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Abstract

In this paper, two main results are proved. We consider a noncon-
servative linear Cauchy problem with discontinuous coefficients accross
a noncharacteristic hypersurface. The considered problems need not
be the linearization of a shockwave on a shock front. We introduce
then a viscous perturbation of the problem; the viscous solution u®
depends of the small positive parameter €. This problem, obtained by
small viscous perturbation, is parabolic for fixed positive €. We prove
then, under stability assumptions, the convergence, when ¢ — 07, of
uf towards the solution of a well-posed limit hyperbolic problem. Our
first result is obtained, in the multi-D framework, for piecewise smooth
coefficients and states the convergence of u® towards an unique solu-
tion. Our second result is the analogous of a result we have proved in
[5] in the conservative framework. It shows that, in the expansive non-
conservative scalar case, that is to say for sign(xa(x)) > 0, our viscous
approach successfully singles out a solution. Even for scalar, piece-
wise constant 1-D nonconservative hyperbolic equations, this result is
new and not treated during our analysis performed on systems. For
both results, an asymptotic analysis of the convergence is performed
at any order, containing a boundary layer analysis. Under our as-
sumptions made for systems, only strong amplitude noncharacteristic
boundary layers can form, and are localized on the zone of discontinu-
ity of the coefficient, whereas, in our scalar expansive case, only some
weak amplitude characteristic boundary layers can form along some
characteristic curves.

1 Introduction.

Let us consider a linear hyperbolic system of the form:

d
Ou + Z Aj(t,y,z)0u = f, (t,y,z) € Qr
j=1

(1.1)

u|t=0 =h ’

where Q7 = {(t,y,2) € (0,T) x R~ x R}, with T' > 0 fixed once for all.
The unknown u(t, y, z) belongs to RY and the matrices A; are valued in the
set of N x N matrices with real coefficients My (R). Due to the discontinuity
of the coefficients, the solution u is, in general, awaited to be discontinuous
through {z = 0}. In such case, d,u has a Dirac measure supported on the
hypersurface {x = 0}. Hence, if the coefficient of the normal derivative A,
is also discontinuous through {z = 0}, the nonconservative product A;0,u



cease to be well-defined in the sense of distributions; weak solutions for the
considered problem thus cannot be defined in a classical way.

The definition of such nonconservative product is of course crucial for
defining a notion of weak solutions for such problems. It is an interesting
question by itself, solved for a quasi-linear analogous problem by Lefloch
and Tzavaras ([9]). Adopting a viscous approach will allow us to avoid the
difficult question of giving a sense to the nonconservative product in the
linear framework.

The problematic investigated in this paper relates to many scalar works
on analogous conservative problems. We can for instance refer to the works
of Bouchut, James and Mancini in [1], [2]; by Poupaud and Rascle in [13] or
by Diperna and Lions in [4]. We can also refer to [5] by Fornet. The common
idea is that another notion of solution has to be introduced to deal with lin-
ear hyperbolic Cauchy problems with discontinuous coefficients. Note that
almost all the papers cited before use a different approach to deal with the
problem. Like in [5] and [6], we will opt for a small viscosity approach.

Let us now describe the first result obtained in this paper. We consider
the following viscous hyperbolic-parabolic problem:

(1.2) Heu® = f, (t,y,x) € Qr,
. Us\t<0 =0,

where H® := 0; + Z;-l;% AjOj + AqOy — €321 < k<a 95(Bjk0%.), and the co-
efficients A;, with 1 < j < d, are piecewise smooth and constant outside a
compact set. We assume that the discontinuity of the coefficients occurs only
through the hypersurface {x = 0}. The unknown u®(t,y,z) € RY, the source
term f belongs to H°((0,T) x R?%), and satisfies f|;<o = 0; this assumption
allows to bypass the analysis of the compatibility conditions. In this prob-
lem, &, commonly called viscosity, stands for a small positive parameter. We
stress that, if we suppress the terms in —£0? from our differential operator,
the obtained hyperbolic problem has no obvious sense.

We make the classical hyperbolicity and hyperbolicity-parabolicity as-
sumptions, plus we assume the boundary is noncharacteristic. Additionally,
we make a transversality assumption and an assumption concerning the sign
of the eigenvalues of A; on each side of {x = 0}. Last, we suppose a spectral
stability condition, which is a Uniform Evans Condition for a related prob-



lem, is satisfied.

Under these assumptions, we prove that, when ¢ — 0%, u® converges
towards u in L2((0,T) x R?), where u := u* 1,50 + u~ 1,0 is solution of a
transmission problem of the form:

d
8tu+ + Z Ajajqu = f+, (t,y,z) € Q;
J=1

d
O+ Ao =f",  (ty.z)€Qp
j=1
U+|x:0 - U_|z:0 € Ea

U+|t<0 =0, u |t<0=0

where X is a linear subspace depending of the choice of the viscosity tensor
> 1<jk<d 95 (B k0k.); Q% denotes Q7 ({2 > 0} and the + superscripts are
used to indicate the restrictions of the concerned functions to Q%

A crucial remark is that, for fixed positive ¢, (1.2) can be put on the form
of a parabolic problem on the half-space {x > 0} with boundary conditions
on {x = 0} satisfying a Uniform Evans Condition. Moreover, the solu-
tion of this parabolic problem on a half-space tends, when ¢ goes to zero,
towards the solution of a mixed hyperbolic problem, defined on {x > 0},
satisfying a Uniform Lopatinski Condition. An analogous theorem, in

the nonlinear framework and for a shockwave solution, was proved by Rous-
set ([14]).

For our first result, with conciseness in mind, the proof of stability is
exposed only for 1-D systems with piecewise constant coefficients and the
artificial viscosity tensor B = Id. The goal is to check that the methods in-
troduced in [10] does apply to our boundary conditions. During this proof,
accent is placed on the role played by the Uniform Evans Condition in the
proof of our stability estimates via Kreiss-type Symmetrizers.

Let us now expose our second result, which concerns the sense to give to
the solution of:

{ du+ a(x)0pu=f,  (t,z) € (0,T) xR,

u|t:0 = h7



in the case where a(z) = a™1,50 +a~ 1<, where a™ is a positive constant
and a~ is a negative constant. The source term f belongs to C5°((0,7) xR)
and the Cauchy data h belongs to C§°(R). We assume that the coefficient is
piecewise constant in order to simplify the proof of our stability estimates,
which uses Kreiss-type symmetrizers. Referring to the sign of the coefficient
on each side of {x = 0}, we call such discontinuity of the coefficient expan-
sive. Note that such expansive case was excluded from our previous study
on systems by our assumptions. An important point is that, compared to
the cases studied for our first result, the expansive case has a quite different
qualitative behavior. Indeed, for scalar equations, small amplitude charac-
teristic boundary layers only form in the expansive case.

Our second result states the convergence in the vanishing viscosity limit and
in L2((0,T) x R) of u®, which is solution of:

O + a(z)0puf — ed2us = f, (t,x) € (0,T) x R,
{ uli=o = h

towards u € L*((0,T) x R), where u := u1,50 + u~ 1,<¢ is the unique

solution of the well-posed, even though not classical, transmission problem:

ot +at0ut = T, (t,z) € (0,T) x RY,

Ou” +a 0yu” = f7, (t,z) € (0,T) x R~

gm0 — U |a=0 = 0,

axQJr‘x:O - axﬂi‘xZO =0,

\ Q+‘t:0 = h+7 Qi‘t:O =h"

Naturally, u is then what could be called the small viscosity solution of
(3.1). The result seems to be completely new, since the main difficulty was
to "select” a solution among all possible weak solutions. Remark that, this
time, by performing explicit computations of the Evans function, we prove
that the Uniform Evans Condition holds for our problem thus yielding the
desired stability estimates.

2 Some results for multi-D nonconservative sys-
tems with "no expansive modes”.
2.1 Description of the problem.

We first expose our full set of assumptions for the problem involved in our
first result.



We note y := (z1,...,24-1) and x := x4 and consider the viscous equation:

{”:f, (t,y,x) € Qr,

(2.1)
ua‘t<0 = 07

where H® := 0, + Z;l;i AjOj+ AaOy — €31 < k<q 05(Bjk0k.), the unknown
uf(t,y,2) € RN, the source term f belongs to H>°((0,T) x RY), and satisfies
flt<o = 0. All the matrices A;, 1 < j < d are assumed smooth in (¢,y,x) on
+2 > 0, discontinuous through {z = 0} and constant outside a compact set.
The matrices Bj j also depends smoothly of (¢, y, z) and are constant outside
a compact set. We will denote by A; the restriction of Ay to {£x > 0}. We
assume that the boundary is noncharacteristic:

Assumption 2.1 (Noncharacteristic boundary).
Adlg—o+ and Agl,—o- are two nonsingular N x N matrices with real coeffi-
cients.

Moreover, we make the following structure assumption on the disconti-
nuity of Ay through {x = 0} :

Assumption 2.2 (Sign Assumption).

o The eigenvalues of A7 (t,y,0), sorted by increasing order are denoted
by (A; (t,9))1<i<n, and are such that A, <0 and A, > 0.

o The eigenvalues of A;(t,y,O), sorted by increasing order are denoted

by (A (t,y))1<i<n, and satisfy )\;qu <0 and )\;+q+1 > 0, with ¢ > 0.

We make the following hyperbolicity assumption on the operator
d
Hi=0,+Y Ao
j=1

Assumption 2.3 (Hyperbolicity with constant multiplicity).

For all (t,y,z) € (0,T) x R x R* and (1, £) # Oga,

d—1
7j=1

remains diagonalizable. Moreover, its eigenvalues keep constant multiplici-
ties.



