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Abstract

Extending investigations of Métivier and Zumbrun in the hyperbolic case, we treat stability of viscous
shock and boundary layers for viscous perturbations of multidimensional hyperbolic systems with charac-
teristics of variable multiplicity, specifically the construction of symmetrizers in the low-frequency regime
where variable multiplicity plays a role. At the same time, we extend the boundary-layer theory to “re-
al” or partially parabolic viscosities, Neumann or mixed-type parabolic boundary conditions, and systems
with nonconservative form, in addition proving a more fundamental version of the Zumbrun—Serre—Rousset
theorem, valid for variable multiplicities, characterizing the limiting hyperbolic system and boundary con-
ditions as a nonsingular limit of a reduced viscous system. The new effects of viscosity are seen to be
surprisingly subtle; in particular, viscous coupling of crossing hyperbolic modes may induce a destabilizing
effect. We illustrate the theory with applications to magnetohydrodynamics.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

This work is motivated by the stability analysis of boundary value problems and shock waves
for viscous perturbations of multidimensional systems of conservation laws. In this analysis,
three main steps are present. In the first step, one constructs simple waves w((v - x — ot)/¢),
or “profiles,” which are exact solutions of the viscous equation, with viscosity of order €. This
amounts to solving an ordinary differential equation (the profile equation); the solutions de-
scribe the fast transition between the hyperbolic solution and the parabolic boundary conditions
(boundary layers) or between two smooth hyperbolic solutions (shock layers). Next, given a
profile, formal plane wave or spectral analysis yields necessary stability conditions in terms of
Evans functions. The second step is to compute explicitly this function on specific examples and
check the stability conditions. The third step is to prove the linear and nonlinear stability of solu-
tions, assuming that the suitable Evans—Lopatinski condition is satisfied, in particular for curved
fronts or boundaries and nonpiecewise constant hyperbolic solutions. This paper deals with the
third step, with specific applications to magneto-hydrodynamics. The first and second steps are
discussed for shock and boundary layers, respectively, in companion papers [9] and [8].

We concentrate on the construction of symmetrizers for the linearized equations, and more
specifically in the so-called low-frequency regime, as they are the key point in the proof of sta-
bility estimates which eventually yield short-time existence and nonlinear stability theorems;
see [14,15] for hyperbolic shocks and [5-7,20] for viscous perturbations. In these papers, it
is proved that strong stability estimates hold, under the natural uniform Lopatinski condition,
or Evans’ condition, provided that the equations satisfy a structural condition, called the block
structure condition (see [14,16] in the hyperbolic case and [20] for the viscous case). This con-
dition is in some sense necessary for the construction of Kreiss’ symmetrizers which are used
to prove the stability estimates. It is satisfied in the case of inviscid Euler’s equations of gas
dynamics [14], but does not hold in other interesting examples such as the equations of magneto-
hydrodynamics (MHD). So there is a real need for an extension of the analysis beyond the class
of systems satisfying the block structure condition. This is done in [21] for hyperbolic systems
and the main goal of this paper is to extend the analysis to viscous systems, in view of applica-
tions to MHD.

We carry out in passing several other useful generalizations of the basic boundary-layer analy-
sis of [19,20], extending the theory to “real” or partially parabolic viscosities, Neumann or
mixed-type parabolic boundary conditions, and systems with nonconservative form. In addition,
we prove a more fundamental version of the Zumbrun—Serre—Rousset theorem, valid for vari-
able multiplicities, characterizing the limiting hyperbolic system and boundary conditions as a
nonsingular limit of a reduced viscous system as frequency goes to zero. Extensions to the shock
case are given in [9].

Consider boundary value problems for hyperbolic systems

d
du+ Y Ajdju (1.1)
j=1

on {xg > 0} with boundary conditions on {x; = 0} which is assumed to be noncharacteristic.
The plane wave analysis of such system leads to consider ordinary differential system in z > 0,
depending on Fourier—Laplace frequencies ¢ = (t, n, y), with y > 0,
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d—1
3. — Ho(¢), Ho(¢):= —A;1<(ir+y)+2injAj>. (1.2)

j=1

Viscous perturbations of (1.1) are systems of the form

d d
du+ Y Ajdju—e Y (B kdu) (1.3)
Jj=1 jk=1

with natural structural conditions which are recalled below. The low-frequency plane wave analy-
sis of such systems lead to consider perturbations of (1.2):

0, —H(,p), H(, p):=Hy)+pH(,p) (1.4

depending smoothly on an additional parameter p > 0 (see Section 2 below or [19,20,26]).

In this paper, our main concern is the construction of symmetrizers X (¢, p) for (1.4). The
precise conditions we impose on X' are given in Section 3. In particular, we focus on smooth
symmetrizers, as they serve as symbols for pseudodifferential symmetrizers in the variable coef-
ficient analysis.

When p =0, Xo(¢) = X(¢,0) is a symmetrizer for Hp(¢). Such symmetrizers were con-
structed first for strictly hyperbolic systems (1.1) by Kreiss [12] (see also [1]). Strict hyperbolicity
is used at only one place: it implies that Hy can be put in a normal form, which is called block
structure in [14,16]. Therefore Kreiss’ construction of symmetrizers extends immediately to sys-
tems which satisfy this block structure condition. In [21], it is proved that this condition is
satisfied if and only if the symbol A(§) := )" &;A; of (1.1) is smoothly diagonalizable for £ # 0,
recovering known examples such as Euler’s equation of gas dynamics or Maxwell’s equations.
The second important result in [21] it that the construction of symmetrizers is extended to a
class of symmetric systems which are not smoothly diagonalizable for all £ # 0: we demand that
the “bad” multiple modes are totally incoming or totally outgoing (see Definitions 4.1 and 4.3
below), and this applies to inviscid MHD.

In the small viscosity case, the construction of symmetrizers is performed in [20], with appli-
cation to the analysis of shocks in [4-7], assuming that the eigenvalues of A(£) have constant
multiplicity for & # 0. As mentioned above, this assumption rules out the case of MHD.

