, %, 0) = W(p, ¥, ) with

W(p,1,0) = W(tp,x(tp,w,ﬁ),e). Then, we find 0yW = 0yx 8¢~)W Z0
together with

W = 0, W + 0,x 0y W /yx,  Ogth = Bpth Dyx + o -

In this transformation, the conditions 9, W # 0 and 9, W # 0 are preserved.
On the other hand, we have some freedom concerning dp1. By adjusting x
conveniently, we can make sure that dgptp £ 0 or dyptp = 0. According to cir-
cumstances, we will use one or other of these two conditions. In preparation
for what follows, we put aside the framework (2.58) given below

(2.58)  Opb£0, O,WZ0, WAGGWZ0, VPAVe#£0.

3 Compatible couples in the case Vo - 0,W = 0.

We discuss here the system (2.17)-(2.18)-(2.19)-(2.20) under the restriction
2.58) and when V-0, W = 0. In other words, we have to deal with (2.13),
2.15) and (2.58) combined with

(
(
(3.1) V- 0gW 0,
(3.2) Ve-0,W = 0,
(3.3) Vi -0y W = 0,
(3.4) V- -0yW = 0.

3.1 The foliated structure associated to the phase .

The phase ¢ must here inherit some special structure.

Lemma 3.1. Assume (1.9), (2.15) and (2.58) as well as (3.1), (3.2), (3.3)
and (8.4). By restricting r € RY. and by permuting the coordinates x1, xa,
x3 and the components O1p, o, O3, we can find two scalar functions

f € CHR;R) and g € C'(R;R) adjusted such that

(35)  Ve(x) =(fop(x),1,g0p(x) dap(z), Vze.

Proof of the Lemma 3.1. The conditions (3.1) and (3.4) say that the
direction Ve is parallel to 9gW A 0y, W # 0. It follows that the direction
V¢ can be viewed as a function of only (¢,1,6). By restricting r € R* and
by permuting the coordinates x1, x2, 3 and the components 01, d2¢, 03¢,
we can always recover

Vo = E(p,0,0) dap,  E(p,1,0) :="(f(¢,4,0),1,9(,1,0)) .
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Since the function ¢ does not depend on 6, we must have dg1) Oy E+0pE = 0.
When 0y FE = 0, we find also dpF = 0 so that (3.5) is verified. From now
on, we supppose that 0, F # 0.

The application dyp1) can be represented as a function of only the variables
(0,1, 0), say Optp = k(p,,0) with k € C1(R?x T;R). Consider any function

x (@, 1, 0) satisfying Oy x # 0 and k Oyx + dpx = 0. Define ¥ = x(p, 1, 0).
We can change the set of independent variables (¢, 1, 0) into (¢, 1, 0) to find

E(p,v,0) = E(p,1,0). Observe that
O [E(p,1,0)] = 0p0 O E + OpE = 0= 9y [E(p, v, 0)] = 09 dyE + OpE .

By construction, we have 891/; = 0. It follows that the function E does not
depend on 0. Retain that

(36) Vo = E(Qpa @Zj) 82907 EN‘(@?&) = t(f(%?@)’ 17.&((10772))) :

Since dyF = 0, we must have (%E # 0. Writing W(p,,0) = W(@,@E,H),
we still have to deal with (3.1)-(3.2)-(3.3)-(3.4) but this time with W and
@E in place of W and . We decompose W into

(3.7) W(p,9,0) = a'(0,~§,1) + (1, —f,0) + 7 *(f,1,9)

where the three functions «, 3 and v depend on ¢, 1) and 6. The condition
(3.1) yields Jgy = 0. On the other hand, the restriction (3.4) leads to

(38) Oy (FP+1+5%) —adzg—Boyf+~(foyf+30;9) = 0.
Taking the derivative of (3.8) with respect to 6, we find
(3.9) By DG+ 0pBO;f = 0.

The symmetry of second derivatives expressed in the form (9%390 = 8§1cp can
be traducted according to

(3.10) (=059, F 059 — G0, F,05F) - (014, 02h, 030) = 0.
Combining (3.9) and (3.10) with (%E~ # 0, we can deduce that

(3.11) Vi - 0pW = 9B 01 — (f 0pB + § Opr) Bath + B B3h = 0.

Recall that Vo A Vi) # 0. Thus, the relations (3.1), (3.3), (3.4) and (3.11)
indicate that the two vectors dyW and 8¢~JW are colinear. It follows that
oW N Oy W = Oy x 89W A0 J,W = 0. This last information is clearly in

contradiction with (2.58).
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Recall here a basic result (see also [3, 5]) concerning (3.5).

Lemma 3.2. Select three functions f(v), g(¢) and @oo(z2) in CH(R;R).
Then, forr € RY. small enough, there is a unique expression p(z) € C1(Q%;R)
satisfying (3.5), that is

(3.12) O1p—fopdyp=0, J3p —gop(x) Dap =0, Vel
together with the initial data p(0,z2,0) = @oo(z2) for all zo €] — 7, 7.

Proof of the Lemma 3.2. The Cauchy problem for the first conservation
law involved at the level of (3.12), namely

(3.13) oo — fowg Dapg = 0, ©0(0, x2) = poo(z2)

has a local C! solution g(r1, z2) near the point (0,0) € R%. Then, consider
the local C! solution ¢(z) of

(3.14) O30 —gop(x) Oap = 0, o(1,22,0) = @o(1,22) -

To verify (3.5), it suffices now to check that = := 01 — f o p(z) dap = 0
also when x3 # 0. This property is in fact a consequence of the preceding
construction which implies that

BE—gop(®) BE =g opdp =,  E(r1,12,0)=0.

3.2 The description of (¢, w).

In this paragraph 3.2, the starting point is the description (3.7) which is
based on some auxiliary function 1 (z) (not depending on ). At this stage,
we know that w can be put in the form

0
w(x79) = W(SD("E)’ d)(:p)a 0) = 04(@(90)71/)(90), 0) —gop(x)
(3.15) . 1fw(m)
+/8(§0($),¢(.I),9) ( —fop(x) ) + V(SD(IE)’@Z}('I)?H) ( 1 )
0 gop(z)

with a phase ¢ satisfying (3.12). It remains to adjust the ingredients ¢,
1 and W according to (3.1)-----(3.4). We have already observed that the
constraint (3.1) is the same as dyy = 0. In the same way, using again (3.12),
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the condition (3.4) is equivalent to dyy = 0. Thus, the function v depends
only on the variable ¢. Retain that v(p,1,0) = v(p).

Now, we can interpret the two remaining restrictions (3.2) and (3.3) into

(3.16) —ag =B+ (fPH1+)+v(f f+99) = 0,
(317) 8¢Oé vw't(oa_gvl)_‘_alﬁﬁ Vw't(l,—f,()) =

From (3.16), it is easy to extract

(3.18) dagd +0Bf =0, dpag + B f =0.

The discussion about (3.16)-(3.17) is separated in two cases.

3.2.1 The case f'=¢ =

By hypothesis, we have f = a and g = b with (a,b) € R2. It follows that
(3.19) o(x) = woolazs +x2+bxs), ©o0 € C1(R;R).

In view of (3.16), we have also v = ¢ for some ¢ € R. On the other hand,
the function ¢ (x) can always be put in the form

(3.20) Y(x) = U(xy, 23,021 + 29 + b3), U(X,Y,Z) € CH{R3;R).

Then, the condition (3.17) becomes the following scalar conservation law
(implying Z and 6 as parameters)

(3.21) AyB(po0(2),¥,0) dx¥ + dya(pon(Z),¥,0) dy¥ = 0.

At the level of (3.21), the variables Z and 6 play the part of parameters.
Since ¥(X,Y, Z) does not depend on ¢ € T, we must have (when dya # 0)

(3.22) OyB = x(p, ) Oy,  x € C'(R%R).
The equation (3.21) reduces to

(3.23) x(p00(Z), V) Ox¥ + Oy ¥ = 0.

We can sum up the situation when Vo - 9yW = 0 and f’ = ¢’ = 0 through
the following result.
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Proposition 3.1. Select any constants (a,b,c) € R3. Select any smooth

functions poo(Z), x(p,v) and a(p,,0). Choose any solutions (3(p,,0)
and U(X,Y,Z) satisfying respectively (3.22) and (3.23). Define o(x) and
Y(x) according to (3.19) and (3.20). Consider the function w(x,0) given by

0 1 a
(3.24) wza(%wﬁ)(—b>+ﬁ(%¢,9)(—a)+c(1>-
1 0 b

Then, the couple (p,w) is compatible.
Take ¢ as indicated in (3.19). Given any function m € C}(R x T;R), define

P
B(p,1,0) == m(p,0) + ¢ /0 s (Opa)(p,s,0) ds.

Then, we recover (3.21) with ¢(z) = z1/(1+ 23 ¢(z)). The vectors Vi and
V1) are not colinear. By choosing m and a conveniently, we can obtain

8¢W A 89W = (81/,(1 8@6 - &M 8@6!) t(a, 1, b)
= Oyar (Opm — gpf(;p dalp,s,0) ds) H(a,1,b) £ 0.
The relation (2.57) is not satisfied. This example shows that the situations
considered in Proposition 3.1 may not fall under the scope of [5].

Note that the support in (X,Y") of any non trivial solution ¥ # 0 of (3.23)
cannot be compact. Moreover, when x depends in a non linear way on ),
due to the formation of singularities, the construction is valid only locally.

3.2.2 The case f' #0 or ¢’ #0.

In view of (3.18), we must have pyW A 9, W = 0 that implies (2.57). This
situation is excluded at the level of (2.58) because it has been treated in [5].

Still, for the sake of completeness, we explain below what happens. We deal
with the case f’ # 0, the other situation (¢’ # 0) being similar. This time,
seek the function ¢ (z) in the form

(3.25) Y(z) = V(1,23 0(z)), U(X,Y,Z) € CL(R%;R).

From (3.18), extract 0y in function of dya. Plug the result into (3.17).
Due to (2.58), we must have dya # 0. Thus, it remains

(320)  W(X,Y.p) = Wo(d(9)Y +[(9)X),  WoeCRR).

Thus, the variable ¢ being fixed, the function ¥ is constant on lines. Again,
its support cannot be compact.
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Proposition 3.2. Select functions f, g, v and ¥q in C*(R;R) with f’ # 0.
By applying the Lemma 3.2, we can construct a phase o(x) which is solution
of (3.12). Define the function ¢¥(x) as it is indicated in (3.25) and (3.26).
Given any a € CH(R? x T; R) with Oya # 0, define 3 € C*(R?x T;R) through
the relation (3.16). Finally, consider the expression w(x,0) which is given
by (3.15) where v(p,1,0) = v(p).

Then, the couple (p,w) is compatible.

To illustrate the situation under study, we produce some example. Just take
(o) =, g(¢) = ¢~ and v(p) = 0. As a solution of (3.5), we can choose

_1—.%2 1—%2)2 T3
plw) = 211 +\/< 21 T

Concerning 1, given any function Z € C*(R?;R), we can take

() = P(2,0) = E(p(x), 22 + 20(x) 21,25 — () 21) .

4 Compatible couples in the case Vy - 0,W # 0.

We discuss here the system (2.17)-(2.18)-(2.19)-(2.20) under the restriction
(2.58) and when Ve - 0, W # 0.