Let us now introduce the symbol of the parabolic part, B, defined by:

B(t,y,z,n,8) == Y njmeBjr(t,y,z)
j,k<d

+ Z gn](B],d(tv Y, SC) + Bd,j (ta Y, ‘/1:)) + §2Bd,d(t7 Y, CC)
j<d
We make then the following hyperbolicity-parabolicity assumption:

Assumption 2.4 (Hyperbolicity-Parabolicity).
There is ¢ > 0 such that for all (t,y,z) € (0,T) x R4~ xR* and (n,£) € RY,
the eigenvalues of

an (ty,2) + §Au(t, y,z) | + Bt y,z,m,€)

satisfy Re p > c(|nl? + €2).

In what follows, 1 := (11, ...,m4—1) will denote the Fourier variable dual
to y and & the Fourier variable dual to x. Let us now introduce some no-
tations in view of writing the Uniform Evans Condition. A* denotes the
matrices of Man(C) defined by:

N L 0 Id
ATty @i0) = < ME(ty,2;¢)  AE(ty,z;m) >

where ¢ := (71,7,71),

d—1

Mi(t,y,iU;C) dcllA:t(t Yy, x )Ai(t Y, x; <)+de t Y, T Z njnkB k (t Yy, x ))
J,k=1

with A% standing for the symbol of the hyperbolic part defined by:

d—1

AE(ty,2;0) = (AT) Mt y) | (it +y)Id+ ) iniAi(ty, x)
7j=1

and

Ai(ta y;xﬂ?) = Bd_,;Ath(tayv ) dd t Y, x ZZT]] ]d t Y, T )+ Bd,j(tava)) .



We introduce the weight A(¢) used to deal with high frequencies:
1
AQ = (1 +72+22 + )"
Let Jx be the mapping from CV x CV to CN x CV given by
(u,v) — (u, A" ).

The scaled negative and positive spaces of the matrices AT (t,y,z;n) are
defined by: )
Ei(A%) := JAEL(A).

If E and FF are two linear subspaces of C?V such that dimE + dimF = 2N,
then det(E,F) stands for the determinant obtained by taking two direct
orthonormal bases of E and F. Our stability assumption writes then:

Assumption 2.5 (Uniform Evans Condition).

We assume that ('F[E,F) satisfies the Uniform Evans Condition that is to
say that, for all (t,y) € (0,T) x R¥! and ¢ = (1,1,7) € R x RT — {Oga+1},
there holds:

Dity,¢) = |det (B (A* (1., 0:0), B+ (A (1., 0:0)) )| = € > 0.

D is called the scaled Evans function. The zeros of D track down the
instabilities of our problem.

Assumption 2.6 (Transversality).
E_(G}lo=0) and B4 (G} |z=0) intersects transversally in RY, which means
that:

E_(G¥lz=0) + E4(Gy|sm0) = RY.

Let G4 denote the matrix Gy(t,y,z) = BgéAd(t,y,x). We have then
the following Lemma:

Lemma 2.7. B, is nonsingular and its eigenvalues satisfy ep > ¢ > 0.
Moreover, Gg|,—o+ and Gg|,—o- have no eigenvalue on the imaginary axis,
furthermore

dim Ei(Gd’z:0+) =dimE4 (A:Hx:o)

and
dimEy (Ggly—p-) = dimE4 (A[; la=0)-



Proof. This lemma is a consequence of the hyperbolicity-parabolicity as-
sumption. Fixing n = 0 and & = & # 0 in the hyperbolicity-parabolicity
assumption gives that the eigenvalues of: &3 By g + i€oAq satisfy Reu > &2,
for some ¢ > 0. Hence the eigenvalues of By 4+ g%Ad are such that Rep > c.
Making &y tends to wards infinity, we check that Bgg is nonsingular and
that its eigenvalues does not come near the imaginary axis. For all £ # 0
and t € [0,1], the eigenvalues of tBgq + (1 — t)Id + 5%1401 are such that

. -1
Rep > 0. Thus (th,d +(1—-t)ld+ gioAd) Ag has no eigenvalue on the
imaginary axis. Indeed, if it was the case, it would mean that, for some
& # 0, tByqg + (1 — t)Id + gi,Ad has also an eigenvalue on the imag-
0

inary axis. Since the eigenvalues of (th,d +(1—t)ld+ glOAd> ! A, do
not cross the imaginary axis, making &y tends to infinity and consider-
ing in succession ¢ = 0 and ¢t = 1, we have then proved that G4 has the
same number of eigenvalues with positive [resp negative] real part than
Aqg. In particular, we get that dimEy(Ggl,—o+) = dimEL (A} |,—0) and
dim E:E(Gd‘xzof) = dim Ei(AJ’x:()). O

2.2 Construction of an approximate solution.

We will begin by reformulating the problem (2.1). This viscous problem
can be recast as a "doubled” problem on a half space. Let the "+ [resp -7
superscript denote the restriction of the concerned function to {z > 0} [resp
{z < 0}]. We begin by introducing

i (t,y,x) = ( ug—zgtyy—xfi) ) ’

~ +(t
the new source term writes f(t,y,z) = < ff(i jyyfq)c) ) , and the new

- +
Cauchy data is h = }i (t.9,) , the normal coefficient becomes:
h=(t,y, —x)
A _ A;l'— (tv Y, x) 0

We define then the tangential symbol A as follows:

A . _ A+(t’y7$;<) 0
A(t,y, z;¢) = < 0 Aty —:0) )



For 1 < j <d -1, we denote:

i At (t,y, ) 0
A](taya'x) - < 0 Aj_(t,ya —.27) ) .

Moreover, if both j # d, k # d or if j = k = d, we note:

- Bl (t,y,) 0
) — LA .
B],k(t,y,l‘) ( 0 Bj_,k(t?y> —.7}) )

and, if (j =d,k #d) or (j # d,k =d), we write:

- Bl (t,y,7) 0
Bir(t,y,z) = AN _ )
(69, ) ( 0 —Bj(ty,—2)
Finally, the new boundary condition is:
~ Id —1Id
b= ( 0o O > !

we obtain then the following equivalent reformulation of the hyperbolic-
parabolic viscous problem (2.1):

i€ =f, {z >0},
(2.2) L] p—o = 0,
ff‘t<0 == 0
where
Ho=0+ Y Aj0j+ Agde —c Y 0i(Bjr0k.);
j=1 1<j,k<N

we will also note

gl

d—1
=0+ Y A0 + A0y
j=1
We construct an approximate solution of equation (2.2) along the fol-
lowing ansatz:

M
~ T
(23) upr(t7yax) e ZUH <tay>$7 g) e”,



Un(ta Y, x, Z) = Qn(ta Y, .’E) + Uz(t) Y, x, Z)
with U,, € H®((0,T) x R xR* ) and U;: € e 2H>°((0,T) x R4~1 x R,
R*), for some § > 0. Note that, due to our previous change of unknowns

we have U,,(t,y,r) € R*N and U}(t,y,z, 2z) € R?". Moreover, we will note

_ ([ Uity ) _( Uit(ty,,2)
Qn(tvyvx) - < Q;(t, y,l’) ’ Un(tvyaxaz) - U;;*(t,y,x,z) .
Plugging our asymptotic expansion (2.3) into the doubled problem (2.2)

we get the following profiles equations: to begin with, U satisfies the fol-
lowing ODE in z :

Ag(t,y,2)0,U5 — Baalt,y, x)02Us =0,

Ug+’(z,z):0 - Ug_‘(z,x)zo = - (%L’:czo - Qa’z:(])
0ZUS‘+|(ZJ):O + 8ZU8<7|(z,ac):0 = 0.

Denote Gy = Bgcllfld, the profile Ug writes then:

Uyt y,x,z) = eéd(t’y’x)zUa‘(t,y,w 0)

Going back to the transmission conditions satisfied by Uj, we obtain that
Ul (z2,2)=0 satisfies the relations:

U(akﬂ(z,m):O - U8<7|(z z)=0 = —oo(t, ),

G(—;(t, Y, O)U(>)k+‘(z z)=0 — Gd (t Y, O)Ug_|(z,x):0 =0,

U5 l(zay=0 € B~ (G (£,9,0)) .

Us ™ l(za)=0 € E4 (G (t,9,0)),

where og := Q(ﬂx:o —Ug |e=0, and GT .= gallAf. This algebraic problem
is well-posed for a fixed oy iff it satisfies, for all (t,7) € (0,T) x R4L:

UO(tv y) € Z(ta y)v
with the linear subspace X defined by:

= (G le=0) ™" = (G7la=0) ") (B (Gflo=o) [V E+ (G lo=0) ) -

The equation giving U has a unique solution iff

[UGE (G5 (t,5,0) By (G (t,9,0)) , (GF (t,9,0) = G5 (t,5,0)) v

11



which is equivalent to:
dim ¥ = dim E_(G] |z=0) [ E+ (G} e=0)-

This property results from our assumptions, as we will prove now. As we
shall see below, due to the Uniform Evans Condition holding, one gets:

dm¥ =N —dimE_ (4] |,—0) — dimE (4] |,—0).

Since A |z—o and A;r|x:0 are nonsingular, dimE_ (A} |,—0) = N—dimE, (A, |z=0)
and dimE (A} |,—0) = N — dimE_ (A} |,—o). Plus, by Lemma 2.7, we have

dmE_ (G} |s=0) = dimE_ (A} |s—0) and dim E (G |z=0) = dimE (4] |,—0)-

We obtain thus:

N +dim¥ = dimE; (G} |,=0) + dimE_ (G} |s=0).