The main objective of this paper is to start the analysis of (1.3) or (1.4) when the constant mul-
tiplicity assumption is relaxed and in particular to investigate the construction of symmetrizers.
It turns out that the influence of the viscosity is much more subtle than expected near multiple
modes. In some cases, it may induce destabilizing effects. Let us list several new phenomena
which can occur when there are multiple modes with nonconstant multiplicity.

e Smooth diagonalization of Ay(&) implies a smooth block reduction for Hy(¢). The per-
turbation p H in general couples the different blocks associated to a multiple eigenvalues (and
this occurs for MHD). If the crossing eigenvalues do not have the same behavior with respect
to the boundary (typically if they are not all incoming nor all outgoing), the spectral negative
space [E™ (¢, p) is not continuous (in general) at p = 0. This happens for slow shock waves in
MHD. This phenomena is excluded when the eigenvalues have constant multiplicities; see [22]
(in this case, since crossing eigenvalues are equal, they have the same behavior with respect to
the boundary). Recall from [21] that the continuity of E™ is a necessary condition for Kreiss’
construction of smooth symmetrizers, more precisely for the existence of what is called below,
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smooth K-families of symmetrizers. In any case, the discontinuity of £~ is a major difficulty in
the construction of symmetrizers.

e As a consequence of the previous phenomenon, the Evans function can be discontinuous
at p = 0. In the shock problem, the usual Evans function is in every case singular at p =0
(see [28]), but the remark applies to the modified (or desingularized) Evans function introduced
in [6,7] (see below).

e Because of the lack of continuity of the Evans function, it may happen that the strong
Lopatinski stability condition for the hyperbolic problem (at p = 0) does not imply the strong
Evans stability condition for small p. This is in sharp contrast with the known results obtained
in the constant multiplicity case [6,7,20,24,26,28]. This is illustrated by an example in Section 7
and this can occur for MHD, for some ad hoc boundary condition. An interesting question is to
know whether this can happen or not for physical boundary conditions, in particular for slow
MHD shocks.

On the other hand, we prove in this paper the existence of smooth symmetrizers under a natural
generalized block structure condition for (1.4). We also provide a geometrical characterization
of this condition on the matrices A and B occurring in (1.3). Moreover, modes that are totally
incoming or totally outgoing do not cause trouble in the analysis of E~ nor of the Evans function.
They are easily handled in the case of symmetric systems as in [21]. For instance, an important
outcome of the present paper is the following result. We refer to the next sections for precise
definitions.

Theorem 1.1. Suppose that the full system (1.3) is symmetric. Suppose in addition that the eigen-
values of the hyperbolic system (1.1) are either semi-simple with constant multiplicity or totally
nonglancing in the sense of Definition 4.3. Then, there are K-families of symmetrizers for the
associated reduced system (1.4), for p > 0 sufficiently small.

As recalled in the next section, K-families of symmetrizers provide Kreiss symmetrizers for
boundary value problems which satisfy a uniform Lopatinski stability condition. One important
application and motivation is the following

Example 1.2. Fast Lax’ shocks for MHD satisfy the assumptions of Theorem 1.1.
But we also have the following

Counterexample 1.3. Slow Lax’ shocks for MHD do not satisfy the assumptions of Theo-
rem 1.1.

Remark 1.4. Fast shocks with small magnetic field are perturbations of acoustic shocks of gas
dynamics, whose stability has been studied by A. Majda [14]. Therefore, there are good reasons
to think that the uniform Evans—Lopatinski condition is satisfied for Fast Lax’ shocks for MHD,
at least for perfect gases state laws and small magnetic field.

Remark 1.5. When the assumptions of Theorem 1.1 are not satisfied, or more generally when the
generalized block structure fails, one could try to construct nonsmooth symmetrizers as in [21].
Counterexample 1.3 would be a good motivation for that. However, nonsmooth symmetrizer
would require much more sophisticated pseudodifferential tools to handle variable coefficients.
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Moreover, slow shocks are not so closely related to acoustic shocks, and it is not known whether
the uniform Lopatinski condition is likely to be satisfied or not.

When all the eigenvalues have constant multiplicity, Theorem 1.1 is proved in [20] (see
also [19]).! The construction is based on a reduction of (1.4) to a suitable block diagonal form.
Blocks which correspond to totally nonglancing modes (incoming or outgoing) are treated using
the symmetry of the system as in [21]. For other blocks, we discuss in detail in Section 4 the gen-
eralized block structure condition which is needed for the construction of Kreiss symmetrizers.

The symmetrizers are used in [4-7,20] to prove maximal stability estimates for bound-
ary value problems. The Fourier multipliers X'(p, ¢) serve as symbols for pseudo-differential
symmetrizers. All the other steps in these papers, linearization, paralinearization, separation of
frequencies, the high- and medium-frequency analysis, the conversion of the plane wave or sym-
bolic calculus into an operator calculus via the use of a paradifferential calculus, are independent
of the constant multiplicity assumption which was assumed there as a sufficient condition for the
generalized block structure condition. Therefore, all these analyses are valid under the assump-
tions of Theorem 3.7.

As already mentioned, the main novelty of this paper with respect to previous works of the
authors is the consideration of systems with variable multiplicity. To lighten the presentation, we
will now we focus on boundary layers for noncharacteristic boundary value problems. The ex-
tension to classical, conservative Lax-type shocks requires only to incorporate the ideas already
explained in detail in (for instance) [6,7]. (The treatment of nonconservative and or undercom-
pressive shocks involves new issues, and is carried out in [9].) Similarly, we will concentrate
only on the symbolic analysis for constant—coefficient equations and the construction of smooth
Fourier—Laplace multipliers. The passage from these multipliers to linear and nonlinear stability
estimates for variable coefficients is already performed in previous works (see [6,7,20]) and can
be used as an independent black box.

2. Spectral stability

In this section, we recall the main steps of the spectral stability analysis of noncharacter-
istic boundary layers, refereeing to [2,3,6,7,19,20,26,27] for details and further references and
applications to the similar analysis of shock profiles. In particular, we give a new proof of the
Zumbrun—Serre lemma [24,28] which allows for variable multiplicities. Moreover, not only does
it provide a comparison between the Evans function of the viscous equation and the Lopatinski
determinant of the inviscid system, but it also shows the link between the equations themselves:
for low frequencies, the viscous boundary value problem decouples into two boundary value
problems, one of them being a nonsingular perturbation of the limiting hyperbolic boundary
value problem. We will also recall from [7] the main arguments for the high-frequency regime.

2.1. Structural assumptions

Consider a system of equations

1 The reduction to (1.4) is carried out for strictly parabolic viscosities in [19,20] and for partial viscosities in [7].
However, the form of H| is the same in each case (a consequence of Kawashima’s genuine coupling condition, Assump-
tion (H4) below).
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d

d
Le(u):=Ag@)du+ > Aju)dju—e Y 9;(Bjr)dpu) =0. 2.1)
j=1 Jk=1

When ¢ =0, Ly is first order and assumed to hyperbolic; ¢ plays the role of a nondimensional
viscosity and for ¢ > 0, the system is assumed to be parabolic or at least partially parabolic. Clas-
sical examples are the Navier—Stokes equations of gas dynamics, or the equations of magneto-
hydrodynamics (MHD).

The form of the equations is preserved under a change of unknowns u = @ (&) or multiplica-
tion on the left by a constant invertible matrix. To cover the case of partial viscosity and motivated
by the examples of Navier—Stokes equations and MHD, we make the following assumption:

Assumption 2.1.

(HO) The matrices A; and Bj are C*° N x N real matrices of the variable u € U* C RV.
Moreover, for all u € U*, the matrix Ag(u) is invertible.