Lemma 4.1. Assume Vo - 0,W # 0. The couple (¢, w) with w given by
(2.13) is compatible if and only if there exists a function k(x,0) such that

Vo-Ogw = 0
V- 0w = 0
Vo (0,W —k0,W) = 0,
V- (0,W — kW) = 0
(kVe+Vy)-0,W = 0
(kVe+VyY)-0,W = 0

~~ N N /N~
e N
S O~ W N =
— — — — ~— —

Proof of the Lemma 4.1. The relation (4.1) is a repetition of (2.17).
When Vi - 9y, W # 0, the condition (2.18) amounts to the same thing as
(4.2). On the other hand, from (2.19) and (2.20), we can extract

(Vi 9, W) (Vi - 8,W) — (Vi - 9, W) (Vg - 9, W) = 0

meaning that the vectors (V-9 W, V)9, W) and *(V-0,W, Vi)-9,W)
are colinear. The second one can be obtained by multiplying the first one
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which by hypothesis is not equal to zero) by a factor k. This is precisely
and (4.4). From (2.19) or (2.20) with (4.3) and (4.4), we can extract
and (4.6). Reciprocally, from the informations (4.3), (4.4), (4.5) and

(whi
(4.3)
(4.5)
(4.6), it is easy to deduce (2.19) and (2.20). O

4.1 Reduction of the problem : preliminaries.

The system (4.1)-----(4.6) is not yet in a suitable form.

4.1.1 Restatement of the problem.

Since 0y W # 0, by permuting the coordinates, we can always suppose that
Oy Wy # 0, allowing to exchange the variable ¢ into Wa(p, 4, §). After this
modification, we have to deal with

(4.7) W(p,,0) ="(V(g,,0),%, Ws(p,9,0)), V=W,

Recall (2.58) which says in paticular that 0,W # 0. After permuting the
two indices 1 and 3 (if necessary), we can suppose that 0,W; = 9,V # 0.
It follows that we can regard W3 as a function of (¢, V 0) In other words,
we can find some function £(z), V,0) € C}(R? x T;R) such that

(4.8) Wi(p,1,0) ="(V(p,9,0), v, £, V(p,,0),0)).

Using (2.58) together with (4.1), (4.2), (4.3) and (4.4), we can see that the
two vectors pw and 9, W — k Oy W are colinear meaning that there is a
function ((z,#) which is adjusted such that

(4.9) O, W — k OyW =3 0gW,  k:=Fk+ ).
Knowing (4.8), this information (4.9) becomes
(4.10) 8 0L =0, 0,V = B0V, k= —00py.

Since 0,V # 0, we must have 8 # 0 and 9pV # 0, this last condition being
also a consequence of (2.58). Necessarily, we must have 9p£ = 0. Introduce

(4.11) v(z,0) = V(p(z),(2,0),0), velCH x T;R).

Note simply £(¢,v) = £(¢,v)(z,0) := £(¢(x,0),v(x,0)). Similarly, note
3¢£(¢7 U) = 8w£(¢($, 0)7 ’U(l’, 0)) and 8v£(w7 U) = 3V2(¢($> 9)7 ’U(ZL‘, 9)) .
Observe that Ve - t(l, 0,0,£) 99V = V- Ogw — Vo - Oy W 0p1p. In view
of the restriction (4.1), the condition dptp #Z 0 of (2.58) and the hypothesis
Ve -0y W #Z 0, we are sure that 9pV # 0. Retain that

(412) 9,V #£0, 9V Z0, O #£0, k= —0p ,V/3V.
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Proposition 4.1. Assume (2.58), (4.8) and Vo - 0yW # 0. Then, the
function £ does not depend on the variable § € T and we have (4.12).
Moreover, the system (4.1)----- (4.6) is equivalent to

(4.13) dpv [O1p + 0uL(,v) D3] + Dt [Bop + Oy L(1,v) D3] = 0,
(414) o [0+ D,L(,0) D50 + gt [ + 0, £(w, v) D] = 0,
(415) Oy + D, E(,v) Bt — Byt Zj‘V, (010 + 0, 2(1,v) D3] = 0,

where v is given by (4.11) whereas 0,V and 0pV are computed at (p,,0).
In view of (4.11), from (4.13) and (4.14), we can easily deduce that

(4.16) dgv [D1v + 0 L(1, v) D3] + Dt [Oav + Dy L(,v) B3v] = 0.

Proof of the Proposition 4.1. We have already seen that the function £
does not depend on the variable § € T and that the conditions inside (4.12)
are verified. By construction, we know also that

(4.17) w(z,0) = t(v(a:, 0),1(x,0), £(¢,v)(x, 0)) , Opw Z 0.

Taking into account (2.58) and (4.8), the two constraints (4.1) and (4.2) are
equivalent to the existence of some (nonzero) function a(x,#) such that

1 0
(4.18) Jpv | O + Ot 1 =aVpAVy.
8,8 9,8

Since 9,V # 0, we have 9,W A 9, W = 9,V 1(—=0,L,-0,£,1) # 0. Com-
bining this with (4.5), (4.6) and (4.12) yields the existence of some (nonzero)
scalar function y(z,6) such that

8¢V(ap(x),¢(:r, 0), 0)
aGV(QD(m)a 7!}(377 9), 0)

Plug the expression V4 given by (4.19) into (4.18) in order to extract

(4.20) Ogv = —a 7y (8290 + 81/,/2 a3g0) ,

(4.21) Do) = +a vy (O1p + 0uL O3¢p),

(4.22) Ogv OpL + Ogt) 0y L = + a7y (0pL O1p — 0L Do) .

Since ay # 0 (because dgip # 0), from (4.20) and (4.21), we can deduce

(4.13). On the other hand, the relation (4.22) provides no new information
because it is a linear combination of (4.20) and (4.21). Observe that

(1,0,0,8) - 1(9,L,04L,-1) =0, (0,1,04L) - 1(0,L,04L,—1) = 0.

0, £
(4.19) — gt Vo+ Vi =7 ( 0y L )
~1
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Using these identities and (4.13), coming back to (4.19) multiplied by the non
zero vector valued function Jpw, we can obtain (4.14). The last condition
(4.15) is just the product of (4.19) with the vector (1,0, 0,£).

Conversely, suppose that ¢(z) and ¢(x, 0) are such that Vi A Vi) # 0 and
satisfy (locally) the system (4.13)-(4.14)-(4.15) for some functions £(z,v)
and V(p,1,0). Define v and w as in (4.11) and (4.17).

Both (4.1) and (4.2) become a direct consequence of (4.13) and (4.14). We
can obtain (4.9), that is (4.3) and (4.4), through (4.10) by adjusting the
coefficient 3 (and then k) conveniently. At this stage, the interpretation
of (4.13)-(4.14)-(4.15) is that the vector on the left of (4.19) is orthogonal
to the direction *(1,0,9,£) and (0,1, 9,L). Thus, we must have (4.19) for
some coefficient . This is exactly (4.5) and (4.6). 0

Since Jpw # 0, by a small rotation in the space variable € R3, we can
always obtain that dgv # 0. All the restrictions in (4.12) are stable under
such a modification (if it is small enough). In what follows, we work locally
in (x,0) under the assumptions dpv # 0 and (4.12). We will exploit these
informations in order to perform different changes of variables which are
crucial when discussing the content of (4.13)-(4.14)-(4.15).

4.1.2 Various changes of variables.

Subtract (4.15) from (4.14), use (4.13) to replace d1¢ + 0,£(1, v) J3¢, and
then exploit (2.58) to make simplifications in order to extract the identity

(423) (o + Op 00) /Ot = D,V (Dap + Dy 0a)/0pV .

The identity a/b = ¢/d implies that a/b = (¢ +vya)/(d + v b) for all v € R.
This implication applied to (4.23) with v = 9,V furnishes

0 + 0y L 039 _ 0,V (D2 + OpL D3p) + OyV (O + Oy L 031))
O OpV + 8¢V O

Recalling (4.11), this is the same as
(4.24) (82111 + 87/)2 831/))/891/) = (62’[) + 8¢£ 631))/(991] .

Since dgv # 0, we can work (locally) with the variables (z,v) in place of
(x,0). The function ¢ does not depend on # € T and therefore it does not
depend on v. On the contrary, the function % can be put in the form

(4.25) U(z,0) = u(z,v(z,9)), Oyu £ 0.
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Formulating (4.24) at the level of u(x,v) yields

(4.26) u + 0y L(u,v) Osu = 0.

Recalling (4.16) and exploiting (4.26), the constraint (4.14) becomes
(4.27) ou + 0pL(u,v) Ozu = 0.

Knowing what is the function u(x, v), it is not complicated to obtain v(x, ).
To this end, it suffices to consider the scalar conservation law

v+ 0pL(u(z,v),v) dsv

(4.28) + dyu(z,v) [621}+6u£(u(x,v),v) 831}] =0.

To sum up, the system (4.13)-(4.14)-(4.15) amounts to the same thing as to
identify the two expressions u(x,v) and v(z, 0) as it is explained above and
then to focus on the remaining constraint, namely

e + 0, L(u(z,v),v) 5

(4.29) + Opu(z,v) [D2p + 0uL(u(z,v),v) O3] = 0.

Recall that v € K C R must be seen here, at the level of (4.29), as a
parameter. Thus, all the difficulty is to solve (4.29) with a phase p(z)
which does not depend on v. We first explain what happens when d3u = 0.
Then, we present the problematic when dsu # 0.

e The case . In view of (4.26) and (4.27), we have V,u = 0.

It follows that u(z,v) = U(v) with a function U € C'(K;R) such that
U’ # 0. Necessarily, the function V depends only on the variable ¢. This is
a contradiction with (4.12). For the sake of completeness, we still describe
below what happens when d3u = 0 and U’ # 0. Noting £(v) := £(U(v), U),
we can see that (4.29) becomes

(4.30) () +U'(v) dap(x) + £ (v) Bzp(x) = 0.

Recall that the variables x and v are independent. Thus, the relation (4.30)
implies that £(v) = £(U(v),v) = av +bU(v) + ¢ for some (a,b,c) € R>.
We have to deal with

(4.31) O1p+a d3p+U'(v) (Oap+bD3p) = 0.
This is possible only if U’ = ¢ € R and

o(x) = ®(cay —x, (a+bc)zz —ca3), ®EC(RxR;R).
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On the other hand, the function v can be obtained through
(4.32) O1v+a d3v+U'(v) (v +b d3v) = 0, v(0,-) = vp.

By varying the ingredients a, b, U, ® and vy, we can obtain a whole class of
solutions to the system (4.13)-(4.14)-(4.15).

e The case . Since d3u # 0, we can exchange the variables (x,v)
into (z1,x2,u,v). In particular, the applications ¢, d,u and Jsu can be
regarded as functions of (x1,x2,u,v) instead of (z,v). Taking this point of
view into account, we adopt the following conventions

(4.33) p(z) = @ (21,32, u(z,v),v), Y (z,v),
(4.34) Opu(z,v) = R(ml,xg,u(x,v),v) ) Y (z,v),
(4.35) A3u(z,v) = S(wl, T9, u(:r,v),v) , Y (z,v).

Recall that R # 0 and S # 0. The constraint (4.29) becomes

(4.36) X ® =0, X =01+ R 0y,

whereas the fact that ¢ does not depend on v amounts to the same thing as
(4.37) Y & =0, Y:=RO0,+0,.

The rest of this chapter 4 is devoted to the case dsu # 0. Thus, it should
be clearly noted here what the current matter is.

Remaining work. When 0su # 0, the problem is to find a non constant
function ®(x1,xe,u,v) satisfying the transport equations (4.36) and (4.37)
with a coefficient R(x1,x2,u,v) issued from (4.26), (4.27) and (4.34).

Forcing the presence of u and v at the level of ¢ and passing through (4.37)
to express that dyp = 0 may seem unnatural. However, this process allows
to simplify the equation (4.29). It leads to the above problem which, to our
knowledge, is original. The strategy to solve it is the following.