Thanks to our transversality assumption stated in Assumption 2.6, there
holds:

dim By (G |e=0) +dimE_(GJ |2=0) = N+dim E_(G]|z=0) [ |E+(Gy le=0)-
This ends the proof of:
dim Y = dim E_ (G |s=0) [ | E+(Gy ls=0)-

We must however know o(t,y) € X(¢,y) in order to obtain Uj.
oo is deduced from the computation of the profile U, which is solution of
the following mixed hyperbolic problem:

ﬂgo = f~, {x > 0},
(2.4) Ud |lo=0 — Ug lo=0 € %,
Uglt<o =0

We will now sketch a proof of the well-posedness of this equation. Some
elements of it will be proved afterwards, in another subsection.
The function U, is also solution of the mixed hyperbolic problem:

HU, = f, {z >0},
U, |1=0 = 0,
Q0|t<0 = 07

12



where T'f denotes a linear operator such that:

U*+ 2,2)= * *—
ker 7 = Clty) = {( U%_Iiz;;:g > : UO+ (z,2)=0 — Uy |(z,x)=0 € 2} )

note that C is the stable manifold for the dynamical system Uj is solution
of. The Uniform Lopatinski Condition means that there is C' > 0, such that,
for all (¢,y) € (0,T) x R and ¢ with v > 0, there holds:

det(Ey(Aly—o-), E-(Al,=0+))) = C >0,

where we recall that:
A(t,y, 25¢) == —(Ad) " (t,y, ) | (i + ) Ao(t,y, 2 ZZm (t,y, @

In particular, taking v = 1 and (7,7) = 0, it induces that:

E- (A7 lomo) B+ (A] lmo) = {0}.

We will prove in section 2.5 that this Uniform Lopatinski Condition
holds. It is a result very similar to the one of Rousset in [14], established
in the nonlinear framework, which states that the Uniform Lopatinski Con-
dition holds for the limiting hyperbolic problem as the consequence of the
Uniform Evans condition holding for the parabolic, viscously perturbed,
problem. We underline that, in our case, our transversality assumption is
necessary in order to prove this result.

Remark that the Uniform Lopatinski Condition holds iff there is C' > 0 such
that, for all (¢,) € (0,7) x R and ¢ with v > 0, there holds:

det (B4 (Alu=g-) D E-(Al,=g)(t,9,0), (1)) = C > 0.

It implies that dim¥ = N —dimE_(A|,_o+) — dim E; (A|,—¢- ). Due to our
hyperbolicity assumption, dimE_ (A|,—¢+) = dimE4 (A |,—=0) and dimE (4] ,—o-) =
dimE_ (A} |,=0). Hence dim¥ = N — dimE_ (A} [,=) — dimE; (A} |,—0).
Remark that, in the case of a 1-D problem with a piecewise constant coeffi-
cient, equal to A* on {£x > 0}, taking B = Id as the viscosity tensor, the
Uniform Lopatinski Condition writes:

(A PE (AN Pz =R

13



For the sake of completeness, we will now show that the construction of
the profiles can go on at any order. Let us assume the profiles up to order
n — 1, with n < M, have been computed. We will now proceed with the
construction of the profiles U,, and U,;.

To begin with, U satisfies the ODE in z :

Aq(t,y,2)0.U;; — Bya(t,y, z)02U;; = ¢},

Unz0)=0 = Un " lzy=0 = —on := — (U |e=0 — Uy, la=0)

aZU:Jr’(z,x):O + BZU:_|(z,x):O = - (8$sz_—1|27=0 + (%«Q;_l’mzo) )
with

d—1 d
©f = —9U’ | — ZAjé?jU:_l + Zaj(Bj,dazU;—ﬁ
j=1 J=1

d
+ 3 0:(BaxdhUp_y) + Y, 0;(BjrdUs_s).
k=1 jik<d
As a consequence, there is v} € e *H>°((0,T) x R¥1 x R* x R%) such
that:

Un(t,y, @, 2) = 940002 (U g — vi]oo) + 05 (ty, 2, 2).

Some more computations show that the ODE giving U~ is well-posed for
fixed o, provided that o,, belongs to 3,,, where X, is an affine space directed
by 3. More precisely, ¥, writes:

Yn=qn+,
with ¢, € H®((0,T) x RI1).

U,, is then solution of the mixed hyperbolic problem satisfying a Uniform

Lopatinski Condition:
HU, = Y 0i(BjsdhlU, 1), {x>0},

1<j,k<d
Q;Hx:O - Q;’xzo € Zna

Indeed, there is r, € H*((0,T) x R%1), such that the problem writes as
well:

HU, = Y 0i(BjsdhlU, 1), {x>0},

1<j,k<d
H H
Qn|t<0 = 0

14



on € Xy, is deduced from this equation and thus U} can now be computed.

2.3 Stability Analysis and Main Result.

3 3

The error equation writes, for w® = ug,, — u®:
HEwE = gMRE,
(2.5) .
w|t<o = 0.

Our goal here is to prove that the error w® converges towards zero as the
viscosity vanishes. To be more precise we will prove some uniform energy es-
timates in L? norm. The proof of these stability estimates is almost the same
as the ones performed in [11]. In [10], Métivier gives a simplified version of
the proof for constant coefficients. Assuming the coefficients are constant,
the energy estimates can then be proved by performing a tangential Laplace-
Fourier transform of the problem. In this special case, the symmetrizers are
Fourier Multipliers hence avoiding the need of any pseudodifferential calcu-
lus. Moreover, we emphasize that the analysis of the stability of the problem
for frozen coefficients is a crucial step in the proof of more general energy
estimates.

For our part, some elements of proof have to be given since our assump-
tions differ of the ones in [10] or in [11]. In order to shorten a not so original
proof, we will rather focus on showing that the scheme of proof exposed in
[11] works for our present problem. We will proceed to do so on a very simpli-
fied example. In the process, we will reinvestigate the link existing between
the Uniform Evans Condition holding and the construction of Kreiss-type
symmetrizers.

Our proof will be performed in the 1-D framework, for piecewise constant
coefficients and for a viscosity tensor B = Id. Rather than giving a proof
more simple but also more specific to our example, we aim at giving an
easily generalized proof, which, even if exposed differently, relates clearly to
[10], [11] and [7].

Note that a similar proof of stability can be proved in the multi-D frame-
work thanks to the Theorem 2.12, which states the existence of a low fre-
quency symmetrizer ([10]), be it for 1-D or multi-D systems. Remark that,
in our special case, no glancing modes (i.e eigenvalues which becomes, after
a rescaling focused on a neighborhood of { = 0, purely imaginary and not
semi-simple) appear, which makes the proof of Theorem 2.12 become a lot
easier to perform.
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These stability results can also be proved for multi-D systems with piece-
wise smooth coefficients, constant outside a compact set, through the use of
pseudodifferential calculus.

Let us now state the results obtained under our initial assumptions:
choosing M big enough, we get:

Theorem 2.8 (Stability). There is C > 0 such that, for all0 < & < 1, there
holds

[u® — ugppll L2 (0,1 xre) < Ce.

Let u be u := uT1,>0 + u~ 1,<0, where (u™,u™) is the unique solution
of the well-posed transmission problem:
HYut = f7, {z > 0},
(2.6) Hu =f", {z > 0},
Ut |pm0 — U Ja=0 € %,
utlico =0, u |t<o=0.

We obtain then the following convergence result, which is our main result:

Theorem 2.9 (Convergence). There is C > 0 such that, for all0 < e < 1,
there holds:

[u® — ull 20,7y xre) < Ce.
2.4 Simplified proof of stability estimates.

We will prove stability estimates for the following viscous system in one
space dimension:

Ous + A(x)0puf — ed*uf = f,  (t,x) € (0,T) x Qr,

u|t<o = 0.
where the coefficient A is assumed piecewise constant, equal to AT on {z >

0} and equal to A~ on {x < 0}. We still make the same assumptions as
before on this system. We have constructed

Ugpyy = uzzp(t, T)1z0 + Ugyy(t, =) 1z<o
such that, if we denote w® = ug,, — u®, there holds:

{ s + A(x) 0w — ed?w® = MRS, (t,2) € Qr,

w0 = 0.
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where Q7 = (0,7) x R, R® belongs to H>*((0,T) x R*) and vanishes in the
past. Since our method of estimation comes from pseudodifferential calculus,
we have to perform a tangential Fourier-Laplace transform of the problem.
To this aim, it is necessary to extend the definition of our error, in order
for it to be defined for all time ¢t € R. We denote by R®, R® extended by 0
outside (—o0,T') x R. Let us now proceed with the extension of our error to
t > T. We call by @w® the unique solution of:

(2.7) {W —ed2if =MR,  (tz) eRxR,

W |<0 = 0.

Note well that the restriction of @w® to Qp is w®. For the sake of simplicity,
we will still denote @° [resp R'] by w® [resp R¢] in what follows.

We now come back to our error equation (2.7). To begin with, let us rewrite
the problem (2.7) in a convenient form. w*® is solution of:

dw 4 A(z)0,w® — ed*w® = eMR?, (t,z) € R x R,

Let v stand for a positive parameter. We denote then by @°* := F (e vwF)
and R+ := F(e " R°*), where F stands for the tangential Fourier trans-
form (with respect to t) and the + superscripts indicates restrictions to
{xz > 0}, we have then:

(it + )t + AT 00T — Pt = MR, {z >0},
(i + )" + A7, — 020" = MR, {x <0},

wEJr‘x:O - w€7|a::0 - 07

et | 3= — Op 0 |z=0 = 0.

(2.8)

Remark that, by taking v big enough, the restrictions of the solution w® of
(2.7) to {£2 > 0} are given by:

wa:l: — @th_l(wsi%
where (w",w™) are the solutions of the transmission problem (2.8).

ws:ﬁ:

Taking We* (it + v,2) = , we have then:

Dyt
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¢ R Nis 0 %Id wet 0
0 Wet = = +
02t (it +7) L4* g0yt eMRet
Dph®~ 0 11d W 0
O, W™ = = +
0%~ (it +7v) 14- €0, W™ eMpe-
\ W€+|x:0 - W€_|x:0 =0.

We note ¢ = (7,7) and { = (e7, ey). Multiplying the previous equation by &
gives:

W — AT OWEr =Gt {2 >0},

(2.9) W — A~ (W =G, {2<0},
Wt |20 = W& =0,

> 0 Id 0
+ _ + _ .
where A*(() = <(i7~'+7y)ld Ai> and G = <€M+1R€i>,andz
stands for the fast variable Z. Note that the first energy estimates to be
proved will concern this equation.