(H1) Possibly after a change of variables # and multiplying the system on the left by an invertible
constant—coefficient matrix, there is N’ € {1, ..., N} and there are coordinates (ul, uz) IS
RV=N" x RN for the unknown and (f', e RN=N" x RN for the right-hand side such
that the following block structure condition is satisfied:

Al 0 0 0
Ao(u) = A2 a2) Biray=1{ 52 ) 2.2)
J

We refer to [7] or [27] for further comments and explanations. From now on we work with
variables u = (u', u%) € U* such that (2.2) holds. We set

Aj=Ay'Aj,  Bji=Ay'Bjx. 2.3)
and systematically use the notation M for the sub-blocks of a matrix M corresponding to the

splitting u = (u', u?). Note that

E,-,kw)::Ao(u)—lB,»k(u):(O ) ) 2.4
0 B2

The triangular form of the equations also reveals the importance of the (1, 1) block which plays
a special role in the analysis:

d
L' (u,d) = ZA}‘(u)aj, or L'"(u,d) = (A (u))*lL”(u, 9). (2.5)
j=0

In this spirit, the high-frequency principal part of the equation is

711 1
{ L' (u,0)u, (2.6)

du? — eB?2(u, d)u?
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with B?2(u, &)= Z?,k:l Sjékﬁii(u). We refer to Lemma 7.3 for a more detailed account of

this notion of principal part. The first natural hypothesis is that L'"(u, d) is hyperbolic and
0y — B22(u, d) is parabolic in the direction dr.

Assumption 2.2.

(H2) There is ¢ > 0 such that for all ¥ € &* and & € R?, the eigenvalues of B (u, &) satisfy
Re > clg[. _ _
(H3) Forall u e 4* and all £ € R\ {0}, A (u, &) = Z?:l S./A}l (1) has only real eigenvalues.

For the applications we have in mind such as Navier—Stokes and MHD, the operator L'! is a
transport field and (H3) is trivially satisfied.

Next we assume that the inviscid equations are hyperbolic and that Kawashima’s genuine
coupling condition is satisfied for u, in some open subdomain I/ C U*. Let

d d
Aw.§)=) &A;jw) and Bu.£)= Y &&B,iw). 2.7
Jj=1 Jok=1
Assumption 2.3.

(H4) There is ¢ > 0 such that for u € U and & € R?, the eigenvalues of i A(u, &) + B(u, &) satisfy

HE
1+ €2

Rep>c (2.8)

Remark 2.4. (H4) implies hyperbolicity of the inviscid equation: for all u € i and & € R? \ {0}
the eigenvalues of A(u, £) are real. The set &/ may be thought of as the “hyperbolic set” where
interior, inviscid solutions are be constructed, and the larger U/* as the “hyperbolic—parabolic” set
where exterior, boundary layer solutions are to be constructed, matching U/ to boundary values
in a multi-scale expansion. In contrast with [7] and [27], we do not assume here that the eigen-
values of A have constant multiplicity. It is precisely the aim of this paper to substitute weaker
conditions, allowing us to treat the case of MHD.

Symmetric systems play an important role, and symmetry will be an important assumption in
some of our results. In particular, Assumption (H4) is satisfied when the following conditions are
satisfied (see [10,11]):

Definition 2.5. The system (2.1) is said to be symmetric dissipative if there exists a real ma-
trix S(u), which depends smoothly on u € I/, such that for all u € I and all £ € R? \ {0}, the
matrix S(u)Ao(u) is symmetric definite positive, S(u)A(u, &) is symmetric and the symmetric
matrix Re S(u) B(u, &) is nonnegative with kernel of dimension N — N’.

We consider a boundary value problem for (2.1) and the model case of a half space, which is
given by {x > 0}, in some coordinates (yi, ..., y4—1, Xx) for the space variables. We assume that
the boundary is not characteristic both for the viscous and the inviscid equations. The principal
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term of the viscous equation is block diagonal as indicated in (2.6) The B?? block is nonchar-
acteristic by (H2). Restricting U* to a component where the profiles will take their values, the
condition for the A!! block reads.

Assumption 2.6. I/* is connected and for all u € U*, det ACIZ1 (u) #0.

For the inviscid equation, restricting I/ to the component where the hyperbolic solutions will
take their value, the condition reads

Assumption 2.7. U is connected and for all u € U, det(A4(u)) # 0.

By Assumption (H3) and Remark 2.4, A 6111 (1) and A4(u) have only real eigenvalues, which
by Assumptions 2.7 and 2.6 never vanish. This leads to two important indices:

Notation 2.8. With assumptions as above, N denotes the number of positive eigenvalues
of Aj(u) foru e Y and N. _}r the number of positive eigenvalues of A}il(u) for u € U*. We also
set Ny =N’ + Nj_.

The block structure (2.6) suggests that Ny, is the correct number of boundary conditions for
the well posedness of (2.1), for solutions with values in &/*. Indeed, the high-frequency decou-
pling (2.6) suggests N’ boundary conditions for u? and N}F boundary conditions for u!. On
the other hand, N, is the correct number of boundary conditions for the inviscid equation for
solutions with values in ¢/. Thus we supplement (2.1) with boundary conditions

T (u, edyu?, edcu’)| _, =0. (2.9)

Without pretending to maximal generality, we assume that they decouple into zero-order bound-
ary conditions for u! and zero-order and first-order conditions for u?:

Tl (ul) |x:0 = O’
72 (u?)|,_o =0, (2.10)
73 (u, edyu’, saxuz) |x:0 =0,
with
d—1
Ts(u, dyu?, 8cu’) = Kqdyu® + Z Kj(u)dju?.
j=1

Assumption 2.9. 7|, 75 and 73 are smooth functions of their arguments with values in RNi,
RN =N" and RV, respectively, where N” € {0, 1, ..., N'}. Moreover, K; has maximal rank N
and for all u € U* the Jacobian matrices 77 (u 1y and 7, (1?) have maximal rank N}r and N'—N",
respectively.
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2.2. Profiles and inviscid boundary conditions

To match constant solutions u of the inviscid problem to solutions satisfying the boundary
conditions, one looks for exact solutions of (2.1), (2.9) of the form:

Ms(t,y’x)=w<£), (211)
&
such that
lim w(z) =u. (2.12)
Z—+00

The equation for w reads

Ag(w)d;w — 0;(Bga(w)d,w) =0, z>0,

2.13

T (w,0,0.w?)| _,=0. @19
Solutions are called layer profiles. This equation can be written as a first order system for U =
(w, 3,w?), which is nonsingular if and only if A ;1 is invertible (this indicates the strong link
between Assumption 2.6 and the ansatz (2.11)):

dw' =—(A) Ak,

0, (Baaw’) = (AF — A2' (AL ' al)w?, (2.14)

and the matrices are evaluated at w = (w!, w?).
The natural limiting boundary conditions for the inviscid problem read

ulx=o €C, (2.15)

where C denotes the set of end points u such that there is a layer profile w € C*® (R, ; U*) satis-
fying (2.12), (2.13). The properties of the set C as well as the stability analysis of (2.13) depend
on the spectral properties of the linearized equations from (2.13) near w(z). In particular we will
discuss the notion of transversality for the profile w (see [19,20]). However, to avoid repetitions
and prepare the multidimensional stability analysis, we enlarge the framework and consider the
multidimensional linearized equations from the full system (2.1) near solutions (2.11).