In the Section 4.2, we extract from (4.36)-(4.37) the necessary and sufficient
conditions (4.39) and (4.40) to impose on R. In the Section 4.3, we exhibit
the special form (4.51) of a coefficient R coming from (4.26), (4.27) and
(4.34). In the Section 4.4, we test our criteria (4.39) and (4.40) on the
functions R which conform to (4.51). All requirements are met in different
cases leading to a classification of all compatible couples (when V-0y W # 0
and Jsu # 0). Illustrative examples are proposed in the Section 4.6.
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4.2 Reduction of the problem : geometrical step.

The existence of a non constant solution to (4.36)-(4.37) relies deeply on the
geometrical properties of the two vector fields X and Y. Introduce the Lie
algebra A generated by the successive Poisson brackets of X and Y. The
dimension being 4, we find here

A= (XY, [X;Y], [X;[X;Y]], [V;[X;Y]] ).

Proposition 4.2. The system (4.36)-(4.37) has a non constant solution
® if and only if the dimension of A is strictly less than 4. Two different
situations may occur :

i) dim A = 2. The function ®(x1,x2,u,v) depends on two independent
variables. Then, the coefficient R must satisfy :

(4.38) OR+R»MR=XR=0, ROR+OL,R=YR=0.

ii) dim A = 3. The function ®(x1,x2,u,v) depends on one variable. The
coefficient R must satisfy XR Z 0 or YR Z 0 together with

(4.39) (XR) YXR—-2 (XR) XYR+ (YR) X?R = 0,
(4.40) (YR) XYR—-2 (YR) YXR+ (XR) Y?’R =

Proof of Proposition 4.2. Recall that the Poisson bracket of the vector
fields X and Y is the vector field [X ;Y] which is adjusted such that

(X:Y]f=-YROf+XRO,f=XYf-YXf, V f € C®RYR).
From (4.36) and (4.37), it is easy to infer that Z ® = 0 for all Z € A. Thus,

when dim A = 4, the function ® is constant. It means that the phase ¢ is
stationary, in contradiction with (1.4). We examine the other situations.

i) dim A = 2. This situation can occur if and only if [X;Y] is a linear
combination of X and Y, giving rise to (4.38). By applying the Frobenius
Theorem [1], we see that the field of planes Vec (X,Y) is associated with a
foliated structure of R* by submanifolds of dimension 2 along which ® must
be constant. Clearly, the function ® inherits two degrees of freedom. In
particular, it can be a non constant solution of the system (4.36)-(4.37).

i) dim A = 3. To avoid (4.38), we have to require XR # 0 or YR # 0.
Then, to obtain dim A = 3, it is necessary to impose

(4.41) [X;[X;Y]] € Ve (X,Y,[X;Y]),
(4.42) [YV;[X;Y]] € Vec (X, Y, [X;Y]).
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Under the conditions (4.41) and (4.42), we find that dim A = 3. By applying
again the Frobenius Theorem [1], we can see that the field of hyperplanes
Vec <X YL [XG Y]> is associated with a foliated structure of the space R*
by hypersurfaces along which ® must be constant. On the other hand,
the function ® can actually vary in the directions which are transversal to
these hypersurfaces. Now, it remains to convert (4.41)-(4.42) in the form of
constraints implying the coefficient R. To this end, compute

[(X;[X;Y]]f = (-2XYR+YXR) 0of + X?R Ouf,
YV [X;Y]] f = —Y?RO:f + QYXR— XYR) Ouf .

Taking into acount these informations combined with the specific forms of
X, Y and [X;Y], we can deduce that the two constraints (4.41) and (4.42)
can be verified on condition that [X;Y] is colinear to both [X : [X Y]] and
[Y;[X;Y]]. This remark, leads directly to (4.39) and (4.40). 0

Given some initial data R(0,x2,u,0) := Rgo(z2,u), we can solve the system
of two conservation laws (4.38) in the same way as in the Lemma 3.2. Then,
to recover @, it suffices to fix any function ®gg(x2, u) satisfying V4, ,Poo # 0
and to integrate the two equations

(4.43) HP+RHP =0, ROIP+,P=0.

The discussion about (4.39)-(4.40) is delicate. We explain below how to
construct R and ® in the more general situation (when XR YR # 0).

Lemma 4.2. Fiz any (non zero) function Q(y, R, ®) € C3(R3;R*). Select
any couple of functions Roo(x1,72) € CL(R%R) and ®go(z1,72) € CH(R%;R)
satisfying Vg, 2,Poo Z 0 as well as

(4.44) O1Roo + Roo 02 R0 # 0, 01Po0 + Rop 02Pgp = 0.

Then, the system (4.39)-(4.40) has a solution R(z1,x2,u,v) such that
(4.45) R(z1,22,0,0) = Roo(z1,72), XR#0, YR#O.
Moreover, there exists a non constant solution ® of (4.36)-(4.37) such that

YR
(4.46)  ®(x1,22,0,0) = Doo(x1, z2), XE = (Rz1 — 12, R, ®).
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Proof of Lemma 4.2. We start by studying a little more the structure
of the system (4.39)-(4.40). Since X R # 0, we can introduce the quantity
Q@ :=YR/XR. In fact, the restrictions (4.39) and (4.40) are equivalent to

(4.47) YQ-Q XQ =0,
(4.48) —[Y;X]R+ (XQ) (XR) = 0.

Since Y R # 0 whereas X ® = 0, we can always consider that @) is a function
of the variables (x1,x2, R, ®), namely

Q(xlu T2, U, U) == Q(‘/Eh 2, R(ﬁUl, T2, U, U)7 (D(xlu T2, U, U)) .
In view of the definition of () and knowing that X® = 0 and Y® = 0, the
equation (4.47) reduces to XQ = 0, meaning that Q = Q(Rx; — x2, R, D)
for some function Q(T', R, ®) € C'(R?;R).
The conditions (4.47) and (4.48) become the two scalar conservation laws
OyR + R O, R — Q(R$1 — 29, R, (I)) R

— Q(Rx1 —29,R,®) R R = 0,

6uR— Q(Rxl — xQ,R, (I)) 82R
+ (3:1 aTQ—FaRQ)(RCCl —JEQ,R,(I)) (81R+R32R) =0.

(4.49)

(4.50)

Consider the equation (4.50) written for Ry(x1,z2,u) and associated with
the initial data Ro(z1,22,0) = Roo(x1,x2). At first sight, the access to
Ry (and R) requires the knowledge of ®y(x1,z2,u) := ®(x1,z2,u,0) (and
®). Nevertheless, by construction, the function ® is constant along the
characteristics associated with (4.49) and (4.50). Thus, in doing so, it suffices
to know who is ®gg(z1, z2) 1= Po(z1, 2,0).

Look at (4.49) as an evolution equation in v associated with the initial
data Rg. For the same reasons as above, we can solve this Cauchy problem
knowing only who is ®g. There is still a difficulty coming from a problem of
compatibility between (4.49) and (4.50). We must check that the expression
R thus obtained is still a solution of (4.50). To this end, it suffices to show
that (4.50) is propagated (in the direction v). This is due to the identity

2 {-[Y;X] R+ (XQ)(XR)}’

XR
Note that Y R # 0 as a consequence of (4.49) and Q # 0. The function ®

can be obtained by the same procedure, by first integrating (4.50) and then
by looking at (4.49). Geometrically, we have

(Y —aX){-[V;X] R+ (XQ) (XR)} =

V® = \(-RXR,XR,YR,—-RYR), A#£0
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implying that the level surfaces of ® intersect the plane {u = v = 0} C R*

transversally. Thus, there is a unique function ¢ satisfying (4.46). 2

4.3 Reduction of the problem : analytical step.

In the preceding paragraph 4.2, we have developped only the aspects of R
related to (4.38) or (4.39) and (4.40). However, the coefficient R(z1,x2,u,v)
is also linked through the implicit relation (4.34) to the selection of a function
u(z,v) satisfying (4.26) and (4.27).

At the level of (4.26) and (4.27), the variable v plays the part of a parameter.
The situation is the same as in the Lemma 3.2. It suffices to select some
data ugo(x3,v) = u(0,0,x3,v) such that dzugy # 0 in order to obtain (locally
in R*) some solution u of (4.26) and (4.27) satisfying d3u % 0.

Proposition 4.3. Let u(x,v) be any (local) solution of (4.26) and (4.27)
satisfying Osu £ 0. Define R(x1,x2,u,v) through (4.34). Then, there is a
function & € CY(R%;R) such that R can be put in the form

(4.51) R(x1,x9,u,v) = — Oya(x1,x2,u,v) / Oya(z1, T2, u,v)
where the scalar function « is given by
(4.52) a(zy, x2,u,v) = R(u,v) + 0,L(u,v) x1 + 0y L(u,v) 2.

In this context, the two restrictions R # 0 and .S # 0 which are prerequisites
in the analysis, see after (4.35), become 9,8 #Z 0 and 9,8 # 0.

Proof of Proposition 4.3. From (4.26) and (4.27), it is easy to deduce

(4.53) O1(Dput) + 0y L D3(Dyu) + (02,£ + 02,L dyu) O3u = 0,
(4.54) D1 (83u) + 9,8 93(d3u) + 92,8 (B3u)? = 0,
(4.55) Do (Dput) + 0, L 03(0yu) 4 (02, + 92,L dyu) O3u = 0,
(4.56) Do (B3u) + 9, L O3(d3u) + 02,£ (93u)? = 0.

Since d3u # 0, these equations can be interpreted in the variables z1, x2, u
and v. Then, it remains the following ODEs (with respect to z; and x2) :

(4.57) O1(R/S) = —d2,L£,  91(1)8) = 2,8,
(4.58) 0a(R/S) = — 02,8,  9,(1/8) = 0.8
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Observe that v and v play the part of parameters. It is easy to integrate
(4.57) and (4.58). There are functions k(u,v) and h(u,v) such that

(4.59) R/S = k(u,v) — 0%,£(u,v) 21 — 02,L(u,v) 2,
(4.60) 1/S = h(u,v) + 02,L(u,v) x1 + 02,L(u,v) 3.
In fact, the two functions k and h are linked together. This is due to the
equality of the mixed partials derivatives 0,(0su) and 03(9yu) :
Oy [O3u(z,v)] = 9,[S(21,22,u,v)] = 8,5 R+ 9,5
= 03 [5vu(:v,v)] = O3 [R(xl,xg,u,v)} =0,RS.

In other words, we must have

(R 0,5 — S 0,R)/S? = —0u,(R/S) = —0,5/8% = 0,(1/9).
Apply this at the level of (4.59) and (4.60) to obtain —d,k = 9,h. There
is R(u,v) such that k = —0,R and h = 0, & Dividing (4.59) by (4.60) and
replacing k and h as indicated previously, we get (4.51) and (4.52). 0
The explicit formulas (4.51) and (4.52) indicate that R = —0;3/023 with

B(x1, T2, u,v) := OpyR 1+ Oy R T2 Jr% 02,L 22+ 0%, L 21 20+ % 02,8 x3.
Combining the informations obtained in this paragraph 4.3 with (4.36) and
(4.37), we can observe that

81‘1’ 815 8va 8U(I)

4.61 R=—-——=—-—— R = — = — .
( ) 82‘1) 62ﬁ ’ 8ua 8UCI>
Now, we can produce another interpretation of the intermediate problem
under study which is emphasized in the introduction.

Remark 4.3.1. The question is to know if we can find two functions K(u,v)
and £(u,v) allowing a simultaneous factorization of some ® in the form
¢ = A(xla Z2, Oé(.ilfl, Z2,u, ’U)) = B(u7 v, ﬁ(.’Bl, T2, u, ’U)) ) Vo 7_é 0.

Since V& # 0, the two functions A and B cannot be constant. This is the
source of the difficulty.