2.4.1 Proof of the error estimate by symmetrizers

We will now show how, thanks to the Uniform Evans condition holding,
stability estimates can be proved by symmetrizers for the three different
regimes of frequency: low, medium and high. In the construction of sym-
metrizers, for the sake of simplicity, we will drop the tildes in our notations
and only introduce them back when needed.

An error estimate for medium frequencies

For 1 < || < 2, we will prove here Proposition 2.10. Denote A =—A-,
We™ := W (t,—2) and G~ = G~ (t, —z), W™ satisfies then the following
ODE in z: -

{aZWE — AW =G, {z>0},

lim W&~ =0.

zZ—00
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It implies that W*~|,—o belongs to the stable manifold:
W™ = q;\z:o +E_ (Ai‘z:O) s

where ¢,, is a bounded solution of the above ODE. Even if ¢, can be chosen
in several ways, the space W*™ is uniquely defined.
In addition, W¢™T is solution of:

O,WEr —ATWET =GT, {2z >0},
lim W&t = 0.

Z— 00

Therefore WeT|,_g belongs to the stable manifold:
Ws+ = q;Hz:O +E_ (A+‘z:0) .

We have
CN =E_(AY)PE,(AT).

The projectors associated to this decomposition will respectively be II;” and
II7. Under our structure assumptions, as in [10], there is two hermitian
symmetric, uniformly bounded, matrices S;” and S such that:

e There is C' > 0 such that, for all ¢ € E4(A™),
(ReSTAYq,q) > Clgl?,
and, for all ¢ € E_(A™),
—(ReSy A%q,q) > Clg*.
e There is ¢ > 0 and ¢; > 0 such that:
I < S <of TP, O O < 57 < o ;I
Note well that neither the Uniform Evans condition, nor our boundary con-

ditions intervene in the proof of this result. In what follows, x will always
denote a positive parameter. We define then S; by

S: = /{Sf -5

We will prove further that, provided that we choose k large enough, St is a
suitable Kreiss-type symmetrizer for our system if the Uniform Evans Con-
dition hold. For now, we have constructed a hermitian symmetric, uniformly
bounded matrix S,j and there is ¢1 x, > 0 such that:

2ReSTAT > ¢, 1d.
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As we will see, our stability condition will play a role in the control of
the traces WeT|,—g and W°™|,—o, which is the crucial step in the proof of
our energy estimates. Those traces are linked together by the relations:
Wet |0 = W& |.—0, with WeT|,o € W5 and W*° ™ |,—o € W*~. Remark
that there is uniqueness for the traces We*|,—g = W |,—, satisfying the
above relations, iff:

E_ (A%|mo) (VE- (A7 1e0) = {0},

which is equivalent, for the range of frequencies we are presently considering,
to our Uniform Evans Condition.

We perform an analogous construction of a potential symmetrizer for
We~. The projectors associated to the decomposition:

CN=E_(A")EPE,A")

will respectively be 11, and H;r.
Under our structure assumptions, as in [10], there is two hermitian sym-
metric, uniformly bounded, matrices S;r and S, such that:

e There is C' > 0 such that, for all ¢ € E; (A7),
(ReS§A™q,q) > Clqf,
and, for all g € E_ (A‘),
—(ReS; A7q,9) > Clg|*.
e There is c; > 0 and ¢, > 0 such that:
Iy < Sy <y IS, I, < Sy < eI, 105 .
Like before, neither our stability condition, nor our boundary conditions

intervene here. We define then S, by

Sy = rSS — S5

K

The so constructed matrix S, is hermitian symmetric, uniformly bounded
and satisfies, for some ¢, > 0 :

2ReS, A~ > co i 1d.
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We recall that Wet|,_g = W& |,—¢ = g. For the sake of clarity, we will
drop the x subscripts. Let us now prove our energy estimates.

0 d d
—<S+W5+\ZO,WE+\zO>:/ <5+WE+,W€+>+<S+WE+,WE+> dz
0 dz dz
_ / (2ReSTATWE W) dz + / <2§Res+é+,W5+> dz
0 0
thus

cl/ (Wt Wet) dz < —(STWT |, Wt o)+
0

/00 <2§Re$+é+, WE+> dz
0

1
Denoting by |lu| := ||uHL2(R*+) = (fy"(u,u) dz)?, we obtain then that there
are ¢; > 0 and C] > 0 such that:

AIWEr|2 < — (STWH o, W o) + C}|ReSTGT|2.
Performing the same steps once again, we get that:
HIWET|* < = (ST om0, W |a=0) + G5 ReS™ G|
Taking ¢ = min(c}, c,), and C = min(C1, C%), we get then:
AW 2oy + (ST +S87)g,9) <C (\|§Re$+é+||2 + ||§Res—é—||2) :

Proposition 2.10. For x large enough, there is § > 0 such that, for all
q€ C2N, there holds:

(2.10) (8¢ +8:)v0) 2 (¢ 9)-

Moreover, there is ¢, 6 and C positive such that, for all 0 < & < 1, we have:
(2.11) cllWeZey + 0IWe=0l* < ClIGI2(gy.

Proof. As a preliminary, we have the next lemma;:

Lemma 2.11. Suppose the uniform FEvans condition satisfied, then, for all
I¢| # 0 and for all ¢ € C2N, we have either ¢ = 0 or HT(C)Q # 0 or

I3 (¢)g # 0.
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Proof.  Indeed, fixing ¢ # 0, if there exists ¢ # 0 such that Hf, =0 or
H;g =0, we get:
I (g) =15 (9) = ¢

As a result ¢ is nonzero and belongs to E_(A™) (E4 (A™), which contradicts
our stability assumption. a

For ¢ = 0, the inequality is trivially satisfied. For q € C?V such that
Hfg # 0, taking  large enough gives the result. Notice that, for ¢ € c2N
with H; q # 0, taking x large enough also leads to the result. Now Lemma
2.11 states that either ¢ = 0, either Hfg # 0 or H;g # 0, which achieves
the proof of the first part of Proposition 2.10, using the inequality (2.10), it
follows that:

clWe 22y + 0IWe=of* < C (||%€S+G+”%2(R+) + ||§R€S—Q_H%2(Rf)> ;

thus leading to the estimate (2.11).

An error estimate for high frequencies
Wt AT
1 8Zw€+ )

. A
Y e )

then, for A big enough, our problem is transformed in the study, for { €
{I<] = 1} U{y > 0} of the same equations than for medium frequencies,
this time with unknown (wj",w]") instead of (W&+, W=~). We note w§ =
w’i+1x>0 + wi 1;<0. We obtain, the same way as for medium frequencies,
that there are ¢, > 0 and J;, > 0 such that for for all |[(| > 2 and for all
0 < e < 1, there holds:

Denote by

and

(212)  enllwlFeqm) + O [wilomol® < C (| ReSTGHP + |ReS™G2).

An error estimate for low frequencies

For low frequencies, the study becomes much more delicate since some
eigenvalues of A* does not stay away from the imaginary axis, asymptot-
ically when ¢ tends to zero. As a result, the spectral projectors on the
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negative or positive eigenspaces of AT and A~, which are needed in the
construction of the symmetrizers are no longer well-defined. Hence, an ap-
propriate rescaling has to be introduced for ¢ in a neighborhood of zero, the
important linear subspaces to consider are then the positive and negative
spaces of the rescaled versions of AT and A~. After rescaling, the spectral
projectors on these spaces become perfectly well-defined, for 72 + 42 = 1
and ¥ > 0, where 7 = l‘ and ¥ = ﬁ are the frequencies rescaled for a low
frequency analysis. A logical idea would be to prove a continuous extension
of these linear subspaces to {¥ = 0}, in order to help with the construction
of a low frequency symmetrizers. However, what happens is the converse,
since the fact that those linear subspaces extends continuously to {¥ = 0}
is a consequence of the construction of a Kreiss-type symmetrizer for low
frequencies as defined by Theorem 2.12. This is shown in [12].

Let us now give a brief overview of the low frequency analysis of the prob-
lem. By a suitable change of basis, the matrix A* becomes block diagonal.
Constructing a symmetrizer for A* reduces to the construction of a sym-
metrizer for each diagonal blocks. We group together the eigenvalues which
do not come near the imaginary axis, forming what we will call the parabolic
block. For this block, our treatment does not differ from the one previously
described for medium frequencies. The other eigenvalues can be grouped
together in the hyperbolic block. As explained in the beginning of this sec-
tion, the construction of the symmetrizers for this hyperbolic block needs a
specific approach. For 1-D systems, which is our present case, the construc-
tion of a low frequency symmetrizer is rather easy since all the eigenvalues
in the hyperbolic block are strictly hyperbolic, which means that, even if
they do cross the imaginary axis, they remain semi-simple. In general, for
multi-D systems, glancing modes, that is to say purely imaginary, non semi-
simple eigenvalues also do appear. Those need an elaborate analysis. For
those part of the analysis, we can rely on Theorem 2.12 proved for instance
in [10]. Indeed, compared to the problems studied in [10], we make the
same structure assumptions (hyperbolicity, parabolicity and hyperbolicity-
parabolicity), even though, our boundary conditions, and therefore the ex-
pression of our Uniform Evans Condition differs. As a consequence, the
results of [10], proved by using only the structure assumptions, also holds
here. It is in particular the case of Theorem 2.12.

WeT and We™ satisfying almost the same equations, we will mostly

describe the proof of the energy estimates involving We*. Let us introduce
some notations and some important properties involved in the low frequency
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study of the hyperbolic part. Using polar coordinates, we define:
pi=|T+il.