For further use, it is convenient to enlarge the class of functions w: consider a function
C> (R, ; U*) which converges at an exponential rate to and end state u € U: there is § > 0
such that for all k e N

?|0f (w(z) —u)| € LY R ). (2.16)
We refer to such a function as a profile; it need not be a solution of (2.13), though it will be in

applications. Note that solutions of (2.13), (2.12) satisfy the exponential convergence above.
Consider the linearized equations from (2.1), (2.9) around u, = w(x/¢):
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L, i=f, T (i, £dyit, £dy11)|x—0 = . (2.17)
Here 7' is the differential of 7" at (w(0), 0, 9, w(0)). E’ug is a differential operator with coeffi-

cients that are smooth functions of z := x/e. Factoring out £ ~! it also appears as an operator in
£0;, €0y, €0y:

, 1 (x
L, :gL g,sat,eay,sax . (2.18)

It has constant coefficients in (¢, y), and following the usual theory of constant—coefficient evo-
lution equations, one performs a Laplace—Fourier transform in (¢, y), with frequency variables
denoted by y + i 7 and 7, respectively, yielding the systems

L (x ..
—L{—,e(y+it),ien, €0y ).
£ £

Next, we introduce explicitly the fast variable z = x /¢, rescale the frequency variables as { =
(t,n,y) =¢e(7,n,y), and multiply the equation by ¢, revealing the equation

L(z,y +it,in, ou=f, T (u,inu, d.u)|;=0 = g, (2.19)
L =-B(2)d+ Az, £)d, + M(z,0), (2.20)
with in particular, B(z) = By 4(w(z)) and A''(z,¢) = Agll (w(z)). We do not give here the ex-

plicit form of A and M. Using (H2) and Assumption 2.2, the equation is written as a first order
system

0.U=0(z,¢)U+F, I'(¢)Ul=0 =g, (2.21)

where
U="(u,du?) = (u', u? d,u?) e CN*V, (2.22)
F=((A"@) 7 1.0, (B2@) " (-2 + A2 @ (A @) ' ). (2.23)

The analysis of this equation depends on the size of the frequencies ¢. When ¢ is large, the
character of the equations is dominated by the high-frequency principal part (2.6), and we use a
slowly-varying-coefficients analysis (related to the “tracking lemmas” of [26,27]) based on the
relatively slow rate of change of coefficients compared to the size of the frequency; see [6,7] and
Section 7 below. For small or bounded frequencies ¢, we use the conjugation lemma of [20]. The
condition (2.16) implies that there is § > 0 and an end state matrix G (u, ¢), depending on the
endstate u of w, such that

#(G(z. ) =G, 0))=0(e™™). (2.24)
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Lemma 2.10. Given { € R there is a smooth invertible matrix ®(z, ¢) for z € Ry and ¢ in
a neighborhood of ¢, such that (2.19) is equivalent to

0.0=G6w,0)U+F, T@Ul=0=2¢, (2.25)

withU = @ (z, §)ﬁ, F=o(z, §)F and ﬁ(;) =I'(¢)P(0,¢). In addition, ® and o1 converge
the identity matrix at an exponential rate when 7 — 00.

Moreover, if the coefficients of the operator and w depend smoothly on extra parameters p
(such as the end state u), then @ can also be chosen to depend smoothly on p, on a neighborhood

of a given p.

Remark 2.11. The linearized profile equations from (2.13) around w, are exactly (2.19) at
the frequency ¢ = 0. In particular, Lemma 2.10 implies that these equations are conjugated to
constant—coefficient equations, via the conjugation by @ (-, 0).

Next we investigate the spectral properties of the matrix G. Below, Ri‘“ denotes the open
half space {¢ = (t,7n,y): y >0} and I@i“ its closure {y > 0}. We also introduce the matrices

Po(u) := (B?) ' (A% — A21(Al) ' AlR), (2.26)
d—1

Ho(u,¢):= —(Ad(u))fl ((if + y)Ao(u) + ZinjAj(u)) (2.27)
j=1

Lemma 2.12.

(i) Foru €U, Py(u) has no eigenvalue on the imaginary axis. We denote by N2 the number of
its eigenvalues in {Re u < 0}.

(i) Foruel and¢ € R‘f‘l \ {0}, G(u, ¢) has no eigenvalue on the imaginary axis. The number
of its eigenvalues, counted with their multiplicity, in {Reu < 0} is equal to Ny + N2 =

Np:=N'+N..
(iii) For a given u € U, there are smooth matrices V (u, {) on a neighborhood of (u, 0) such that
1 H 0
VGV = (2.28)
0o P

with H(u, ¢) of dimension N x N, P(u, ) of dimension N’ x N, and

(a) the eigenvalues of P satisfy |Re u| > c for some ¢ > 0,
(b) there holds

H(u, §) = Ho(u, ) + O(I¢ ), (2.29)

(c) at ¢ =0, V has a triangular form

V(u,0)= v . (2.30)
0 Id
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Proof. (i) Take u € U. If v? € ker Py(u), then '(—(AL)~1A12v2, v?) € ker A4, implying that
0 is not an eigenvalue of Py. Similarly, if i§ is an eigenvalue of P then O is an eigenvalue
of iE Ay + 2By, which is impossible by (H4) if £ # 0 is real.

(i1) Direct computations show that G(u, ¢) = G4(u, ¢ Y M (u, ¢) with

—A; B, M Onxn
Gd(u,g“):( d d>’ M:( NxN )
J 0 On'xy  Idyrsn
with, in the splitting u = (u', u?),
B (u)—<ONN/XN’> J=(0 Ty
d Etzi’zd(u) ) N'xN—N N'xN'") s
and

d—1

A, ¢)=Aqw) =Y in;(Bja) + Ba j@)),
Jj=1

d—1 d—1
M(u,¢) =Gt +y)Aow) + Y _injA;jw)+ Y njmBjxw).
j=1 k=1

In particular, i& is an eigenvalue of G (u, ¢) if and only if y + it is an eigenvalue of i A(1, £) +
B(n, £), which, by (H4), implies either that y < 0 if £ is real and (17, £) # 0 or that ¢ = 0.

Thus G (u, ¢) has no eigenvalues on the imaginary axis and the number N of eigenvalues in
{Reu < 0} is constant for u € U and ¢ € ]I_Q‘f'l \ {0}. That this number is equal to Np = N_}r +
N’ is a consequence of the high-frequency analysis in Lemma 7.3 below (see also Lemma 1.7
in [27]).