4.4 Test of the integrability conditions.

At this stage, we have to plug the coefficient R given by (4.51)-(4.52) into
the integrability conditions (4.38) or (4.39)-(4.40). In this procedure, we
have a little freedom coming from the choice of £ and K. The matter is to
check that the related constraints on £ and £ can indeed be realized for non
trivials choices of £ and &.

In the paragraph 4.4.1, we examine the case dim A = 2, that is (4.38). Then,
in the paragraph 4.4.2, we consider the case dim A = 3, that is (4.39)-(4.40).
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4.4.1 The two-dimensional criterion.

This is when dim A = 2. We have to deal with (4.38).

Lemma 4.3. A function R given by (4.51) with « as in (4.52) satisfies
(4.38) if and only if one of the two distinct following conditions is verified :

i.1. We have 02,£ = 0. The function £ is linear, say £(u,v) = a+bu+cv
with (a,b,c) € R3. Moreover, we can find % € C*(R;R) such that

(4.62) R(u,v) = R(R(u,v)), R(R) LR+ 0,R=0.

i.2. We have 02,£ £ 0. We can find $ € C*(R;R) such that
(4.63) OuL(u,v) = H(0,L(u,v)), 08 —$9'(0,L) 0,8=0.

In the first case (4.62), we are faced with a scalar conservation law. In
the second case (4.63), we have to solve some Hamilton-Jacobi equation. In
those cases, the determination of K and £ can be achieved once two functions
in C!(R;R) are given, namely R(-) and £(u,0) or $(-) and &(u,0).
Proof of Lemma 4.3. The calculation of X R gives rise to a polynomial
fraction in 2. More precisely, we find X R = —(9,a) 2 P(z) with
P(x) = @(0,0) + E(’S) Z ag xﬁa E(S) = aﬁu’g agv’g - (850’8)2 :
The sum runs over all multi-indices 8 € N? such that 1 < |3] < 2. We find
ag0,0) = (0uR)? 02,8 — 2 0y 8 0,8 02,£ + (0,8)? 92,8, a1,0) = 20,8,
a(071) =2 8uﬁ, a(g,g) = vaﬁ, a(171) =2 831)2, a(072) = 83u£
Suppose that Z(£) # 0. Then, the condition XR = 0 requires that all
the coefficients ag with |3] < 2 are equal to zero. In particular, it follows

that 9,8 = 0 and 9,8 = 0. This is not possible because this situation was
excluded. Necessarily, we must impose Z(£) = 0.

i.1. When 02, £ = 0, the condition Z(£) = 0 becomes 92,£ = 0. It remains
a,0) = (0uR)?92,£ = 0. The function £ must be linear in u and v, say
L(u,v) =a+bu+cv. It follows that R = —0,K8/9,R. The other constraint
Y R = 0 amounts to the same thing as

R (R OyR+ OyR) = —0,R Oy R+ 0,8 R = 0
implying that R = R(R) for some R € C(R;R). We have (4.62).
i.2. When 02,£ # 0, the relation Z(£) = 0 is equivalent to 9,£ = $(9,£)
for some $ € C}(R;R). Then, the condition a(0,0) = 0 leads to the condition
I2,L [0,8—9(0,£) 0,8] ? = 0. We recognize here the second part of (4.63).
We find R = —$/(0,£)"! and, combining the preceding informations, it
becomes easy to check that the relation YR = 0 is sure to be satisfied. O
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4.4.2 The three-dimensional criterion.

This is when dim A = 3. We have to deal with (4.39) and (4.40), knowing
that XR £ 0 or YR # 0. We consider separately the different situations
which can happen concerning X R or Y R.

Lemma 4.4. [Case XR =0 and YR # 0]. A function R given by (4.51)
with « as in (4.52) satisfies XR =0, (4.39) and (4.40) without (4.38) if and
only if the function £ is linear, say £(u,v) = a + bu + cv with (a,b,c) € R3,
whereas R = —0,R/0, 8 with K such that

(4.64) (0,R)% 02,8 — 2 0,8 0,8 02 R+ (0.8)? 02,8 £ 0.

Proof of Lemma 4.4. The discussion is the same as in the proof of Lemma,
4.3. The option i.2 must be excluded because it leads to YR = 0. Just go
back to i.1 where (4.62) must be exchanged with (4.64). -

Lemma 4.5. [Case XR # 0 and YR = 0]. A function R given by (4.51)
with « as in (4.52) satisfies YR = 0, (4.39) and (4.40) without (4.38) if
and only if the function R is linear in u and v, say K(u,v) = au+ v+~
with o # 0 and (8 # 0, whereas the function £(u,v) is polynomial in u and
v with degree less or equal to 2. Moreover, the involved coefficients must be
adjusted in order to have X R # 0.

Proof of Lemma 4.5. We have (4.40) and the condition (4.39) reduces to
YXR =0 yielding [X;Y]R=XYR-YXR=0= XR0O,R. It means that
OuR = 0 and therefore 9, R = 0. The function R does not depend on (u,v).
In particular, for (z1,z2) = (0,0), we find that 9,8/0,8 is constant. Since
0y R # 0 and 0,8 # 0, we must have

R(u,v) = K(u—av), a € R, K € C*(R;R), K' #£0.

Either K” = 0 and all derivatives D?£ with || = 2 are constant, leading to
the description of Lemma 4.5. Or K” # 0 and £(u,v) = F(u—av)+ S v for
some function F' € C?(R;R) and some constant 3 € R. Nevertheless, this
last case must be excluded. Indeed, it yields R = —a so that XR = 0 (in
contradiction with the hypothesis X R # 0). 0
The remaining case is when XR # 0 and Y R # 0.

Proposition 4.4. [Case XR #0 and YR # 0]. A function R which is such
that (X R) (Y R) # 0 and which is given by (4.51) with « as in (4.52) satisfies
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(4.39) and (4.40) when the expressions K and £ are adjusted according to
one of the two following (distinct) situations :

ii.1. Both functions £(u,v) and RK(u,v) are polynomial in u and v with
degree less or equal to 2. More precisely, we have

(4.65) L(u,v) = ag u? 4+ 2a11 uv + age v + au + agv + ag, ax € R,
(4.66) R(u,v) = koo u® + 2k uv + kop v? + kyu + kov + ko, ke €R,

with coeffecients asg, a1 and agy (not all equal to zero) and coeffecients ko,
k11 and koo (not all equal to zero) adjusted such that

(4.67) k11 aoz — koz a11 = koo ao2 — koz a20 = koo a11 — ki1 ago = 0.

ii.2. The functions £(u,v) can be put in the form

(4.68) Lu,v) = au+ Flbu+v), (a,b) € R?

where the auziliary function F € C*(R;R) satisfies F®) # 0 and the ODE
(4.69) (vs2+205+06) FO(s) + 3(ys+8) FH(s) = 0, seR

with constants v, [ and § not all equal to zero. The gradient of K(u,v) is
adjusted as indicated at the level of (4.75) (with polynomial functions A and
B which are defined in the proof).

ii.3. The function £(u,v) can be put in the form

(4.70) L(u,v) = u F(u~ Y+ @) + G(u), aeR
where the auziliary functions F € C?(R;R) and G € C*(R;R) satisfy
(4.71) FAw) #0, 6FDw) =u®GPw), wueR
with § € R*. Moreover R(u,v) = 0,£(u,v).

Proof of Proposition 4.4. Below, we check that the different choices
described in the paragraphs ii.1, ii.2 and ii.3 are convenient. Showing
that there are no other possible situations is delicate. This aspect of the
discussion is postponed to the Appendix 6. Recall that (4.39)-(4.40) is
equivalent to (4.47)-(4.48) or to (4.49)-(4.50). We start by looking at the
equation (4.49) which is the same as Z R = 0 where Z is the vector field

Z:=Y - QRa1 —12,R,®)X, X=0+R08, Y=R0+0,.
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By construction, we have also
(4.72)  Z(Rx1 —m2) =0, Z® =0, Z [Q(Rxy — x9, R, ®)] =0.

Select ¥ € R near 0. Given f € C} (R%; R), note f5(z1,z2,u) := f(21,22,u,).
For instance, we have Ry(z1,z2,u) := R(x1,x2,u,0) and

Qo(21,2,u) == Q(z1,22,u,0) = Q(Rsx1 — 2, Rp, P3) -
We also adopt the following conventions

dyf = 0y [f(xlnyZau"'_ Rz v,v +U)]
= (Ry Ouf + Opf)(x1,22,u + Ry v,0 + v),

d2f = 0,(dpf) = (R%@Zuf—i-?Rg 02, f + 0%, f) (21,2, u+ Ry v, 0 +v).

To avoid confusions, retain that, in general, we have d2 # d,od,. In view of
(4.72), the characteristic associated with (4.49) and starting from the point
(1, x2,u,0) is a straight line given by

(4.73) (Xl,XQ,U,V)(U) = ({L‘l —Qsv, 20— Qs Ryv, u+ Ryv, 17—1—21).

The function R must be constant along the characteristics. Expressing this
principle in connection with the definitions (4.51)-(4.52) yields

(4.74) AR+ dy(9,L) 1 + dy(0uL) 20 — Qs v d2L = 0.

e The situation ii.1. Observe that, due to (4.65), the three quantities
dy(0,L), dy(0, L) and d2L£ are constant functions. Thus, applying the second

order derivative 92, to the identity (4.74), we can extract
O3 W ARUV)RE+302 , R(U,V)R2+303, &R(U,V) R;+03,,8(U,V) = 0.
Since the three variables Ry, U and V are independent, we must have (4.66).

Then, observe that
OuR = —2 (aua)fl (kn ~+ koo R), OyR = =2 (&La)*l (k02+k11 R),
OR = -2 (auoz)fl (ap2 +a11 R), bR = -2 (({“)uoz)f1 (a11+ax R).

It follows that
YR koo + 2 k11 R+ koo R?
= 9Q(R) = = .

Qlar, w2,u,0) AR) XR agz + 2 a1 R+ asg R?
We can work at the level of (4.47)-(4.48). By construction, the condition
(4.47) is satisfied. On the other hand, (4.48) becomes

OuR — Q(R) 2R + Q(R) (01R+ R 02R) = 0.
This relation amounts to the same thing as

(k11 ao2 — ko2 ar1) + (k2o a2 — ko2 azo) R+ (koo a11 — k11 ago) R? = 0.
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This polynomial function of R is identically zero if and only if the restriction
(4.67) is verified.

e The situation ii.2. Since F(?) £ 0, we can introduce

OuR(u,v)
F@(bu+v)’

OR(u,v)

(4.75) A(u,v) = FO(buto)

B(u,v) :=

With these conventions, the function R can be put in the form

R = — (B(u,v) +z1 +bxa) (A(u,v) +bay + b l’Q)_l
whereas

Q = Q(R,u,v) = (0,4 R* + (0,A+ 0,B) R+9,B) (Rb+1)"2.
The condition (4.47) reduces to 9,Q + R 8,Q = 0. Taking into account the

above specific form of (), we find a fraction in R whose coefficients must be
zero. This criterion leads to

(4.76) PA =202 A+92,B=0*A+29>B =0°B=0.

Exploiting (4.76), we can obtain

A(u,v) = +auv—yv2+aju+alv+d,

B(u,v) = —au? +yuv+biu+biv+°.
Look at (4.48) which can also be formulated as 9,R — Q d2R + X@Q = 0.
Noting ® := A + b x1 + b® z2, we find that

DRL+1)XQ =2bb0yB—0,A—0,B+(b0,A+b0,B—-20,A) R.
Again, the condition (4.48) becomes a fraction in R whose coefficients must
be zero. It follows that

(4.77) 3 0,A+208,A+b,B =0,
(4.78) —20,B+3b0,B—0,A=0.
It remains o = —b~ and
A(u,v) = —byuv —yv? +b(=b} +2bb})u+ (—2b} +3bb}) v+ a°.