There is a nonsingular N x N matrix v and two N x N matrices H' and
P*, such that:

- b (HTQO 0
vh) 1A+y+_A;._< 0 P*(C))’

with the eigenvalues of PT staying away from he imaginary axis and the
eigenvalues of Ht vanishing for |(| = 0. Indeed, A* has got exactly N
hyperbolic eigenvalues and N parabolic eigenvalues as proved for instance
in [6]. In order to symmetrize properly H*, we introduce the polar rescaling:

¢ =pC=p(F.7),
we have thus |¢| = 1. The rescaled version of H+, H* is then given by:
H*(Q) = pH*((p)-

Hence, W5 = (v7)"1WeT satisfies the equation:

OWsT — AFWST = (v)7IGT, {2z >0},

Wstl.co= (") lg:=gq,
The symmetrizer for this problem will then be constructed by block, as
follows: S

St ( pSH (¢ p) 0 )
: 0 Sp(Q)

The symmetrizer of P, S;.F will not be detailed here since it is the exact
analogous of the symmetrizer for medium frequencies.
For the hyperbolic part, we have:

H*(C,0) = = (if +7)(A7) 7"

For p > C > 0, H" has exactly N1+ eigenvalues with positive real part and
N7 eigenvalues with negative real part while P™ has exactly N; eigenvalues
with positive real part and N1+ eigenvalues with negative real part. For
p > C >0, we can construct S;(¢) := pS; (¢, p) the same way (we have the
same qualitative behavior as for the medium frequencies previously treated).
Under our assumptions, the following result, asserting that we can construct
S}'}(f, p), for ({, p) in a neighborhood of ((p,0) has been proved in [10]:

24



Theorem 2.12. For all {|C| = 1} {5 > 0}, there are two linear subspaces
Ef and F] of constant dimension satisfying:

(2.13) cN =Ff PF;,

with dim(F}) = Ny, dim(Ey) = Ny, and such that for all k1 > 1 there
exists a neighborhood & of (C,0) in R? xR, a C* mapping SIJ; from w to the
space of N x N matrices, and a constant ¢ > 0 such that for all (¢, p) € @,

SH(C.p) = (85Cp)

or all h € CN, denoting by IIT and II; the projectors associated to the
g 0y 1l 1 proj
decomposition (214) 0? (CN :

(85 (Cp)h ) = ma[If R — | Af?
and, for all ({,p) € @, with p>0 and 5> 0 :
2Re (SF(C, p)H(C, p)h, h) = e + p) |
Note that we have the analogous Theorem for W*°™ :

Theorem 2.13. For all {|¢| = 1} U{¥ > 0}, there are two linear subspaces
Fy and F; of constant dimension satisfying:

(2.14) cV =F; PF,,

with dim(Fy) = Ny, dim(F,) = N, , and such that for all ky > 1 there
exists a neighborhood & of (¢,0) in R? xR, a C*° mapping Sy from @ to the
space of N x N matrices, and a constant ¢ > 0 such that for all (C,p) € @,

S p) = (Sx(lin)”
for all h € CN, denoting by H; and 115 the projectors associated to the
decomposition (2.14) of CV .

(85(C,p)hh) > k| LS B — [Ty hf?
and, for all (,p) € @, with p>0 and 5 >0 :
2Re (S5 (¢, p)H™(C, p)h, h) > c(5 + p)|h|?

We just expose here as a remark an important property linked to our current
analysis.
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Remark 2.14. Let HT (¢, p) be given by:
H¥(¢,p) = HY(C, p)-

There exists et (1,7, &, p) polynomial in & with smooth coefficients in (1,7, p)
such that:

det ((it + ) Id + i€AT + pId) = €™ (1,7, &, p)det (ié1d — H* (1,7, p))

and et (7,7,£,0) # 0. This shows the important link, for p = 0, existing
between the spectral study of H' and the spectral study of the symbol of the
hyperbolic part of our equation.

For p > 0, we have, for all h € CN.
2WRe(SH P, ) = o3+ p)|
As a result, For p > 0, we can construct S; satisfying:
2Re(S;"ATh, h) > c(y + p?)|h|%.

Mimicking what has been done for medium frequencies, after choosing for
all 0 < X\ < 2¢(7y + p?), we get that, for all vy > 0, the following estimate
holds:

A 2 ~
(v 4%) = 5 ) I I+ (W5 o W5 o) < [ SG P

Therefore, there are ¢; > 0 and C; > 0 such that:

Cy =
cr(y + P)IWSTI? + (S W5 F om0, W5 la=0) < ,Y+pQHReS+G+||2-

Adopting symmetric notations for W5~ and adding the two estimates
gives that there are ¢ > 0 and C' > 0, such that, for all v > 0, there holds:

_ C ~ A
C(’Y+02)”W26||%2(R)+<(5fr +§ )Q2,Q2> < Tx 2 (||R€5+G+||2 + [|[ReS™G ||2> :

Proposition 2.15. For all g € C2N | there is 6 > 0, &' > 0 and a set of two
symmetrizers Sl+ and S; such that:

(S +87) a:9) = min(pd',6) (g, q) -
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Proof.  Denote by gy the N first coordinates of ¢ and by gp the N last
ones. We have then:

(SF+87)a.9) = p((Sh +Sy) am.am) + ((Sp + Sp) ar,ap)

The uniform Evans condition being satisfied, we get immediately the analo-
gous of Proposition 2.10 for the parabolic part: there are two symmetrizers
Sj;, Sp and a positive constant § such that for all gp € CY, there holds:

((SH+Sp) ar.ar) > 6 (ap,qp) -

For p > C > 0, we obtain the same way that there is a positive constant ¢’
such that, for all gz € CV,

p((Sf +Sy) au.au) > & {qu, au) -

Hence, for p > C' > 0, there holds:

(S +87) a.q) = min(¢',6) (¢,9) -

This inequality is true provided that the Evans Condition holds, even if it
is not uniformly. For p > C' > 0, due to our stability assumption holding,
we had the following decomposition of C :

CN=E_(H")EPE_(H).
Remark that, for all p > 0, E_(H*) = E_(H*") and E.(H~) = E, (H").
Moreover we had:

C¥=E_ (H")PE(H") =E_(H ) PE.(H).

For the frequencies in a neighborhood of zero, let us prove our result. By
Theorem 2.12 and 2.13, we have: CN =F; @F;, and CV =F, @F; . For
fixed p > 0, and (,%) such that #2 + 42 = 1 with ¥ > 0, thanks to the
Evans Condition holding, we have:

CN=E_(H")EPE_(H).

As a corollary of Theorem 2.12 and Theorem 2.13, as proven in [12] and
[10], the vector bundles E_(H1)(¢, p) and E_(H~)((, p), defined for ¢ such
that || = 1, with ¥ > 0 and p > 0, extends continuously to p = 0. As
a matter of fact, these continuous extensions are the previously introduced
linear subspaces F; and F, . Since the Evans Condition holds uniformly,
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and the extensions of E_(H ™) to F| and of E_(H~) to F, are continuous,

we have then:
Fy (F; = {0},

and therefore F; @F, = CV
As a result, for all g € CV, either gy = 0, or ﬂqu #0 or ﬂ;qH # 0.
Moreover, by construction of S?_EI :

(SH(C, p)am, qu) > k1O qu > — Oy qul?,

(S7(C,p)am, qu) > kolllf qu|® — |5 qu .

For g = 0, the awaited inequality trivially holds. If it is not the case, since

either quH # 0 or ﬂ;qH # 0, we obtain the desired result by choosing the

two positive parameters k1 and ko large enough. a
We get then the following estimate:

Proposition 2.16. There are 6 > 0, ¢ > 0 and C > 0 such that, for all
nonzero frequencies, there holds:

(2.15) c(v + P*)IW5 |72y + 0pIWs lo=of* < G112 ) -

v+
Note that this estimate needs that either v > 0 or p > 0 to properly control
our error. This shows the need to introduce the weight e~ with v > 0.

The main error estimate

In the previous chapters, we have obtained three energy estimates, each
concerning a different regime of frequencies. We recall that the frequencies
were respectively divided in 5 < 1 for the low frequencies, 1 < 5 < 2 for
the medium frequencies and f > 2 for the high frequencies. In a first step,
we will rewrite our estimates (all the positive constants will be take equal
to one) for the different regimes of frequencies, this time for the original
variables z and ( instead of z and {N . To begin with, let us redefine here the
notations ||.|| and [.| as follows:

”f(T,CE)H2 = /_OO /_OO (f(r,z), f(1,2)) dx dT

and



We will integrate the previous estimations between —oo and oo with respect
to 7. There is Cy, > 0 such that, for all 1 < |e(| < 2, the energy estimate
writes:

143 gy + 21007 22 gy + [0 amol? + 210007 ol < Crne®™
There is Cj, > 0 such that, for all || > 2, the following estimate holds:

(1+em? + 7?10 2wy + €2 (1009 |72y

+ (1 + 57'2 + 5’}/2)|w6|x:0‘2 + 62|8:1:UA)€|9620|2 < Ch52M'

There is C; > 0 such that, for all || < 1, there holds:

C
2 2 ~E 12 2 ~E 12 ~ 2 2 A 2 2M
(ev+ep7) (HWEHLQ(R) +e Ha:vngm(R)) +ep (|0F[o=o® + €105 |2=0|*) < Pyl
and thus:
(2.16)

. . . . Ci am—
(v +ep?) (HMEH%Q(R) + EHawaH%%R)) + p ([0 |a=0|” + €] 0210 [2=0[?) < 752M ’.

Note that the estimates we proved for low frequencies were for the unknown
W;3. We explain here briefly how to come back to estimates on We. Wfi are
deduced from W€ by a change of basis described by v*. There holds:

n Id (A*)~'B
=0 1

v and v~ are continuous in ¢. Thus, recalling that Wt = v W5T [resp
We— = V“‘VNVQH], both Wet and W2€+ satisfy estimates with coefficients of
the same scale in € and ¢. Thus, adjusting the symmetrizers to match the
constants allows to obtain the low frequency estimate (2.16).