(iii) Because M (1, 0) = 0 and A(u, 0) = Ay (u), there holds

_(All)—1A12
Onxn ( d d
G(u,0)= Idy/ 5 N (2.31)
Onrxn Po(u)

Since Py is invertible, G can be smoothly conjugated to a block diagonal matrix as in (2.28),
with V satisfying (2.30) and H (u, 0) = 0. More precisely, the matrix V is

11\=1 412 p—
. <—(Ad) AdP()l)

- | (2.32)
Py

The expansion (2.29) can be easily obtained by standard perturbation expansions, and we refer
to Lemma 4.23 below for a more precise version.

For ¢ small, the number of eigenvalues of P in {Re ;< 0} is equal to N2, and for y > 0, the
number of eigenvalues of Hy(u, ¢) in the negative half space is constant, by hyperbolicity, and
equal to M. This implies that N = Ny+N2. O

Similarly, one considers the linearized equations from the inviscid hyperbolic problem
Lo(u) = 0 around the constant solution u:
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Ly i=f. (2.33)
After performing a Laplace—Fourier transform, this equation reads

Lo(u,y +it,in, d)u = f (2.34)

or, with Hy defined at (2.27),

dxu = Ho(u, Hu+ A7 ) f. (2.35)

An important property for profiles is the notion of transversality (see [20] or [19] for the case
of total viscosity). It concerns the linearized equations from (2.11) around w. As mentioned in
Remark 2.11, they correspond exactly to the first order system (2.19) with ¢ = 0. We abbreviate
the homogeneous problem as

L(z,0,9)w=0, z>0,
{ (2.36)
»=0.

(i, 0, 0.9%)|
A corollary of Lemmas 2.10 and 2.12 is that the solutions of the homogeneous equation
L(z,0,8;)w = 0 form a space of dimension N + N’, parametrized by (ug,up) € CN x CN':

W(2) =Pu@up + Pp()e"Wup (2.37)

where the matrices @g(z) and @p(z) are smooth and bounded on Ry and @y (z) — Id as
z — 4-00. The solution is bounded if and only if u p belongs to the negative space E~ (Po(u))
of Py(u), that is the invariant space of Py(u) associated to the spectrum lying in {Re u < 0}; thus
the space S of bounded solutions has dimension N + N2. The space of solutions that tend to
zero at infinity, denoted by Sy, has dimension N2, corresponding to the conditions uy = 0 and
up € E=(Po(u)).

The boundary conditions in (2.36) read

Lyuy + Cpup =L, 3,w?)| _,=0. (2.38)

z=0

Definition 2.13. The profile w is said to be transversal if

(i) there is no nontrivial solution w € &y which satisfies the boundary conditions
L (b, 3:9%)|:=0 =0,
(ii) the mapping w +> " (i, d,1?)|,=¢ from S to CV* has rank N.

Equivalently, it means that ker I"p N E™(Py(u)) = {0} and that the rank of the matrix

(Iy, Lp) from CN x E~(Py(u)) to CV is Np,.
If the profile satisfies condition (i), there is a decomposition

CV =Fy @Fop, Fop:=IpE (Po()) (2.39)

with dimFgz = Ny and dim[Fg p = N2 . Denote by my and mp the projections associated to this
splitting.
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For w € S given by (2.37), one can eliminate u# p from the boundary conditions (2.38) and
write them

Lreaun =0, up=Ro pun, (2.40)
with
Lrea:=ngly,  Rop:=—(Lp) 'mply (2.41)
and (I"p)~! is the inverse of the mapping I” p from E~(Py(u)) to Fo.p.

With these notations, (ii) means that I".q has rank N, . Its kernel ker I"\q is the space of it €
R such that there is a solution of w of (2.36) with end point . It has dimension N — N
Remark 2.14. When w is a layer profile, solution of (2.13), the transversality condition implies
that near the end point u, the set C in (2.15) which describes the limiting hyperbolic conditions
is a smooth manifold of dimension N_ = N — N, and ker I"¢q is the tangent space to C at u.

Therefore, the natural boundary condition for the linearized hyperbolic equation, and in particular
for (2.33), are

Lrequ = h. (2.42)

2.3. Evans functions and Lopatinski determinant
For a given ¢ € @‘fl \ {0}, we now investigate the well-posedness of Eq. (2.19) or equiva-
lently (2.21) or (2.25). Introduce the space E™ (¢) of initial conditions (u(0), 9.u*(0)) (or equiv-

alently U (0)) such that the corresponding solution of L(z, ¢, d;)u =0 (or 3,U — G(z,{)U =0)
is exponentially decaying at +-0o. Lemmas 2.10 and 2.12 show that

E™() =20, )E (G, {)) (2.43)
where we use the following notations:

Notation 2.15. Given a square matrix M, E~ (M) (respectively ET(M)) denotes the invariant
space of M associated to the spectrum of M contained in {Re u < 0} (respectively {Re p > 0}).

In particular, by Lemma 2.12, E™(¢) is a smooth vector bundle for ¢ € I@iﬂ \ {0} and

dim(E™(¢)) = Np.
The problems (2.19), (2.21) or (2.25) are well posed if and only if

E~()Nker['(£)=1{0} or E™(Gu,¢)) Nker[F(Z) = (0}. (2.44)

Note that, because the rank of I" is at most N, and the dimension of E™ is Nj, this condition
implies and is equivalent to

CVN' —E~ (@) @kerI'(¢) or CN*NV' =E~ (G, o)) @kerI'(¢). (2.45)
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The Evans function is defined as

D(&) = |dety n/(E7(2), ker I'(0))| (2.46)

where, for subspaces E and F of C”, det, (E, F) is equal to 0 if dimE + dim[F # n and is the
n x n determinant formed by orthonormal bases in E and F if dimE + dimF =n.

Remark 2.16. The definition of the determinant above depends on choices of bases. Note that
changing bases in E and F changes the determinant by a complex number of modulus one, thus
leaves |det(E, F)| invariant. But it also depends on the choice of a scalar product on C". Changing
the scalar products (or changing of bases in C") changes the function det(E, F) to a new function
det(E, IF) such that c|det(EE, F)| < |det(E, F)| < ¢! |det(E, )| where ¢ > 0 is independent of
the spaces [E and IF. We will denote by

det~det or D~D (2.47)
this property. In particular, the definition of D is independent of the choice of orthonormal bases
in E™ and ker I" and all the uniform stability conditions stated below are independent of the

choice of the scalar product.

Remark 2.17. If the coefficients of the operator and the profile depend smoothly on parameters p,
then the Evans function is also a smooth function of the parameters.

These notations being settled, the weak stability condition, which is a necessary condition for
well posedness in Sobolev spaces of (2.17), reads:

Definition 2.18. Given a profile w, the linearized equation (2.17) satisfies the weak spectral
stability condition if D(¢) # 0 for all ¢ € RET!\ {0}.

The next lemma is useful and elementary.

Lemma 2.19. Suppose that E C C" and I' : C" — C™, with rank ' = dimE = m. If
|det(E, ker I")| > ¢ > 0, then there is C, which depends only on ¢ and |I"*(I' T*)™Y| such that

YUecE |U|ILCITU].