Coming back to (4.75), we have to test the existence of K through Clairaut’s
Theorem. This is guaranteed by (4.69) if we choose 3 := b} — bbl and
§ = b’ — . The remaining restriction on v, 3 and § comes from the two
conditions XR # 0 and YR # 0.

e The situation ii.3. In this context, the definition of R gives rise to

(4.79) o _Rlyenuy) 0 L4z ta(uw) o
. R2($17x27u7 U) . CL(U,U) (1 —|—.’L‘1) -+ b(u, U) T ’
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where we have introduced
(480) CL(U, U) = = u_l (U + Oé) ’ b(u7 U) = U_2 [(U + O‘)Q + 5] .

We can use the formula given for R in (4.79) to compute
o) = T« SN O
From (4.79), we can also extract

tra = - = -
Then, replacing 1 4+ x1 accordingly in the expression of (), we can derive
Q(z1,22,u,v) = Q(R,x2,u,v) = Q1(R,u,v) Qo(R,u,v)" ! 29
where 1 and Qs are only functions of R, u and v. We find
Q= (bYa—aYb) h3 + Yb hy hy — Ya h?,
Qs := (b—a®) hy (ha+ Rhy).
Many simplifications occur. It remains Q = —z2 u~! allowing to check (4.47)
directly. On the other hand, the condition (4.48) reduces to

Ry (u8u+x282)R2 — Ry (u8u+x262)R1 + R1 Ry = 0.

Taking into account the definitions of Ry, Ro, a and b, this last relation
becomes obvious to verify. 0

I .

4.5 Discussion summary.

Up to now, we have described which conditions are needed in order to
progress. Our aim here is to explain how to proceed concretely in order
to build compatible couples (¢, w) in the case Vi - 0y W # 0. Select two
functions £ and R as it is indicated in the paragraphs 4.4.1 or 4.4.2. In par-
ticular, we have 9,8 # 0 and 0,K # 0. Define the coefficient R(z1,z2,u,v)
through (4.51) and (4.52). Knowing R, we have access to ®. More precisely,
when dim A = 2, the function @ is entirely determined by prescribing

(4.81)  ®go(z2,u) := ®(0,29,u,0) € C'(R%;R), Vapu®oo 0.

On the other hand, when dim A = 3 (implying that XR # 0 and YR # 0),
the situation is more restricted. Then the function ®gp(z2,u) must in fact
depend only on one variable, say u. Indeed, it can be obtained by solving

(4.82)  —YR %®py+ XR 0,Poo =0, Pgo(0,u) = Poo(u) € CL(R;R).

41



Once the function ®yo(x2, u) is fixed as it is indicated above, we can recover a
non stationnary phase ®(x1, z2,u,v). Now, select any function x € C*(R;R)
such that x’ # 0 and consider the solution ugg (3, v) of the following ordinary
differential equation (in the variable v)

(4.83) 8uﬁ(U()(),U) OpUoo + 8vﬁ(u00, U) =0, uOo(xg,O) = X(.rg) .

By construction, the expression wugo(x3,v) satisfy (4.34). The resolution of
the equations (4.26) and (4.27), where v belongs to some compact set K C R
and plays the part of a parameter, has already been discussed.

Given £ and wugo, there is a unique expression u(z,v) € C'(Q) x K;R)
satisfying (4.26)-(4.27) together with the inital data

(4.84) u(0,0,23,v) = wugo(ws,v) € Cl(RQ;R).

Moreover, as a consequence of the proof of Proposition 4.3, we have the
relation (4.34) for all (x,v). Deducing the expression ¢ from ®(z1,x2,u,v)
and u(x,v) through the formula (4.33), we obtain a function p(x) which
does not depend on the variable v.

The determination of the function v(z, #) is delicate. Combining (4.11) and
(4.25), we can extract the functional identity

(4.85) v(z,0) = V(p(@),u(z,v(2,0)),0),  V(z,0) € Q) xT.
In particular, for x = 0 and for all 8 € T, we are faced with
U(Ov 9) = V(@(O)v uoo (07 ’U(O, 0)) ) 0) ) QO(O) = (I)OO (07 X(O)) .

To simplify, we can seek a function v(zx, ) such that v(0,-) = 0. It means
that the function V (¢, 1, 6) must be such that

(4.86) V(¢(0),x(0),6) =0, VoeT.

In what follows, we select a function V satisfying (4.86). We suppose also
that 99V is not the zero function and that

(4.87)  9,8(x(0),0) 95V (¢(0),x(0),0) + 8.8(x(0),0) # 0, VOET.

For each 6 € T, the informations (4.86) and (4.87) allow to apply the implicit
Theorem at the point (0,6,0) to the application

RExTxR — R
(ZL‘,Q,’U) — v—V(go(x),u(:r,v),H).
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It yields locally, near (0,0) € R?® x T, a unique function v(z, ) satisfying
the relation of (4.85). Due to the compactness of the torus T, by adjusting
the number » € R} sufficiently small, we can recover (4.85). Note that
the expression v(z,0) is (by construction) necessarily a solution of (4.28).
Moreover, we do not have dyv = 0.

Define the function ¢ (x,#) through (4.25). All the ingredients ¢(x), ¥ (z, 6)
and V(p,1,0) are determined. It means that the profile w(z, ) is known.
Just use (2.13) and (4.8). By construction, the couple (¢, w) is compatible.
Below, we sum up the preceding discussion by clearly precising the degrees
of freedom at disposal in the construction of compatible couples (¢, w).

Proposition 4.5. In the case V-0, W #Z 0, the class of compatible couples
(p,w) is entirely determined by giving locally

e functions £(u,v) and R(u,v) coming from the paragraphs 4.4.1 or 4.4.2 ;
e a function ®oo(xa, u) which must satisfy (4.82) when dim A =3 ;

e a function x(x3) ;

e a function V(p,1,0) which is adjusted as in (4.86) and (4.87).

4.6 Illustrative examples.

The purpose here is to illustrate the various situations which can occur
through corresponding examples. In practice, we select functions £ and &
resulting from the different cases classified in Section 4.4. In each case, we
produce the corresponding phases ¢(x), and also the ingredients u and v
allowing to recover the profile w(x, #) through (4.17) and (4.25).

To facilitate the presentation, we recall below the equations to deal with.
Once £ and R are fixed, the expression R is given by (4.51) and (4.52). By
construction, there exist adequate functions ® such that

(4.88) h® + R0 =0, 0® + RO,® = 0.
The function u must satisfy (4.26), (4.27) and (4.34), that is :

Ou + 0pL(u,v) d3u = 0,
(4.89) Oou + 0y L(u,v) dsu = 0,
Oyu(x,v) = R(xl,azg,u(m,v),v).

The function v(z, 6) is obtained through (4.28), that is

v + 9,L(u(z,v),v) d3v

(4.90) + dyu(z, v) [521; + auﬂ(u(a:,v),v) 331)] =0.
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Then, it becomes possible to determine ¢ through (4.33). By construction,
the function ¢ does not depend on 6 and it satisfies (4.29).

4.6.1 Example in the case i.1 of Lemma 4.3.

By assumption, the function £ is linear, say £(u,v) = a u+ b v + ¢ with
(a,b,c) € R3. The function R = —9,8/0,& must be as indicated at the
level of (4.62). To simplify, just take R = 1 so that & = ®gg(z2 — z1,u — v).
From (4.89), we deduce that u(z,v) = x(r3 —a 2 —b x1) +v. On the other
hand, the function v can be written

v(z,0) = vo(21 — 22,23 — (a+b) 22,0), Jpvo # 0.
It remains to compute p(z) = Poo (xg —x1,x(z3 —axa—0b a:l))

4.6.2 Example in the case i.2 of Lemma 4.3.

To simplify the discussion, we work with the choice $(t) = ¢ implying that
both £ and R are functions of u+4wv. For instance, we have £(u,v) = L(u+v)
for some function L satisfying L(?) 2 0. On the other hand, we find R = —1
and ® = ®gg(x1 +22,u+v). Looking at (4.89), we can infer that u(z,v) can
be put in the form @(x; + x9,x3) — v where u(z, x3) is obtained by solving
the conservation law

d.u(z,z3) + L/ (ﬂ(z,xg)) Osu(z,x3) = 0, (0, z3) = x(x3).
From (4.90), we deduce that v(x,0) = v(z1 + x2,x3,6). Observe also that
o(z) = Poo(z1 + x2, (21 + 32, 23)) .

4.6.3 Example in the case of Lemma 4.4.

The function £ is here linear, say £(u,v) = a v+ b v + ¢ with (a,b,c) € R3.
The function & must satisfy (4.64). We choose &(u,v) = —3 v?+u in order
to deal with R = v. From (4.88), we can extract that ® = ®go(2u —v?). As
expected, we see that ® depends this time on only one variable. Moreover

u(r,v) = 27102 + x(w3 —a 29 — b1y), YU £0.
From (4.90), we obtain that
v(z,0) = 0(bxy — x3, a2 — x3,0), o(y, z) € CH(R%;R)

where ¥(y, z) must satisfy the Burger’s law 0.7 + a9 0,0 = 0. Finally :
o(r) = (‘1)00 o X)(l‘g —axy—buxy).
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4.6.4 Example in the case of Lemma 4.5.

The context is as in Lemma 4.5 with & = au 4+ Bv + . Choose £ = 271 ¢?
sothat R = —a~ ' (B+z1) and ® = p = <I>00(a:2 +atBr +(2a)7t x%)
Note that u(z,v) = —a~ [(8 4 z1) v — 23] + ¢ with ¢ € R. On the other
hand, the function v is obtained through

0w + v v —at(z+8) dw =0.

4.6.5 Example in the case ii.1 of Proposition 4.4.
In agreement with (4.65) and (4.66), we can select &(u,v) = £(u,v) = v*+u
so that R = —2(v+z1) and ® = ®go(v? + u + 22 + 2 21 v + x2). Moreover
u(z,v) = —2v 1 — T2 + 3 — V2, o(z) = Poo(z? + x3),
whereas v(z, ) is any solution of
0w — 2 (x1+v) Ov — 2z O3v = 0.

4.6.6 Example in the case ii.2 of Proposition 4.4.
Choose R(u,v) = uv~! and £(u,v) = (2v)~! so that R = uwv™! — z1v7 2
We can take
2
P (21,22, u,v) = Poo (%L1 — % — x3), u(r,v) = x3v+ 5~ +av.
The function v is again solution of a suitable conservation law. On the

other hand, we have again to deal with a phase ¢ which is some function of
a quadratic expression in x, namely p(z) = ®go(z1 23 + @z — 22).

4.6.7 Example in the case ii.3 of Proposition 4.4.

In accordance with (4.71), select

12 1 v 41
5 G(t) 51 ) , a=0, L(u,v)

From (4.27), we can deduce the implicit relation

F(t) =

(4.91) u(x,v) = U(U x1 — u(z,v) T3,32,0) , U(X,x9,v) € CHRR).
From (4.26) together with (4.91), we can also derive

(4.92)  U(X,z2,v) :Q(QXﬁ—(vz—i—l) z2,v), U(Y,v) € CHR*%R).