We have to keep in mind ¢ is destined to tend towards zero while looking
at our estimates.
Since w® is continuous through {z = 0}, w®|;=0 is well-defined. Let us write
the simplified estimates, not involving the traces on the boundary:
There is C' positive such that, for all 0 < € < 1, there holds:

. C u_
[0 L2 (m) < ;ﬁM .

where vy is a fixed positive parameter.
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Recalling that @° (7, z) := [*°_[e”"w® (¢, z)]e ™" dt, and using Plancherel’s

Theorem, we get the following result: there is C' positive independent of ¢
and -y, such that for all function w smooth with compact support satisfying
our error equation, there holds:

_ C -
lle™ " w® || L2 ((0.1)xR) < ;é‘M L

Therefore, since 7 is a positive parameter, by constructing our approximate
solution at an order M > 2, we obtain the following stability result:

Theorem 2.17. There is C' > 0 such that, for all 0 <e < 1:
w20,y xr) < Ce.

2.5 Proof of the Uniform Lopatinski condition holding for
the mixed hyperbolic problem (2.4).

We will now prove, by a detailed analysis of the Evans condition for low
frequency, that the Uniform Lopatinski condition holds for (2.4) thus proving
the well-posedness of the transmission problem (2.6).

0 Id
Aty 2;¢) = ( M(t,y,2;¢)  Alt,y, z;m) ) '

To begin with, let us fix the values of (¢,y,x) := (to,yo0, o) and study the
behavior of Ay(¢) := A(to, Yo, xo; ¢) for (] in a neighborhood of zero.

Lemma 2.18. There is a nonsingular matriz v(¢), smooth on a neighbor-
hood wq, of 0 such that:

/0 v = (T8 i) ) =

At ¢ =0, we have P(0) = B~ A4(to, vo, 70;0) and H(0) = 0.

I/(O) _ < Iod (Ad)_lB(;(c)lv yOaxO;O) > . g(c)

H(Q) is often referred to as the hyperbolic block since it satisfies, for ¢ € wy:

H(¢) = Alto, yo, z0; €) + O(I¢]).
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A proof of this Lemma can be found in [10]. Remark that:

E_(Ao(Q)) = v(QOE-(H(¢)) x E_(P(C)).
The Uniform Evans condition writes:
det (E—(AT[4=0),E4+ (A7 |z=0)) = C > 0.

When the two linear subspaces E_(A™|,—g) and E (A~ |,—0) extends contin-
uously to ¢ # 0 with v > 0, and if we denote by E_ (AT|,—0) and E (A~ |,—o)
the extended spaces, the Uniform Evans Condition consists in asking, for all
¢ # 0 that:

E_ (A" |,—0) [\ E+ (A |om0) = {0}.

Such extensions do exist in our case. Indeed in [12], Métivier and Zumbrun
proves that, under our assumptions, the following result holds, as a direct
consequence of the construction of a Kreiss-type Symmetrizer. Let us denote
p = ||, we have then that ¢ = p{. We have then the following result:

Theorem 2.19. The linear bundle E(t,y, ¢, p) := E_(t,y, pC) has a contin-
uous extension to p =0, v > 0.

The Uniform Evans being satisfied for low frequencies, it implies that:
’det (y+ (fE,(Aﬂx:O) X E,(pmzo)) s <I~E+(A_|m:0) X E+(P_|m:0)))’ >0 > 0.
where, for |(] in a neighborhood of zero:

+y-1 .
Vi(t,y;g) — ( Iod (Ad> B??l(t,y,(),() > +O(|C|)

Let Do denote the following determinant:
det (1*lezo (B- (A¥|a=0) X E-(P*lom0c=0) ) s~ lezo (B4 (A7 |a=0) % B4 (P lumoc=0)) )|
There is pg > 0 such that for all ¢ such that |(| = po, there holds:

D020>0.

where P£|c_g = B;éAj.

vt e=o (E_ (A=) X E_ (Pﬂx:o,g:o)) is the linear subset composed of the
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+ -
< er ) such that there are u'* € E_(A%*|,—o) and v'* € E_(B; jA}) such
that : .
u™ . ut + (Azlr)i Bd7d‘x:01jl+
vt - o't
The same way, v~ |¢=¢ (I~E+(A_|w:0) X E+(P_|x:0£:0)) is the linear subset

composed of the < Z_ ) such that there are u'~ € E; (A~ |,—) and

v'~ € E4(B;LA7) such that :

(. U+ (Al;)_l Bd,d‘z:O"Uli
v o v~

The low frequency Evans Condition rewrites then:

v le=0 (B4 (A7 la=0) X B4 (P~ Lazoc=0) ) [|#le=o (B~ (AT |o=0) X E-(P*|azo,c=0) ) = {0},

which is equivalent to the following property:
if there is A € C — {0} such that

Wt (G T T =AW+ (Gy) )
't =\

with 't € E_(A%*|,0), v € E_(BJA}), v/~ € E+(A™|,—0) and
VT € E+(B£(§A;), then this implies that vt = «'~ = o'T =¢'~ = 0. Easy
algebraic considerations proves this is true iff:

(GG ™ (B GHNEET)) D E- (AT |o=0) DB (A7 |=0) = V.
We recall ¥ denotes the space:
S = (BypA]) ™ = (BiiAD) ™) (B (B3 lemo) (VB4 (ByiA loo) ) -
Thus for all ¢ # 0, such that || < pg, we have:
E_ (AT |—0) PE (A |om0) P T = CV.

Since both of the tangential symbols AT |,—o and A~ |,—¢ are homogeneous
of order zero in (, this is equivalent to say that for all ( # 0, there holds:

E- (A o) D E(A7Lmo) T =,
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which is an equivalent expression of the Uniform Lopatinski Condition for

the mixed hyperbolic problem (2.2). Due to the hyperbolicity assumption,

we get moreover that dimE_(AT|,—¢) = dimE; (A} |,—) and dimE (A~ |,—) =
dimE_ (A |z=0)-

Remark 2.20. In the 1-D framework, the Uniform Lopatinski Condition

writes:
E(A))PE-(A;) P =R".

The role of our transversality Assumption, alongside the other structure as-
sumptions, is to guarantee ¥ has the suitable dimension. This Assumption
18 thus crucial since, if ¥ has not the right dimension, the limiting mized
hyperbolic problem has no chance of satisfying a Lopatinski Condition even
though its parabolic perturbation satisfies a Uniform Evans Condition.

3 An open scalar question: the scalar expansive
case.

For scalar hyperbolic problems of conservation laws with discontinuous co-
efficients, we saw in [5] that the expansive case was quite special to treat.
This section is devoted to the open analogous nonconservative problem. To
begin with, let us detail the current problematic: we have in mind to give a
sense to the Cauchy problem for the hyperbolic operator H = dyu+ a(x)d,u
where a is piecewise constant, equal to a™ on {z > 0} and equal to a~ on
{z <0}, witha™ >0and a~ <0:

(3.1) { Opu + a(x)dpu = f, z € R,

u|t=0 =h ’

where f € C§°((0,7) x R) and h € C§°(R). By opting for a viscous ap-
proach, we will see that a solution of the above problem can be obtained in
the vanishing viscosity limit. Moreover, our viscous approach successfully
select a unique solution. Our main result is stated in Theorem 3.2.

Let us now describe our approach. We consider the viscous hyperbolic-
parabolic problem:

(3.2)

O + a(x)0puf — edPu = f, z € R,
uli=0 = h
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The stability of problem (3.2) has to be established via Kreiss-type Sym-
metrizers, thus explaining that we assume the coeflicient to be piecewise
constant in order to avoid the use of pseudodifferential calculus. We prove
then a convergence result in L2((0,7) x R), stating that the solution u® of
(3.2) tends towards u, deduced from an asymptotic analysis of the problem.
More precisely, u is given by u := ugly>o + urlz<o, where (ug,ur) is the
unique solution of the following problem:

Otur + arOzur = fr, {z >0},
dwur, +ardyur, = fr,  {xr <0},
(3.3) UR|z=0 — UL|z=0 = 0,

OzuR|z=0 — Ozur|s=0 =0, Vt € (0,T),

UR|t=0 = hR,ur|t=0 = hr, ,

with fr [resp hpr] denoting the restriction of f [resp h] to {z > 0}, and
fr [resp hr] denoting the restriction of f [resp h] to {x < 0}. Note well
that u, deduced from this unusual, although well-posed, problem belongs
to C((0,T) x R)L2((0,T) x R). Indeed, as we shall prove below, the
restriction of u to the side {z < 0} is given by:

Owr +aplur = fr,  {o <0},
ur|e=0 = hr(0) + /Otf|x:0(s) ds, Vte (0,7).
urli=o0 = hr,

and the restriction of u to the side {z > 0} satisfies:
Owur + ardyur = fr,  {x >0},
wkleeo = ha(0) + /Ot Ffloco(s) ds, vt e (0,T),
uRlt=0 = hr

Remark that, in general, the corner compatibilities are not satisfied here,
and that u ¢ C([0,7] : H*(R)) Vs > 3 for example, even though the datas
f and h are smooth.

Remark 3.1. u is also given by:
t
u(t.) = hia) + [ ols.0) ds,
0
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where v := v 1,0+ vR1y>0 is the solution of the well-posed classical trans-
mission problem:

( Oyvr + arOyvR = O fr, {z > 0},

Owr, + ardyvr = O f1, {z < 0},

alRUR\x:o - alLUL!mzo = alRatbe::o - aath‘x:m
VR|z=0 — VL|z=0 = 0,

VRlt=0 = fr — arOzhr, vLli=0 = fL —ardzhr

This problem is labeled as classical since it is equivalent to a mized hyperbolic
problem satisfying a Uniform Lopatinski Condition.