Conversely, if this estimate is satisfied then |det(E, ker I')| > ¢ where ¢ > 0 depends only on C
and |I"|.

Proof. Let 7 = I'*(I'T*)~'I" denote the orthogonal projector on (ker I")1. Diagonalizing the
hermitian form (e, me), yields orthonormal bases {e;} and { f;} in IE and (ker I” )L, respectively,
such that we; = A; f; with 0 < A; < 1. Take any basis {gx} of ker I". Expressing the ¢; in the
base { fx, g1}, implies that |det(E, ker I")| = I—[Aj. Since A; < 1 for all j, if this determinant is
larger than or equal to ¢ > 0, then minA; > c and foralle € E

clel <|me| < |T*(rT*) || Tel.
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Conversely, if the estimate is satisfied, then |e| < C|I"||me| since I'e = I'me for all e € . There-
fore A;C|I"| > 1 and the determinant is at least equal to (C|I"|)™™. O

There are analogous definitions for the linearized hyperbolic problem (2.33) with boundary
conditions (2.42). For y > 0, Hy(u, ¢) has no eigenvalues on the imaginary axis, as a conse-
quence of the hyperbolicity assumption (see Remark 2.4). The Lopatinski determinant is defined
for ¢ € Ri“ :={y >0} by

Drop(¢) = |det(E_ (HO(I'_‘: ¢), ker Ered)) | . (2.48)

By homogeneity of Hy, this determinant is homogeneous of degree zero in { and one can restrict
attention to ¢ € §¢ = {|¢| = 1}.

Definition 2.20. The linearized equation (2.33), (2.42) satisfies the weak spectral stability condi-
tion if Dy op(¢) # 0 for all ¢ € RTF!.

2.4. Uniform spectral stability and maximal estimates

The weak stability conditions and the reduction to constant coefficients of Lemma 2.10 guar-
antee the well posedness of (2.19) for fixed ¢ € Rf{_‘“ \ {0} and in particular estimates of the
form

lull 2 + |82 2 + [u©)| +]8:u2 ()] < C@(If1I2 + Igl).- (2.49)

The next step in the study of (2.17), is to perform an inverse Fourier—Laplace transform and thus
requires suitable estimates for the solutions of (2.19), with a precise description of the constants
in the estimate above.

By continuity in ¢, the weak stability condition implies that the estimate (2.49) is satisfied
with a uniform constant C when ¢ remains in a compact subset of I@f‘l \ {0}. Thus the true
question is to get a detailed behavior of the estimate when ¢ — 0 and when [¢| — o0.

2.4.1. Low and medium frequencies
Consider first the low-frequency case. Following [20], the uniform stability condition reads:

Definition 2.21. Given a profile w, the uniform spectral stability condition for low frequencies is
satisfied when there are ¢ > 0 and py > O such that D(¢) > c forall ¢ € Ri‘“ with 0 < |¢] < po.

By Assumption 2.9, the rank of I"(¢) is always Np, and the norms of I"(¢) and (rr*-1are

uniformly bounded for { bounded. Thus, by Lemma 2.19, the low-frequency uniform stability
condition holds if and only if there are C and pp > 0 such that

ve eREM 0 < 2] < po, YUEE (¢): |UI<C|r@U|. (2.50)

Following [20], the expected maximal estimates for low and medium frequencies for the so-
lutions of (2.19) read

1
ollull 2,y + | 8zu2||L2(R+) + [u(0)| + [8,u%(0)| < C(allflle(M + |g|) (2.51)
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where ¢ = (y + |§|2)% with C independent of ¢ € I@‘j_ﬂ \ {0}, |¢] < po. Note that for fixed
|¢] > 0, this estimate implies (2.49).
The estimates (2.51) correspond to estimates for the solutions of the first order system (2.21):

1
0 sy + 107y + 0O €SI Iy +101) Q3D

where U = (U, U%) e CN x CVN . For the constant—coefficient system (2.25) the expected esti-
mates read:

~ ~ ~ 1 ~
ol0 2@,y + 102 o,y + 10O < c(;||F||Lz(R+> + |g|). (2.53)

Lemma 2.22. The estimates (2.52) imply (2.53) which imply (2.51).

Proof. (See [20].) Clearly, (2.51) is a particular case of (2.52) applied to source terms F gf the
sAPecial form (2.23). Moreover, using the conjllgation Lemma 2.10, there holds U = O (1)U and
U = O(1)U and similar estimates for F and F. Moreover,

ul=omU, U*=0(e%)0"+0)T?
with 6 > 0. We use the inequality
le=* 0| . S 1T O] + [8:T1] 2.
Moreover, the form of G (u, ¢) at ¢ = 0 shows that
9.0'=0(1¢1)U' + 0()U? + F.

Therefore,

|02 2 1T 2 + [T O + 12T 2 + [ F] -
Since |¢| < ¢, this shows that (2.53) implies (2.52). O

For ¢ in a compact subset of ]I_QT'] \ {0}, all these estimates are true under the weak stability
condition (see e.g. [20]). Note also (taking f = 0 in (2.51)) that the uniform stability condi-
tion (2.50) is necessary for the validity of the maximal estimate. The main subject of this paper is
to prove that the uniform stability condition implies the maximal estimate (2.51) for low frequen-
cies, under structural assumptions on the system weaker than in [6,7,20], allowing for instance
to consider MHD.
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2.4.2. High frequencies
For the high-frequency analysis, the maximal estimates that are proven in [7] concern homo-
geneous boundary conditions (g = 0) and read

I+ J/)”“1 ” 2@y T A||M2HL2(R+) + HaZ"ZH L2(R,)
L Ly 9 _1 2
+ A+ )2 [u' (0] + A2 [u*(0)| + A72|0.u*(0)

< 2y + 247 2w (2:54)

where A is the natural parabolic weight

A@) = (14724 2+ nY)*. (2.55)

The balance between the weights for u! and for u? is subtle: these components are decoupled
in the high-frequency principal system (2.6) and the weights depend on their actual coupling
through the nondiagonal terms and the boundary conditions. Here we see the importance of the
form (2.10) of the boundary conditions. Their linearized version, 7" (u, inu?, 9.u?) = g reads

nu' ) :=7{(w'0)-u'0) =
Du?(0) := 75 (w?(0)) - u?(0) = g2, (2.56)
r3(2) (1*(0), 9,u*(0)) := Kqd,u*(0) + Kig(n)u*(0) =

with
K= Zzn, (w(0)). (2.57)

The complete maximal estimate with nonvanishing boundary source terms g, reads

I+ V)””l ||L2(R+) + A||”2 ||L2(R+) +| 8Zu2“L2(R+)
+ (492 u' O] + A2 [12(0)] + A2 [3,42(0) |

M 2y + A7 1l 2g,) + C(A+02 8!+ 42|27+ 472 @58)

with C independent of ¢ € ]T%‘_{_H large. Taking f =0, this implies the following necessary con-
dition: there are C and p; > 0 such that