Use (4.91) and (4.92) in order to extract respectively d,u and dxU. Replace
x3 as indicated by a function of x1, xo, Y, v and U. By this way, we obtain
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a first expression for dyu. It is compared below with the one coming directly
from (4.51)-(4.52). We find :
U

v
R—au_ 2Q@yg+$1—ax2 . 1+$1—%CL’2
= Oy = = 3 .
U-2Y oyU 241 v _ w241
ﬁ |: 2UQ3YYQ + x| — vuz i) Q[1+$1] Py x9

It follows that U(Y,v) = v £ VY 4 v2. The function u(z,v) can now be
deduced by just imposing u(0,0) = 0 together with the implicit relation :

u(z,v) = U(2v 1 u(z,v) — 2 z3 u(z,v)? — (v + 1) 22,0) .
On the other hand, we seek ®(z1, z2,u,v) in the form

o = Q(u (I14+z)—v xg,xg,u,v) , (Y, z2,u,v) € CH{RY;R) .
Taking into account the preceding definition of R, the condition (4.36) gives
rise to the equation — x5 Oy ® + Y 9@ = 0. Thus, there is some function
D4(X,u,v) € CHR3;R) such that ®(Y, z2,u,v) = ®4(Y? + 23,u,v). From
(4.37), we can then deduce that 0,87 =0 and 2 X dx®y+ v 9,97 = 0. In
conclusion, the following choice is suitable :

1 _ 2 2
D(x1,x9,u,v) = ‘I)()o([u (14 21) — v 9] —|—x2) |
U

2
With u(z,v) and ®(x1, x2, u, v) as above, we can deduce ¢(x) through (4.33).

Py € Cl(R;R) .

5 The time evolution problem.

Let (¢, w) be a compatible couple. We recall that the profile w(z, ) can
be put in the form (2.13) with a triplet (y,1, W) which is adjusted as it
is indicated in (2.17)-(2.18)-(2.19)-(2.20) and which satisfies (2.15). The
purpose of this last chapter is to explain what happens as time evolves.

5.1 Propagation of compatible datas.

The purpose of this paragraph 5.1 is to show the Theorem 2. Consider
the system (1.11). Standard results (see for instance [15]) guarantee the
existence locally in time, say on the domain Q! x T with T € R%, of a
C'—solution to (1.11). Introduce U(t,,8) := W(®(t,z,0), ¥(t,z,0),0).
From (1.11), we can easily deduce that

(5.1) U+ (U-V)U=0, U(0,z,0) =W (p(z),9(z,0),0) =w(z,0).
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By integrating (1.11) along the associated characteristics (which are straight
lines), we can exhibit the identities

(5.2) (t,z,0) = (z—tU{Ez,0)) V(t,z,0) € Ql xT,
(5.3) U(t,z,0) = ¢(xz—tU(t,0),0), Y (t,z,0) € Ql xT.
Lemma 5.1. Assume that the three ingredients @, ¥ and W are adjusted
according to (2.17)-(2.18)-(2.19)-(2.20). Then, the function ®(t,x,0) issued
from (1.11) is such that 99® = 0. Moreover, noting
y=yt,z)=x—tU(t,2,0),  E(y,0):= (p(y),¢(y.0),0) e R?xT,
the expression ¥ (t,x,0) coming from (1.11) satisfies
OV (t,x,0) = Optv(y,0)

Proof of the Lemma 5.1. Use the relations (5.2) and (5.3) with the
formula given for U to compute 9y® and dy¥ according to

with a matrix M given by
Mty 0) = ( LHEVPW) - 0.W ot Ve(y) - 0y W
T tVi(y,0) - 0,W 1+t Vi(y,0) 0uW )’
In the preceding formula for the matrix M, the functions 9, W are evaluated

at the point Z(y, #). A consequence of (2.19) and (2.20) is the information :
det M(t,y,0) = 1. It follows that

(5.4)

0p®(t,z,0) = —t V- (0gW + Optp &/,W)
+12 [(V¢ -0gW) (Vo - 0y W) — (Ve - 0gW) (V) - (%,W)] .

Note that the right hand term can be regarded as a function of (y,6). The
condition (2.17) is the same as

(55) V() - [0pv(y,0) 9y W (E(y,0)) + 0p W (E(y,0))] = 0.
Therefore, it remains
D®(t,2,0) = t* (Vo - 0pyW) (V) - W + 0gtp Vb - Oy W)..

Due to (2.18), this is 9p® = 0. Proceeding as above, we can obtain

OV (t,x,0) = Optp + ¢ (891/1 V- 0,W — V- 89W)
+12 [(Vo - W) (Vip - 0, W) — (Vo - 0, W) (Vip - g W)] .
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Exploiting again (2.19), (2.20) and (5.5), this is equivalent to
DoV (t,z,0) = Ogp —t (V- OgW + 0ptp Vi - O, W)
—t2 (V- 0, W) Vi) - (89W + Ogp 8¢W) .
Due to (2.18) and (2.19), the term in factor of #? is necessarily equal to zero.
By this way, we can see how (5.4) appears. .

Consider the expression u¢ which is defined on the domain Q! through

)

us(t,z) = U(t,x, M)
- W(@(t,x),\ll(t,w,m),m), e elo,1].

(5.6)

£ 3

By construction, we have u(0,-) = h%(:) with A® given by (1.2). A di-
rect computation based on (1.11) indicates that u®(t,z) is indeed a solu-
tion of (1.1) on Q. By applying the Theorem 2.6 of [4], we obtain that
(Dgu(t, x))3 =0on B(0,r —tV) for all ¢t € [0,7]. Repeating at the time
t €]0,T] the procedure of the Section 2, we can deduce that the constraints
(2.17), (2.18), (2.19) and (2.20) are propagated. In other words :

Lemma 5.2. For allt € [0,T], the solutions ®(t,x) and V(t,x,0) of (1.11)
satisfy (1.13), (1.14), (1.15) and (1.16).

These identities can also be derived by using (2.17)-(2.18)-(2.19)-(2.20) as
well as (5.2), (5.3) and the Lemma 5.1. The Theorem 2 is proved.

For the sake of completeness, we can also remark that the rank of the solution
is a preserved quantity. In the case of rank 1, this is obvious. In the case of
rank 2, this is a consequence of what follows.

Lemma 5.3. The solutions ®(t,x) and V(t,z,0) of (1.11) satisfy
(5.7) (VO AVY)(t,2,0)= (Ve AVY)(y,0),  V(tz,0)eQl xT.

Thus, the volume measure V® A VV is constant along the characteristics.
This is in fact a by-product of the divergence free relation.

Proof of the Lemma 5.3. By differentiating (5.2) and (5.3) with respect
to x;, we can extract

e (G ) = (35 ) wenza,
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It follows that

(5.8) Ve = (14tVe-0,W) Vo —t (V- 0,W) Vi,
(5.9) VU = —t (Vi -0,W) Vo+ (1+tVe-9,W) V.

Now, we can use (5.8) and (5.9) in order to compute the cross product of
V& and V¥. Due to (2.19) and (2.20), it remains (5.7). 0

5.2 Asymptotic phenomena.

Families like {1}, give many informations on the complex phenomena which
may occur at the level of (1.7) when passing to the limit (as e — 0).

Noting S(t) with ¢ € R% the semi-group operator which is associated with
incompressible Euler equations, we can for instance use {u°}. to study the
well-posedness (or not) of S(¢) in functional spaces (thus arising the delicate
problem of the localization of the solutions, see [2]). We can also investigate
the weak L?—continuity (or not) of S(¢) (in the spirit of [3, 12]). These
applications of our current approach will not be developed in these pages.
Nevertheless, we will point out some related very specific aspect.

We want here to show that the phenomenon of superposition of oscillations
already noted in [3] (only when d = 2 and in the absence of the divergence
free constraint) can indeed occur at the level of (1.7) when d = 3.

The idea is to start at the initial time ¢ = 0 with a function ¢ (x) which
does not see the variable § € T and with a function W,(-) which depends on
the parameter € €0, 1] and contains oscillations in the variable 1, as it is
indicated in (1.22). Then, in order to prove the mechanism (1.23), it suffices
to exhibit some ¢ €]0,T] such that dp¥ # 0.

In view of (5.1) and because 9y = 0, it suffices to test if
(5.10) 3(2,0) € Q0 x T; 0gW (¢,1,0) - Vb = Ogw - Vi) # 0.

In the framework Vo - 9, W # 0 of the Section 4.1, because of (4.2), it is
not possible to obtain (5.10). When V¢ - 9, W = 0, in the case f’ # 0 and
g # 0, we can see with (3.15), (3.23) and (3.24) that

0 1 ) f () Oip
agw-vzp:{aga(—g)Jragﬁ( —f)}~{\110< 0 >+8@\I/(aw)}.
1 0 g'(#) Bz

Taking into account (3.12) and (3.18), we must necessarily have dpw-Vi = 0.
It remains to examine the situation of the paragraph 3.2.1. The context is
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the one of Proposition 3.1. Choose (a,b) € (R*)2, ¢ = 0 and pgo € C}(R;R).
Define ¢(z) as in (3.19). Select some function a. which is such that

as(p,1,0) = Alp, 0,9 /e,0),  OyA#£0,  AeC®R?xT%R).

Choose two auxiliary functions ¢(0) € C*°(T;R) and Wy (T, Z) € C*(R?;R)
satisfying ¢’ # 0 and dpvg # 0. Take

X=1, B&(¢>¢70):aa(¢7¢70)_¢(0)7 \IJ(X’Y;Z):\I}OG/_XvZ)‘

Obviously, we have (3.22) and (3.23). With w(z,0) defined according to
(3.24), compute

e o o 5} o )1}

=0r¥g ¢ £#0.
In fact, the corresponging solution of (1.7) can be produced explicitly. It is
1 1
() = At ( - ) - ¢<*”(x))( - )
1 €
with

At x) = A(go(ac), ,

6 Appendix.

This appendix is concerned with the three-dimensional criterion which is
studied at the level of Section 4.4.2. The matter is to consider the more
complicated case, when XR # 0 and YR # 0. The Proposition 4.4 gives
sufficient conditions on K and £ in order to solve the system (4.39)-(4.40).
The aim of this Appendix is to explain (under suitable assumptions that
will be precised later) why there are no other possible choices.

Thus, in all this Section 6, we deal with (4.39)-(4.40) or (4.47)-(4.48), in the
case X R # 0 and Y R # 0. The starting point of our analysis is the equation
(4.74). In a first approach, we assume that 92,£ # 0. We will see in the
paragraph 6.5 that the case 92,£ = 0 can be dealt separately and that it
does not produce other cases than (4.65).
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6.1 Preliminary informations.

In what follows, we assume that 92,£ # 0. In doing so, as seen below, no
information is forgotten.

Lemma 6.1. The assumption 02,£ = 0 is not compatible with solving the
system (4.39)-(4.40) in the case (XR) (Y R) # 0.

Proof of Lemma 6.1. First, consider the case when 92,£ = 0 and also
02,2 # 0. To this end, introduce c(u,v) := 92,£/02,£. The notations are
as in (4.73). The starting point of the discussion is the identity (4.74) which
can here be reduced to

dy R
02,.£

+Ryz1+ [e(UV)Rs +1] 22— Qv [e(U,V)RE+2 R;| =0.

Since 92,£ = 0 and 02,£ # 0, we are sure that 0; Rz #Z 0. Thus, we can
work with Rj, x2, u, v, ¥ instead of x1, 9, u, v, ¥. In particular, for
Ry = 0, it remains

DR, V) 2 L(u, V) P+ 29 =0,  V(zo,u,V), V=v4+17.

This is not possible since the three variables x2, u and V are independent.
Thus, we have necessarily 92,£ = 0. Knowing that 92, £ = §2,£ = 0 and
that X R # 0, the function £ can be put in the form F'(u) 4 bv for some
constant b € R and some function F € C%(R;R) satisfying F® # 0. This
time, the identity (4.74) becomes

(6.1) duR(U, V) + x5y FAU) Ry —v Qs FP(U) R = 0.