As an illustration, let us compute u in the case where f = 0. We will
first introduce some notations. We denote for instance:

Q}f ={(t,x) € (0,T) x R*™ : x — apt > 0},

where the ”"L” stands for ”on left hand side of {z = 0}” and the + is related
to the sign of x — art. We define in the same manner: €1, QE and Q.

t

We get that, for all (¢,z) € Qf JQz U{z =0},
u(t,z) = h(0),

for all (t,z) € QF,
u(t,z) = hr(r — agt),

and for all (¢,2) € Q,

u(t,z) = hrp(x —art).
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This example shows clearly the discontinuity of d,u occurring across the
lines T'r = {(t,z) € (0,T) xRY, x—agrt=0}and 'y ={(t,x) € (0,T) x
R*, x —art = 0}. The following Theorem is our main result:

Theorem 3.2. There is C > 0 such that, for all 0 < € < 1, there holds:
[u® — ullz2¢0,7)xr) < Cé,
where u is the solution of (3.2).

Remark 3.3. The rate of convergence obtained here is better than the one
we had on the analogous conservative problem treated in [5]. This is directly
explained by a boundary layer analysis of the two problems, which shows
that, in [5], strong amplitude boundary layers forms, whereas in our present
case, only weak amplitude boundary layers form.

The proof of Theorem 3.2 is divided into two parts. First, we will con-
struct an approximate solution of (3.2) at any order. Then, we will show
that a Uniform Evans Condition holds for an equivalent problem, hence
yielding the desired stability estimates.

3.1 Construction of an approximate solution.

We shall begin by constructing an approximate solution of problem (3.2).
As a first step, we will reformulate problem (3.2) in an equivalent manner.
The restrictions of u® to {« > 0} and {« < 0}, denoted respectively by u7,
and u% satisfy the following transmission problem:

Ougy + apdyug — c02us; = fr, {z > 0},t € (0,7),

s + apdyus — ed*us = fr, {z <0},t € (0,7),
UR|z=0 — uglz=0 =0,

aacu‘}:ﬂ:p:(] - aQEUEL|I=0 = 07

u(}:{|t=0 = hRa

ugli=0 = hr,

Let us introduce Ly = 0; + ar0; — €0? and L = 0y + a0y — €02, We
perform the construction of the approximate solution separately on the four
domains €27, QJLF, Q+ and 2. . We will denote by uapp Lt the restriction of

Ugpp O Q+ and so on. Let us present the different profiles and their ansatz:

M

. r—art n
uappyL,+(t7x)_Z(ULn+(t ‘T)+ULn+( ﬁ>>827

n=0

36



where the profiles Uy ,, . belongs to H °°(€2}) and the characteristic bound-
ary layer profiles U§ , ., (¢,0r) belongs to e OLI > ((0,T) x R**), for some
6 > 0. We will take a smular ansatz for uapp L uipp, R— and uapp R+ Over
their respective domains. Let us explain the different steps of the construc-
tion of the approximate solution. We begin by constructing the underlined
profiles U,, in cascade; the boundary layer profiles U, are then computed
as a last step. We construct our profiles such that, for all fixed £ > 0, ug,,
belongs to C1((0,T) x R). In what follows, we will note:

Up;(t,z) :=Ug, (1, 95)1@@)69; +Up,-(t2)1; yeq

R

Next, we will write:

. r—agt) .. x —agt c T — art
R (t,x, \/E> =URr;+ <t7 \/§> 1(t,x)€QJ§+URJ7* <t7 7 1(t,m)€91§'

Note well that the dependence of Ug,;inzisa bit subtle. Actually, Uk,
piecewise constant with respect to x on each side of I'p, which explains that
(S} and Ug,i- have no direct dependency in z. Due to their particular
meaning, we prefer denoting the profiles Up ; and Uy ; by ugr and ur. Let
us note Hp the differential operator

Hp := 0 + ard,
and Pp the differential operator
Pgr :=0; + ardy — 83}2

We have

M+1
e . a:—aRt I T —art\ J
RuRapp y Ly == Z R,j 7 £, \/’ €2
’ 9

where
LR70 = Hgrupr + PRUI%,O:

LR,l = HRHR,I + PRUICQJ - 28189RU1C%70,
and, for 2 < j < M — 1, we get:

LR,j = HRHRJ + ,PRU]C{J — 81- (289RU]C%7]'_1 + 8CEHR,j—2 + axU]%L,j—Z) 5

Lry =PrUR pp — O (289RU]C%,M—1 + 0:Ugpr2+ 0:Uf pr2) s
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Lrari1 = =0z (200,Uf s + 0:Upg py—1 + :Uf ar1) -
Symmetrically, there holds:

x—art Ml x—art j
e € — ar —ay, J
L UL app (t,w, ) = Ly ; (t,x, ) €2
Ve ]Z:o Ve

where, for instance, Lz, 5 is given by:

Lis=HiUy o+ PLUS o — 0, (209, + dyur + 0,Uf )
with Hy, and and Py, defined by:
Hp =0t +ardy,
Pr =0+ a0, — 33L.

Plugging u7 ,,,, and u% .., in the problem (3.4) and identifying the terms
with the same scale in €, making then |07,| and |#r| tend to infinity, we obtain
the profiles equations satisfied by the underlined profiles. Let us begin by
writing the equations satisfied by QLJ- and QRJ forall0 < j < M —1.
Thanks to the transmission conditions we had on the viscous problem (3.4),
we get:

UL +|o=0 — UR —|z=0 = 0,
aqu,—o—‘:Jc:O - a:L"UR,—|36=O =0,

and thus (up,—,ur +) satisfies the following transmission problem:
atuR,— + aRaatuR,— = fR7—7 (t,l’) € Q]}?
Owur 4+ +ardpur + = fr4, (t,x) € QFf,

(3.5)
UL+ |z=0 — UR,—|2=0 = 0,

ax“L,—«—‘:r:O - aqu,—|.'E=0 =0

As a result, the profile ug _ is the unique solution of:
Oiur,— + arOyuR— = fr—, (t,z) € QF,
UR,—|z=0 = h(0) + /Otf|x:0(s) ds

and the profile uz, 1 is given by:
Owur + +ardyur + = fr+, (t,z) € QJLF,

t
ut slomo = 1(0) + [ flao(s) ds
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Proof. The first boundary condition of (3.5) gives: dyur, 4 |p=0 = Orur,—|z=0.
Using then the equation, we obtain:

1
azuR,f‘:p:O = — (fR,f|x:0 - atuR,f‘:p:O) s
aR

and
1

8:EUL,—4—|:v:0 = a (fL,—i—‘:r:O - a25“L,—i—|ac:0) .
Using the second boundary condition, we have thus
ar, (fle=0 — Otur,—|z=0) = ar (flz=0 — Orur +|z=0),

therefore
Our, +|z=0 = OuR,—|z=0 = fla=o0-

Hence, there holds:

t
UL +|a=0 = UR,—|a=0 = h(0) +/ fle=0(s) ds.
0

O
Moreover, as we could have forecasted, the profiles ug 4+ and ur, _ satisfy
the following well-posed hyperbolic problems:

{ atuR,—i- + aRaqu,—l- = fR,—H (ta .CL') € QE’

URlt=0 = hr
Owur,— +ardyur, = fr -, (t,z) € Qp,
urli=o = hr,

Since these equations are well-posed, the function w is now perfectly
defined. Let us go on with the construction of the next profiles. Up, and
U, are given by:

OUp,_ +ardUg, =0, (tz)eQy,
UL, 4 +ard; Uy, =0, (t,z) € QF,
Ui tle=0=Ugj le=0 =0
ThuS HL,I,—"- = O and HR,l,— = 0‘
{ OUpq+ +ard:Upgy . =0, (t,z) € QE,

ER717+|75:0 =0 ’
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8tHL,17_ + aLa:CQLJ,— = Oa (t,l’) € Qia
HL,l,f‘tZO =0

Hence Up, ; = 0 and Uy ; _ = 0. Actually, we see by induction that for

all n € N, we have Qﬁ o1+ = 0and Uy 9,19 1 = 0. On the other hand

for n € N*, the profiles Uy 5, 4 and Up,, + are given by the following
well-posed hyperbolic problems. The first equation we get is:

8Ing,Qn,— + aRaﬂUgR,Qn,— = aggRQn—Z—? (tv ‘/E) € Q]}?
O on 4 +arL0:Up o, = aﬂ%HL,Qn—2,+’ (t,x) € QF,
HR,2n,—|x:0 - HL72n,+|I=0 =0,

axER,2n7_|x:0 - azHL,2n,+|x:0 =0,

L HR,2n,f|t:0 =0, HL,2n,+|75:0 =0

The same way as before, we obtain that Up,, _ and Uy o, , are the
solutions of the following well-posed hyperbolic problems:

OUp o, +ar0:Up,, = aggRanQ,fv (t,z) € Qp,

t
2
QR,2n,—|x:0 :/0 8mHR,2n—2,—|IE=0($) ds

2
atHL’2n’+ + aLa%HLQ”H’ = OJTHL,Qn—Q,-‘r? (t’ l‘) € QJLrv
t
2
Upon,4 =0 :/o ;UL on—2,4|a=0(s) ds

Moreover, there holds:

2
{ athQn,Jr + aRaﬂCHR,2n,+ = amHR,anQ,Jr? (tv x) € Q+7

HR,ZH,-{-‘t:O =0 )

OUy on - +ar0:Up o, = aa%HL,Qn—Q,—a (t,z) € Qp,
HL,Qn,—|t=0 =0

In conclusion, all the profiles U,, are constructed by induction.
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We turn now to the construction of the boundary layer profiles Uf ; , (¢,0r)
and Uf, ; 4 (t,0r). We will use the relations imposed on the profiles by the
transmission conditions: [ug,,|r; = 0, [Orugy,lry = 0, [ug,lr, = 0, and

[Ozugyy|r, = 05 [ug,,|r, stands for the jump of ug,, through I'r defined, for

all t € (0,T) by:

. T — aprt . T — apt

€ € €

U t) := lim U t,x, ——— | — lim U t,x .