Ve eREY, g1z p VU= (! i 0d) e BT ()
U+ )3 [u! [+ A [+ A~ 3 ]|

C((+ )2 | M|+ AZ| D] + A7 T30 (2, 1) ]). (2.59)
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This can be reformulated in terms of a rescaled Evans function (see [20]): In CN TV " and CNv
introduce the mappings

J;(ul,uz, u3) = ((1 + y)%ul, A%uz, A_%u3),
1 1 _1
Te(g' g% 8%) = (1 +y)2g" A2g* A72g). (2.60)
Note that J, I"(¢)U = I'*°(¢) J; U with

v = (Mu', Du?, Kgu® + A7 K (nu?). 2.61)
Thus (2.59) reads
YU € J;.E™(¢): U] <C|J§F(§)J§_1U|. (2.62)
Introducing the rescaled Evans function

D¥(¢) = |det(J;E™(¢), Je ker I'(8))], (2.63)
we see that this stability condition is equivalent to the following definition:

Definition 2.23. Given a profile w, the linearized equation (2.17) satisfies the uniform spectral
stability condition for high frequencies when there are ¢ > 0 and p; > 0 such that D**(¢) > c for
all ¢ e RET with [¢] > pr.

Note that for ¢ in bounded sets, J, and Jg_1 are uniformly bounded and D(¢) & D3¢(¢), thus
the condition D%¢(¢) # 0 is nothing but a reformulation of the weak stability condition.

By Lemma 2.19, the high-frequency uniform stability is equivalent to (2.59). In Section 7,
we will recall from [7] that the uniform spectral stability implies the high-frequency maximal
estimates (2.58), under structural assumptions on the system that are satisfied in many examples,
including Navier—Stokes and MHD.

Remark 2.24. The structural assumptions we refer to are connected with well-posedness of the
initial-value problem for the viscous equations. For shock waves, they by themselves guarantee
spectral stability and maximal estimates [7]. For boundary-value problems, they reduce spectral
stability to well-posedness of the frozen-coefficient boundary-value problem at the boundary;
see [8,20] for further discussion.

2.4.3. The inviscid case

There are analogous definitions for the linearized hyperbolic problem (2.33) with boundary
conditions (2.42). Recall that the Lopatinski determinant is defined at (2.48). Definition 2.20 of
weak stability is strengthened as follows.

Definition 2.25. The linearized equation (2.33), (2.42) satisfies the uniform spectral stability
condition when there are ¢ > 0 such that Dy (¢) > c forall ¢ € §d:=51n {y > 0}.
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This uniform stability condition is equivalent to a uniform estimate for all ¢ € Sjl_:
Vu e E™(Ho(.©)): |u| < C|Lrequl. (2.64)

The expected maximal estimates for solutions of (2.33), (2.42) are

1 _1
v 2 llull 2 + @] < C(y 21 £l 2 + |h) (2.65)
. . d+1
with C independent of ¢ € R ™.
2.5. The Zumbrun—Serre—Rousset theorem and the reduced low-frequency problem
In this section, we extend the previous results of [28] and [24] which link the low-frequency
uniform stability of the viscous regularizations and the uniform stability of the limiting inviscid

problem. First, we recall that the transversality of the profile is a necessary condition.

Proposition 2.26. Given a profile w, if the low-frequency uniform spectral stability condition is
satisfied, then w is transversal.

Proof. Lemma 2.12 implies that for ¢ # 0 small enough, U is a solution of (2.25) if and only if
"ug,up)=V~1(¢)U satisfies

up = Hw,un + fu, (2.66)
d;up = P(u,up + fp, (2.67)
T (©up )+ Tp()up©0) := (@)U ©0) =g, (2.68)

where ' (fy, fp) = A ({)17 and 'y (respectively I'p) denotes the restriction of 'V toCN x
{0} (respectively {0} x CN). In particular,

E (Gw,))=V@O(E™(Hwu,O))®E (Pu,)).

With (2.50), this shows that the low-frequency uniform stability condition holds if and only if
there are C and pg > 0 such that for all ¢ € R‘f‘l with 0 < |¢] < po

Yupy € ]E_(H(g, §)), Yup e E_(P(g, §)):
lug| +up| < C|Tu@Qun + Tp(Qup|. (2.69)

In particular,
Vup €E7(Pu,0)):  lup| <C|[Tp(Qupl. (2.70)
By Lemma 2.12, E~ (P (u, ¢)) is a smooth bundle for ¢ in a neighborhood of 0. Moreover, r )

and I'p(¢) are smooth around the origin. This implies that |up| < C|I'p(0)up| on E~ (P (u,0)),
implying that condition (i) of Definition 2.13 is satisfied.



330 O. Gues et al. / J. Differential Equations 244 (2008) 309-387

Since dim(E~ (G (¢))) = rank F(C) = Np, (2.69) implies that forall 4 € CMv and all ¢ € Rd+1
with 0 < [¢] < po, there is U(C) V()@ (@),up@) in E~() C V(E)(CN @ E- (P(;“)))
such that F(;)U(;) =h and |U(§)| < c|h]. By compactness and continuity, letting ¢ tend to
zero, implies that there is U= V(0)(ug,up) in V(0)(CN @ E~(P(0))) such that F(O)U h,
showing that condition (ii) of Definition 2.13 is also satisfied. O

Suppose that the profile w is transversal. Then, by (i) of Definition 2.13 and Remark 2.11,
I'p(Z) is an isomorphism from E™ (P (u, ¢)) to its image o p when ¢ = 0; by continuity this

extends to a neighborhood of the origin and the decomposition (2.39) valid at ¢ = 0, extends
smoothly on a neighborhood of the origin:

CM =Fp @Fp(), Fp):=Tp@)E (P Q). 2.71)

Denote by 7y (¢) and wp(¢) the projections associated to this splitting and define the reduced
boundary operator as

Fea(§) = mH () TH (@), (2.72)
as well as the reduced boundary value problem
Qg —Hw, Oup = fu.  Trea(@un(0)=h. (2.73)
The reduced Evans function is
Dred(t) = |det(E™ (H (1, £)), ker Itea(¢)) . (2.74)

Definition 2.27. The reduced uniform stability condition is satisfied if Dreq(¢) = ¢ > 0 for all
¢ € R*1\ {0} with |¢| small enough.

This is equivalent to the condition

VueE-(Hw, 0): |ul < C|Trea(@ul, 2.75)

for ¢ € R4t1\ {0} small.

Theorem 2.28. Given a profile w, the linearized equation (2.19) satisfies the low-frequency
uniform spectral stability condition if and only if

(i) w is transversal,
(ii) the reduced problem (2.73) satisfies the reduced uniform stability condition.

Proof. We have already shown that the low-frequency uniform stability requires that w is

transversal. Moreover, using the splitting (2.71), we see that the uniform stability condi-
tions (2.50) or (2.69) are equivalent to

lup| + lupl < C(ITreaun| + | Tpup +wpTHuH]) (2.76)
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foralluy e E-(H) and up € E~(P) (to lighten notations we have omitted the ¢ dependance).
Since I'p is surjective from E~ (P) onto Fp, for all uy € E~(H) there is u p € E™ (P) such that
I'pup =—npl'yuy and (2.76) implies (2.75).