In particular, for Rz = 0, we find 9,8 = 0, that is K(u,v) = .é(u) Then,
dividing (6.1) by R; and taking v = 0, we obtain & (u) + 3 F®)(u) = 0.
Since F() £ 0, this furnishes the expected contradiction. 0

From now on, assume that 92,£ # 0. Introduce the two auxiliary functions
(6.2) a(u,v) = 92,£/9%,£, b(u,v) == 92,£/02,L.

From the informations (4.51)-(4.52) written with v = ¥, we obtain that
(6.3) [a(u,?) Ry + 1] 92Ry — [b(u,0) Ry + a(u,0)] O1Ry = 0.

Now, the idea is to manipulate (4.74) in order to eliminate the contribution

dyR = Ry 0uR(u+ Ryv,0+v) + 0yR(u+ Ryv, 0+ v).
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To this end, it suffices to apply the vector field s R; 01 — 01 Ry 02 to the
equation (4.74). Then, use (6.3) in order to extract

E(u,v,0, Ry) = [a(u,?) — a(U,V)] + [b(u,?) — b(U, V)] Rz
(6.4) + [a(U, V) b(u,?) — a(u,d)b(U,V)| R2
—v X(x1,22,u,0)[14+2a(U, V) Ry + b(U,V) R2] = 0
with
X(z1,2,u,0) = [b(u,?) Ry + a(u,?)] 0:Qs — [a(u,?) Ry + 1] 8:Q5 .
By definition, the function x does not depend on v. On the other hand, in

view of (6.4), it is an expression of the four variables u, v, © and Ry (which
are independent because X R # 0). It means that

(6.5) Ix € C®(R%R); X(z1,22,u,0) = x(u, 0, Ry) .
Lemma 6.2. There exist functions f, g, k and | in C*(R;R) such that

66) a(u0) = f)vtglu), bluw) = 22— F)u)e? +kw) v+ (u)

where the expression Z(u) := 2 f(u)? — f'(u) must satisfy

(6.7) Z'(u) = 2 f(u) Z(u).

Proof of Lemma 6.2. As indicated line (6.5), we can replace x by x at

the level of (6.4). Then, compute

02,2(u,v,9,0) = —2,a(u,v+v) = 0.

Thus, we can find functions f and g such that a(u,

X (u

the other hand 9,Z(u, v, ,0) = —0ya(u, v +v) —
that x(u,v,0) = —f(u). It follows that

= f(u)v+ g(u). On

v)
,0,0) = 0 which implies

0 = 0r,=(u,v,0,0) = b(u,0) — b(u, v+ v)
(6.8) +v (0 +0) [2f(w)? — f'(w)]
+o [2f(u) g(u) — ¢'(u)] — v I, x(u,7,0).

In particular, we must have

8%51)”3(%1),17,0) = 92, b(u, o+ v)+4 f(u)? -2 f'(u) = 0.
In other words, there are two functions k£ and [ such that the second part of
(6.6) is verified. Coming back to (6.8), we can see that

Oy x(u,0,0) = =Z(u) 0 — k(u) + 2 f(u) g(u) — g'(u).
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Then look at the condition

= (0r,)?Z(u,v,0,0) = —v? 92,a(u,V) — 2 v d,b(u, V)
(6.9) +2 [a(u, V) b(u ?7) — a(u, ) b(u, V)] — v (0r,)* x(u, ,0)
—4v0g, X(uf) 0) a(u,V) +2v f(u) [2v0ua(u, V) + b(u, V)] .

Taking into account the preceding informations on a and b, the expression
(Or,)*Z(u,v,7,0) is a polynomial function with respect to v. In particular,
the coefficient in factor of v must be zero. This criterion yields (6.7). =

From (6.4), we can extract a formula for y, namely
X(ua 6) RT)) = si;l(ua 67 v, Rf}) s:b?(u? ’57 v, Rf))_l

where 9 and s are polynomial functions in Rz. Work in a neighbourhood
of R? where v # 0. Since x does not depend on v, we must have

(6.10) [(v% 0uP1) (vP2) — (V¥ P1) (V¥ 8uP2)] 0™ P3* = 0.

Replace R; by (U —u)/v. Then, change the point of view by adopting u, U,
v and v as being the new (independant) variables. Noting simply a and a*
when the function a is evaluated at the points (u, ) and (U, 0), the condition
(6.10) becomes

’D(u,f), U?”) = (‘Bl PBa — Ps %4)(21,17, U?”) =0

More precisely

Pi = 0 [-f(U) = (U —u) Z(U)]
+ Vfa—a"—2(U—-wZU)o—(U—-u) kU)— (U —-u)?aZU)]+
+ o [(U—w) (=) + (U —w)? (b fU) — 28 Z(U) 5 —a k(U))] +
+ [(U—u)2 (l;a*—db*)],

Po = 0> 1+4 (U —w) f(U)+2 (U —u)? fOU)+3 (U —u)? Z(U)
+(U —w)® ZV(U)]
+ v [(U —u)? (KVW) +220(U) v)
+(U —u)? (20,0 +4Z{U) 5+ 2kU)) +2 (U — u) a*
+ [0ub* (U = u)® + 0" (U — w)?],
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Pz = v [1+2U —u) f(U)+ U —u)?ZU)]
v [2(U—-u)a*+2 (U -u)?ZU) 5+ U —u)? kU)]
+ (U —u)? b7,

_l’_

P = o | = f(U) = U —w) (fO0) +22(0)) - (U —w? 20(0)]

+ [b8ua* —a 8ub*] (U —u)?.

All expressions B; are polynomial functions in v and v, with degree at most
5in v and 3 in v. It follows that ® can be put in the form

5 3
D(w, 0, U,0) = > Dy(w,,U) v =0, Dj(u,8,U) = DF(u,U) "
=0 k=0

Of course, the condition ® = 0 amounts to the same thing as
(6.11) 9y =0, V(ik)e{0,--,5 x{0,---,3}.

Lemma 6.3. Concerning the structures of the functions Z and f, there are
three possible situations:

a) Z=0and f=0;
b) There exists a constant § € R such that Z =0 and f(u) = (§ —2u)~!;

c) There exist two constants (61,02) € R? such that Z(u) = (u*—2 61 u+d2)~*
and f(u) = (—u+01) (u? — 261 u+ dy)~ L.

Proof of Lemma 6.3. When Z = 0, the function f must satisfy 2 f2— f/ =
0 and we are faced with situations a) or b).

From now on, suppose that Z # 0. First, look at the coefficient D} which is
D} = (U -w'x {[Z(w) /(U) - f(u) Z(V)] Z(V)
+(U = w) Z(w) [Z0O) f(U) - 2(U) fO@)] }.
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Since Z # 0, dividing the expression ©§ by Z(u) Z(U)?, the condition
D3 = 0 becomes
U 1)
M—M—(U—u) [7} —0.
Z(U)  Z(u)
It means that the function fZ~! is linear with respect to U. Combining
this information with (6.7), it first remains

fU)
6.12 =-U+9¢ 01 €R
(6.12) Z0) +d, €
and then, replacing f by Z'/(2Z), we have access to c¢). -

6.2 Discussion of the case Z # 0.

This paragraph 6.2 is aimed to be the source of the situation ii.3 described
in Proposition 4.4. First, by changing u into u— §; and defining 7y := d5 — 67,
we can always assume that

(6.13) fw) = —u/(+7)7h 2w = (WP +)7
The functions a and b are given by (6.6). We have to determine g, k and [.

Lemma 6.4. Assume that Z # 0. Then, there are constants « € R, B € R
and 6 € R such that

au— 0 2« )

(6.14) g(u) = —m, k(u) = m, l(u) = m

Proof of Lemma 6.4. Complete (6.2) with the introduction of
(6.15) &(u,v) == 0,R/I%,L, d(u,v) == 9,8/02,8.

‘We have here to work with

(6.16) R=— R dwv)+xi+a(u,v) o
| Ry d(u,v) + a(u,v) 1 + b(u,v) T2

It is easy to check that 1 4+ aR # 0. Otherwise R = a(u,v)~! so that
X R = 0 which is in contradiction with the assumptions of Proposition 4.4.
From (6.16), we can extract

T = — {R J(u, v) + ¢(u,v) + 9 [R b(u,v) + a(u, v)] }/[R a(u,v) + 1] )
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Use the relation (6.16) to compute Q(z1,x2,u,v) =Y R/XR. Then replace
1 as it is indicated above in order to obtain

B . Qo(R,U, 'U) Ql(Ra U,U)
Q(.’El,l‘g,u, U) - Q(R,l‘Q,U,/U) - QQ(R,’LL, 'U) - QZ(Ra U7U) .

with
3 . .
Qi(R,u,v) = Z Q7 (u,v) R, i€{0,1,2}
§=0

and
03 =0ba—0uab, 0% =a dyb+ 9,b—dya b,
leavll'i_aua) N Qozavay
9 = duda -, d. 0 — O+ 0,(4) + a2 0,(5).
Q) =a 0,6+ 0yd+ 0,¢—0pac, QY =d,¢.
Q3 =ab, Q2=0b+2a?,
Nl =3a, 29=1.
The condition (4.48) is the same as 0, R — Q 02 R + X@Q = 0. Compute
o p_ _Pu . OultOuamst R [Oud+ 0oz + Oub o]
“ Po . J+ax1+b$2 ’
GQR:—IE::——~ atbR ,
bo d+ax1+bx
2
XR:_&::_IN—i—QaR—i—bR.
DPo d+ax1+0bxo

With these conventions, the condition (4.48) becomes
(6.17) — Py +Qp2—0rQA pr — Ry 3:Q = 0.

Observe that (6.17) is linear with respect to the variable zo. In particular,
the term in factor of z2 must be zero implying that

— Q9 (Gua+8ubR) — Opy (sz—i—QaR—i-l)

(6.18) +0ya R (Rb+a) (RPb+2aR+1)+4Q; (Rb+a)=0.

Since 01 R # 0 (because 1+ a R # 0), the four variables R, x2, u and v are
independent. The left hand side of (6.18) is a polynomial function in R of
degree 4 whose four coefficients must all be zero.

Applying this criterion, we can derive the two following conditions :
(6.19) 2b0ua—2a0,b+b0,b=0, —0u,b+2b0,a=0.

From (6.6), (6.13) and (6.19), we can derive the expressions of k and [ given
in (6.14). Then, it suffices to exploit (6.19) to obtain g.
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At this stage, the functions a and b are determined. From the first part of
(6.2), we can deduce the existence of functions F, G and g such that

(620)  Luv) = @ +9) 2 F((v+a) (W +7)" " +g(w) + Gu)

where F(?) # 0 and g is some primitive of the function u — 3 (u®+~)~ 3/2.
Then, testing the second part of (6.2) with the formula (6.20), we can see
that necessarily 5 = v = 0, yielding the form (4.70) for £. As already
observed at the level of the proof of Proposition 4.4, once £ is given by
(4.70) with F and G as in (4.71), the choice & = 0,£ is suitable. The

existence of other convenient functions £ will not be discussed.

6.3 Exclusion of the case Z =0 and f # 0.

In this paragraph, we consider the situation b) of Lemma 6.3. When Z = 0,
we can compute the quantities @? of (6.11) to find the following list :

D9 =2 (U —w) [fOU) -2 fA(U)],
D} = f(u) = f(U) + (U—wu) [4 f(U) f(u) =4 FU) + fOU)]
+(U —w? [2 fOU) f(u)

(
—i—(U—u)Z%
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We start by obtaining preliminary informations on g, k and I.
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(6 —2u)™!, we can find a

constant 8 € R and a function Q € C3(R;R) such that

(
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(au+ B) f(u) with (o, 3) € R%. On the other hand,

0 and f(u)
the restriction ’}38 = 0 is equivalent to

!

).