[ a,pp]FR( ) w—apto>ant PP ( ) \ﬁ > w—apto<ant PP\ \/g
R*),

uS_Ir, (1) is defined the same way. Because u¢, = belongs to C'((0,7") x
appll'L app
for all 0 < 5 < M, we have:

[Uf,ﬂL - _[HL,j]FL7
[Uk,jlr = —[Ug jlrs-
Let [Ug ;Ir, be given, for all t € (0,7, by:
Ug,lrs(t)= lim  Ug, (t,z)— lim Upg. (t,)

r—aprt,x>art r—aprt,x<aprt

and [Uf ;] be defined, for all t € (0,T)), by:

Uhala(t) = lm Up; . (108) - lim Uk (t.05)

To avoid writing the exact symmetric equations on {z > 0} and {z < 0}, let
us only proceed with the construction of the boundary layer profiles Ukj+
Referring to the computations above, for all 1 < j < M + 1, the following
quantity must not have any Dirac measure in it:

C 1 C
o) <89RUR,j—1 + 5(39:(HR,]'—2 + UR,j—Q))) ;

Our first boundary condition: [Uf ;]r = —[Up;|r,, ensures that, even if
0:(Up j_o + Ul'c%,j—Q) is, in general, discontinuous on I'g, it has no Dirac
Measure. 0;(0z(Up ;_o + Uf ;o)) is the derivative of such a function and
thus has a Dirac Measure. Let us describe this singularity: if we fix ¢t = g,
the Dirac measure forming is

([6xQR7j_2]|m=aRto + [afoZ,j—Q]R(tO)) 693:aRt07

where [w] |x:aRt0 = hmx—»aRto,x>aRto w — hmw—>a3to,x<a3to w.
On the other hand, if 9y, Ufijfl is discontinuous through I'g, 0, (893 U}%,jq)

has a Dirac measure given, for ¢t = tg by:

[aGR U}C%,j—l]R 590:&1#0 .

41



In order to ensure the sum of the two Dirac measure vanishes, the second
boundary condition we get is that, Vt € (0,7T) :

00Uy Jr(t) = —5 (0Tl (8) + [0uUf s 2(0)]r).

The profiles Uf?"oy 4 and Uf%,O,— are solution of the following heat equation:

(0Ufoy — 03, Upoy =0 t€(0,T), {6z > 0},
OUfo_ — 0, Upo_ =0 t€(0,T), {6r <0},
[Ukolr(t) = —[urlrg, Vte (0,T),
[0, Uk ;1r(t) =0, Vte(0,T),

UIC%,j,Jr‘t:O =0,
Ufj_li=0=0

Note well that, since [ug|r, = 0, the profiles Uy, , and Uy , are both equal
to zero; this shows that the characteristic bounéiary layefs forming are of
weak amplitude.

For all 1 < j < M, the profiles UI%J,+ and Ulc%,j,f are given by:

WUk —0;.Ufj =0 t€(0,T), {6g >0},
OUf ;- — 03 Usj— =0 t€(0,T), {0z <0},
[Uf,lr(t) = —[Ug,Irg, Vte(0,T),
c 1 .
(90, Uk j1R(1) = =3 (10:Up ;1 (O]rp(t) + [0.Uf ;_1(D]R) , Yt € (0,T),

Uk j+li=0 = 0,

Let us now prove the well-posedness of these problems. We take 9r; in
H> ((0,T) x R*) such that

[Vrjlr = —[Uglrg,

and
(09, ¥R j]R(T) = *% ([0:Up ;1 (D]rp(t) + [0:Uf ;-1 (t)]R) -

We can then compute Ug, ; := Ug ; , 1gp>0 + Uk ; _loz<o by:

Ué:] = ¢R’-7 + Vﬁa]
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Vﬁ,ﬂ j is then the solution of the classical heat equation:

8V, —03,) Vi =¢r,» (t.0r) € (0,T) xR,
Vls,j‘t:O =0

and ¢p, ; is given by:

ORj = — (bR — 3§R¢R,j) :

The profiles can thus be constructed by induction using the scheme just in-
troduced.

3.2 Stability estimates.

We will now prove stability estimates.

We define the error w® := ug,, — u®. Let us denote by w* the restriction of

w® to +x > 0. (w*",w*") is then solution of the transmission problem:

Ow' + apdyw™ — 02wt = MR, z>0,t€(0,T),
Ow'™ + apdyw™ — ed?wT = MR, z<0,t€(0,7T),
W =0 — W [z=0 = 0,

axw6+|m=0 - azwa_|m=0 = 07

L ’U)E+|t:0 = 0, w€_|t:0 = O

By construction of our approximate solution, R® belongs to L?((0,T) x R).

Like we have done previously for systems, we have to extend the defini-
tion of w® to (t,x) € R2. In this paper, for the sake of simplicity, we will
make a slight abuse of notations and write:

Ow' + apdyw™ — e0?wT = M RET, x>0,teR,
oW~ 4+ ap0,wt — aﬁws_ =eMPpe—, x<0,teR,
Wt pmg — W g=0 = 0,

D™t gm0 — Opw® ™ |3=0 = 0,

(W [1c0 =0, w* |0 =0,

with R® belonging to L?(R?) and vanishing in the past. We prove in [6], in
a more general framework, that we can do so.
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We will now reformulate this problem into an equivalent problem, posed
e+ t
UE}, () , the error
we (t, —x)
equation rewrites as the doubled problem on one side of the boundary:

on one side of the boundary. Defining w® := <

Hewf =eMRe, {x >0},
F@E‘xzo = 07

w€’t<0 - 0

where H¢ = 0, + A9, — €02,

7| ar 0 . 1 -1
A—[O _aL},andI‘—[ax am].

Let us admit for now the following Proposition that will be proved in
the next section.

Proposition 3.4. (ﬂE,F) satisfies a Uniform Evans Condition.

As established earlier in the paper, if our linear mixed parabolic problem
satisfies a Uniform Evans Condition, the following stability estimate holds:

M-1
[Ju® — uprHLQ((O,T)XR) =0 2 ),

taking M large enough achieves then the proof of Theorem 3.2.

4 Proof of Proposition 3.4.

In this section we will prefer using the notations a™ and a~ instead of agr
and ar. We refer to [6] for computations of the Evans function for 2 x 2
systems. In our present case, we have:

s (0 1
A0 = ( it +5 at
4.1 Computation of the Evans function for medium frequen-

cies.

There holds:
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where p denotes the eigenvalue of AT with negative real part and is given

<<1 @ fzwf)_é ! 1)

W2 4502 41652 E (1 1672 -
(((a™)* +49)* + 167%) <1 <1+((a+)2+4&)2> )

=

pt(0) = Lot i (((a™)? +49)? + 1672)

N

—1i sign(T)

o=

Moreover, we have:

E4(A™(()) = Span {( ull(f) >}

where p denotes the eigenvalue of A~ with positive real part and is given

by:
+1>
2 1 1672 -
(((a ) +47 +167 ( )2_’_4&)2) )

If we consider ¢ such that 0 < ¢ < \f C < oo, an Evans function is
the modulus of the following determinant:

N

- 1 72 -
/AJ_F(C) = %a_ + % (((a_)2 + 4’7)2 + 167~'2)4 <<1 + ((a)l26+45/)2>

-
NI

+i sign(T)

Fy

’ (8 M+1(§) ’

that is to say: \ujr(~) 1L (Q)], since 7 keeps a positive real part and
keeps a negative real part, for all ¢ such that 0 < ¢ < |C| < C < oo, there
holds:

150~ w ()] > 0.

Hence the Evans Condition is checked for medium frequencies.
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4.2 Computation of the asymptotic Evans function when
¢ — oo

A is defined by:
. 1
A = (1+7°+77)?

We recall that the scaled eigenspaces for high frequencies write then:

E_(A*(()) = Span { ( Alpltt(é) ) }

E((A(Q) = Spa”{< A—I;;(E) >}

An asymptotic Evans function for high frequencies writes:

Since there is C' > 0 such that, for all p > C' > 0, %e’f’(g) > C and

%e“j((g)) < —C, making |¢| — oo, we have:

Therefore, the Evans Condition is checked for high frequencies.
4.3 Computation of the asymptotic Evans function when
¢] — 07

Remark that
MI—‘E:O =0,
Nﬂf:o =0.

As a result, the linear subspaces E_(A*(()) and E,(A™(C)) cease to be
well-defined. A*({) appears in an ODE of the form:

w* ~ w*
8z ( 8ZZU:|: > = Ai(é) < azwzl: ) +Fi7
We have then:
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wt . 0 pld wt Lz
0. ( pflazwi ) T < pfl(,m:_‘_:y)Id at > ( pflazwi > T PA(C,0)<

where
NI 0 1
AT , ::< L _ )
(¢ ,0) P 1(27—1—7) P 1%

with 7 := T and 5 :=
As reviewed earlier, a continuous extension of some positive and negative
spaces of AT has to be performed if we want to study the Evans function for

low frequencies. These extended spaces are noted E“™(AT) and E¥™ (A7),
and are computed as follows:

D

B (A7) = E-(A")lr-15-0,-0.

and ‘ i
EN™(A7) = Ep (A" )lrm14m0,0-

The asymptotic Evans condition for low frequency writes then:

Bl (44 (ES™ (A7) = {0},

Let us look at the negative eigenvalue of A*(é ,p) that we will note
AT (C, p) and compute its associated eigenvector:

We get:
v = Avq,

and multiplying by p > 0 the second coordinate of our vector gives:
(i7 + F)v1 + aTvg = pAuy
Making p — 0", we obtain that:

o i+
A+(<7p) = - at

As a result
lim E_ (A*(é, p)) = Span { ( ;Jﬁ >}
p—0F et
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The same way, we have:

lim B, (G (C,p)) = Span{( _1+7 )}

p—07

Taking ¥ = 0 and ¥ = 1, since, by assumption, a~ < 0 and a™ > 0 (otherwise
the stability analysis for low frequencies would differ of the one we have just
done), the Asymptotic Evans condition for low frequencies holds. This ends
the proof of Proposition 3.4.
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