().
k(U)
)

()
(u

f
g

+ (U—u)(

k(U)
fU)

f(u)
In other words k(u)

Proof of Lemma 6.5. Since f # 0, the condition ©3 = 0 amounts to the
k(u)

Lemma 6.5. In the case Z

(6.21)

same thing as

This is possible only if o = 0, yielding (6.22).

(6.22)
(6.23)



Knowing (6.22), the constraint D} = 0 allows to extract

o) g o) g
fwr = oV U e e
oU)  gOW)
[_4f(U) G —2Uﬂ}u+ﬁu2.

Since the left hand side of this identity does not depend on the variable U,
the coefficients of the right hand side must be constants. We recognize here
what is said at the level (6.21). In view of of the informations (6.21) and
(6.22), the condition D% = 0 becomes

21(u) f(U)? = =3 f(u) f(U)+ B° f(U)?

)
—26Q() f(u )f(U)3+259( ) f(w)? f(U)?
(6.24) +2 f(u) f(U) UU) + (U - u) {=2 8% f(u) f(U)?
+2590U) f(u) f(U)*+452U) f(u) fF(U)!

)
+41U(U) f(u) FU)? =2 f(u) FU) IO}

Dividing this identity by 2 f(u)? f(U)?, the left hand side is simply I(u) f(u) ™2
whereas the right hand side is some polynomial function in u of degree 2.
To better visualize the content of (6.24), we can work with the auxiliary

variables X ;=9 — 2w and Y :=§ — 2 U. Observe that
Q) = AX) = TX7 1 2, X + 4,

() f(u) = A(X) = 92 X2 X+ 9.

The relation (6.24) is the same as

29(X) Y2 = XY+ X2Y2-28QY) XY +289(X)Y?
29V) XY +(X-Y) [~ 52XY2+5({2) Dy)XxYy
+26Q) X - QYY) XY -29(Y) X].

For X =0 and Y # 0, we obtain Qo = 39. Examining the coefficients in

factor of X2Y? and X Y2, we get respectively Qs = 32 and Q= 69;. In
other words we have Q = 39, that is (6.23). 0

The above study does not exploit all the informations which are contained
in the coefficients ©%. We can go further

Lemma 6.6. In the case Z = 0 and f(u) = (6 —2u)~!, we must have k = 0
and 1 = 0. On the other hand, we must have g(u) = d f(u) with d € R.
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Proof of Lemma 6.6. Knowing (6.22) and (6.23), the coefficient ®? can
be simplified into 3% [g(v) g(U) — ¢*(U) + (U — u) g(u) g(l)(U)} =0. If
B # 0, exploiting (6.21), this is possible only if
2Q(X) QYY) Y2 - 2Q(Y)? X?
(X -Y)QX) [QV(Y) Y2 +49(Y) Y] = 0.

For X # 0 and Y = 0, we obtain Qg = 0. Then, dividing by Y? and taking
again X # 0 and Y = 0, we can see that £2; = 0 and also # = 0. It means
that k = 0 and [ = 0. Then, look at the condition Dg = 0 which is

9(uw) g(U) = g(U)* + (U = u) g'(U) g(u) = 0.
Necessarily, we must have g(u) = d (e — 2u)~! for some (d, e) € R?. Taking

into account (6.21), the only possible choice for the constant e is e = § giving
rise to the expected result. O

Lemma 6.7. The case Z =0 and f(u) = (6§ —2u)~" must be excluded.

Proof of Lemma 6.7. If F' = 0, we have G = 0 and £ is linear in u
and v. This is in contradiction with the assumptions XR # 0 and YR # 0.
Therefore F' # 0, F'(v) = ¢(v+d)~2 and G® (v) = § ¢ (v + d) 3 for some
¢ € R*. Now, consider the relation (4.74) which can be simplified into

dyR+ 21 [FO(V) Ry + FOV)U + GO(V)] + a2 FO(V)

(6.25) v Q; [2 Ry FO(WV)+ FOWV)U + G(Q)(V)}

0.

Multiply this expression by (V + d)? and then take V = —d. It remains
c(6—2U) (z14+ (d+7) Qz) = 0, c € R*.

It means that Q3 = —x1 (d +9)~!. Replace Q5 accordingly at the level of

(6.25). Multiply the expression thus obtained by (d + @) F'(V)~! and then

take ? = —d in order to obtain 2 Rzv—2U +6 = —2u -+ = 0 which cannot

be satisfied for all u. This is again a contradiction showing finally that the

case Z =0 and f # 0 must indeed be excluded. 0

6.4 Discussion of the case f = 0.

When f = 0, the structure of the coefficients D7} is simplified. It becomes
easier to understand what contains the system (6.11).

Lemma 6.8. In the case f =0, the functions k, I, and g must satisfy one
of the two distinct following restrictions:

a) We have k=0, g1 =0 and IV = 0;
b) There exists a constant © € R* such that k= —20, ¢) =0 and | = 0.
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Proof of Lemma 6.8. We start by looking at the condition
DY(u,U) = g(u) = g(U) + (U —w) gV (U) + (U = u)* kD (U) = 0.
Apply 02, to see that g? = —2 k() = § with § € R. Then, consider the
restriction @% = 0 which can be rewritten
=3 k(U) g(U) + 3 k(u) g(U)
+ (U —u) [-2kU)*+2 kD T) g(u) + ED(U) g(U)
+k(u) g (U) +2 k(u) k(U) = k(U) ¢V (U)]
+ (U —u)? [k(u) kD ()] = 0.

Apply 02, and replace U by u to deduce that g? = 6 = 0. The next step
is to look at the relation ’Dg = 0 which becomes

2 9(u) g(U) =2 g(U)* +1(u) — (V)
+ (U —u) [290(U) g(w) + 2 k(U) g(u) — 2 k(U) g(U) + 1V (0)]
+(U =) [- g (U) k(U) - k(U)?] = 0.
Apply again 02, and replace U by u. Since 6 = 0, we obtain by this way

that [ is a polynomial function of degree at most 2, say I(u) = Iy u® +11 u+lg
with (lg,1,12) € R3. Now, the condition D) = 0 says that

625 09U W) () PU)
| (U~ u) ) 1) g(U) ~ V) ¢O(O)] = 0.

Composing (6.26) on the left with 92, and replacing U by u gives rise to
1@ 1M g—14M] = o0.

At this stage, we claim that {2 = 21, = 0. To see why this is true, first
assume that ls # 0. Due to the above relation, we must have g = ¢l with
¢ € R. We cannot have ¢ € R* because then 0 = ¢ = ¢1® and therefore
1 = 0 which is a contradiction. Retain that ¢ = 0 so that ¢ = 0. Looking
at the condition ©Y = 0, we get

I(w) (U) = BU)+ U —u) l(uw) IDU) =0, l(u)=hku*+Lu+l
which is not possible when I # 0. We must have lo = 0 and [(u) = l; u+lp.

Now, we can come back to (6.26). Apply 92, to (6.26) and replace U by u.
It remains () [l(l)g — lg(l)] = 0. We claim that [ = [; = 0. Indeed, if
I # 0, we must have g = ¢l with ¢ € R and the condition D} = 0 becomes
W(u) [U) = LU+ (U — ) l(u) ID(U)
— (U =u)?ck(U) l(u) IDU) =0.
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Since 1@ = 0, applying 92, and replacing U by u gives rise to
1D (w) [l(l)(u) + ck(u)l(u)] = 0.

Recalling that k) = 0, we can see that this is not possible when (V) # 0.
In other words, the functions k£ and [ are constants, say £k = k € R and
I =1€ R. The condition D1 = 0 can be rewritten

2k g(U)* =2k g(u) g(U)
+(U —u) [~2 k2 g(u) +2%% g(U) — 2k gM(U) g(u)]
~(U-w? [ gV (O)] =
Apply 92, and replace U by u in order to extract
(6.27) k g™ (u) [k+2 g(l)(u)] =0.
Now look at the restriction @8 = 0 which amounts to the same thing as
[2 9(u) g(U) =2 g(U)?]
+ (U ) [29DW) g(u) + 2k g(u) — 2k g(U)]
— (U —u)? [kgW(U) +K] = 0.
Combining this information with (6.27), we obtain that either ¢ = 0 and
k=0, or that k = —2 ¢() = —20 with © € R*. We recover here the two

situations a) and b) described in Lemma 6.8. In the case b), we can even
obtain more informations about /. Indeed, the condition DY = 0 says that

1 {Q(U)2 —g(u) g(U) + (U — ) [kg(U) —kg(u) — g(u) ¢V (U)]
+271 (U —u)? [k g(l)(U)]} =0.
Apply 92, and replace U by u to get 1 [2 g™V (u)2+3 k gV (u)] = —410% = 0.
It follows that [ = 0 as expected. O

Solving the system (6.11) is necessary but not sufficient in order to get
solutions of (4.39)-(4.40). A direct study is still required. We start by
examining the case b) of Lemma 6.8.

Lemma 6.9. The case k= —20, ¢ =0, [ =0 with © € R* is excluded.

Proof of Lemma 6.9. Taking into account (6.2), we have

02,8 = (Out+0g) 02,8, 2,8=-200v0%8, O©#£0, OyecR.
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To simplify the presentation, we will adopt in this paragraph the following
conventions A := 9,8/0%,£ and B := 0,8/02,£. We have to deal with

Ri_qioi_ A+$1+(@u+@o)x2
 pp  B+Ou+6p)z—200v130

We can compute

D2 _@u—l—@o—Z@vR

OR = — == = ,

Po Pbo
O.R — _@__auA+9$2+(3uB+®x1)R
b Po Po ’

and similar expressions for 01 R and 0, R. Briefly, the quantity @ is given by

Py Oy A+ [0yA+ 0yB — O 23] R+ [0,B + 0O z1] R?

@= . 112[0ut 6y R—200 2

Now, we can write XQ = —pg Pyt pal with

pQ = [OuA+ 0y,B—0O x2+ 2 (0,B + O 1) R] py
—[2@u+69)-40 v R]p,.

In this context, the condition (4.48) becomes py p, — pyp2 + po = 0. Now,
the idea is to multiply this quantity by pg and to replace everywhere pgR
by —qp in order to obtain that some polynomial function in z1 and xo with
coeflicients depending on v and v must be zero. In particular, the coefficient
in factor of 1 must be zero. This criterion yields © [(@ u+60)%+20 v] =0.
This is not possible due to the assumption © € R*. 0

6.5 Necessary conditions.

We can summarize what has been obtained above and in the preceding
Sections 6.1, 6.3 and 6.4 through the following statement.

Proposition 6.1. When (XR) (YR) # 0, the system (4.39)-(4.40) can be
solved if and only if 02,£ # 0. Then, there are two functions f and g in
C*(R;R) such that 02,£(u,v) = [f(u) v+g(u)] 82,L. DefiningZ := 2 f*—f',
we have either Z = 0 or Z(u) = (u? — 261 u + &2) " with (d1,62) € R2. In
the case Z = 0, the function £ is necessarily of the form (4.65) or (4.68).

Proof of Proposition 6.1. The first part is a repetition of Lemma 6.3.
When Z = 0, due to Lemmas 6.7, 6.8 and 6.9, there are two constants b € R
and ¢ € R such that §2,£ —b 92,£=0and 92,£ —c 02,£ =0.
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The first relation indicates that

L(u,v) = Gu) +Fbu+v), (F,G)eC*R;R)?2, TF@ #£0,

Plugging this expression of £ in the second relation, we obtain

GOu) + (1 —¢c) FObu+v) =0.

When b? — ¢ # 0, since the variables u and b u + v are independent, both
functions F® and G must be constants and we recover (4.65). On the
contrary, when b? — ¢ = 0, there is no restriction on F (apart from F®) #0)
but the function G must be linear in u. It follows that £(u,v) can be put

in the form (4.68). O
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