Conversely, if the profile is transverse, the estimate (2.70) is valid at { = 0 and extend by
continuity to ¢ in a neighborhood of 0. With (2.75), this clearly implies (2.76). O

It remains to link the reduced uniform stability condition to the uniform (Lopatinski) sta-
bility condition for the hyperbolic boundary value problem, that is for the problem (2.33) with
boundary conditions (2.42). Note that these boundary conditions are given by I"req = I1ed(0)
(see Remark 2.14).

Because H vanishes at ¢ = 0, it is natural to use polar coordinates:

c=p¢, p=Itl, Les (2.77)

In these coordinates

H@w,{)=pH®w,t,p), Hw,Z,p)=Hy@u, )+ O0(p). (2.78)

Changing z to 7 = pz, u(z) to u(z) and f(z) to pf(é) the reduced problem (2.73) is equivalent
to

dztig — H(w, , p)iiy = fu, Fea()iip (0) = h, (2.79)

which, for p =0, is exactly the inviscid problem (2.35) (2.42). We are thus led to a nonsingular
perturbation problem. L
Clearly, for ¢ € §¢ := 84 N {y > 0}, there holds E~(H(u,¢)) = E~(H(u,{, p)) and

Drea(§) = D(C, p) with
DG p) = |det(E™ (H (.. p). ker Trea(pD)))]. (2.80)

Remark 2.29. For y > 0, Hy(u, ) has no eigenvalues on the imaginary axis, as a consequence
of hyperbolicity (see Remark 2.4). By perturbation, this property holds true for H(u,Z, p) for p
small enough (depending on y > 0). This shows that the vector bundle IE_(I:I (u, E , ©)) which
was defined on 331_ x 10, po] has a smooth extension to € ST x [0, po], as well as D. Comparing
with the definition of the Lopatinski determinant (2.48), we see that

Drop(¢) = D(£,0), forp > 0. (2.81)

The next theorem, combined with Theorem 2.28, extends Rousset’s theorem [24] (see
also [28] for shocks).

Theorem 2.30. Given a transverse profile w, if the reduced uniform spectral stability condition is
satisfied, then the linearized hyperbolic problem (2.33), (2.42) satisfies reduced uniform stability
condition.
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Conversely, if the linearized hyperbolic problem is uniformly stable and the vector bundle
IE_(I:I(E, E, p)) has a continuous extension to S'ff_ X [0, pol, then the reduced uniform spec-
tral stability condition is satisfied and the linearized problem (2.17) satisfies the uniform low-
frequency stability condition.

Proof. The uniform estimate (2.75) implies that
|ul < C|Tiea()ul

foru e E~ (ﬁ(g, E 0)), gz € S'i and p > 0 small. If y > 0, every term is continuous up to p =0
and the estimate above implies (2.64), that is

lu| < C|Tea(0)ul

foru e E~(Ho(u, %)), € Si. This implies that the hyperbolic problem in uniformly stable.
IfE~ (I-VI (u, 5 , ©)) has a continuous extension to S"j_ x [0, po], the reduced Evans function is

has a continuous extension to 3‘{{_ x [0, pol. The hyperbolic uniform stability and (2.81) imply
that

D¢, p)=c>0

for Z € Si and p = 0. By continuity, this extends first to E S S'i and next to p € [0, p;] for some
p1>0. O

Remark 2.31. It is proved in [22] that when the eigenvalues of the hyperbolic symbol A(u, £)
have constant multiplicity, and more generally when there is a smooth K-family of symmetrizers
(see the definition below), then the vector bundle E~ (I-VI (u, ;V' p)) has a continuous extension
to p = 0. The main concern of this paper is to construct K-families for systems with variable
multiplicity. This is possible under suitable assumptions, and therefore the two theorems above
extend a result of F. Rousset [24]. However, we will also show that the bundle E does not always
admit a continuous extension, with the result that the hyperbolic problem can be uniformly stable
while the viscous problem is strongly unstable in the low-frequency regime. This seems to be a
new phenomenon.

Assuming transversality of w, Theorem 2.28 implies that the uniform spectral stability for low

frequency is equivalent to the spectral stability for the reduced problem. There is an analogue for
maximal estimates. The maximal estimates for the reduced problem (2.79) read

. Lo, . . _lox
@ +0)2ligll2 + i )] < C(@ + o)~ 2 full 2 + |h]) (2.82)
with C independent of E € §fﬁ and p € 10, pg]. Note that for p =0 and y > 0, this is the max-

imal estimate for the inviscid problem. Scaling back to the original variables, this estimate is
equivalent to

v + 122 sl 2+ |us @] < C((v +1212) 21 fl2 + 1h]) (2.83)

for the solutions of (2.73).
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Theorem 2.32. Suppose that the profile w is transversal. Then the maximal estimates (2.53) are
valid for low frequencies if and only if the maximal estimates (2.82) for the reduced problem
hold true.

Proof. By Lemma 2.12 P (u, ¢) has no purely imaginary eigenvalues. Thus, using symmetrizers
(see e.g. [20] and Section 3 below), there holds

|ufp ]2+ b O S| £2 ] 12 (2.84)
lupll 2 S 1 f7 |2+ [up O, (2.85)

where 4 denotes the smooth projections on the spaces E* (P (u, ¢)).
The splitting (2.71) implies that the boundary condition (2.68) reads

718 = Ieaun (0) + g Fpuj (0),
wpg=Tpup(0)+mplyun©0) +7uLpuf0).
Moreover I'p is invertible on E™ (P), hence |I'pu (0)| ~ |u (0)| and

|Heaun 0)| S Imrgl+ |ub0)],
[up )] < lpgl + [up )] + |ub0)].

Suppose that the estimate (2.83) is satisfied. Then,

Qlunlipe + un O S~ fullp + Iwngl + |up ).
With (2.84), this implies that
el +up| 2 + | O]+ up O So ™ W fulle + [ f5 [ 2 + gl + [uF O]
Thus, with (2.84), we obtain that
Qllurll2 +lupl g2+ [ur )| + lup O S~ full 2 + 1 £e 12 + lgl.
Because V (u, 0) has the special form (2.30), U= Viug,up) = (171, ﬁz) satisfies
U'=0Muy +0Dup, U*=0(1¢))um + O(Dup.
Therefore, the solutions of (2.25) satisfy
o0 2+ 0] . +|TO S o7 IF N2+ Ig)
that is the maximal estimate (2.53).
Conversely, assume that the maximal estimate (2.53) is satisfied. Suppose that u g is a solution

of (2.66). By transversality, I'p is surjective from E™ (P, ¢) to its image Fp(¢) and there exists
there is u p(0) in E~ (P, ¢) such that
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Ipup(0) =—mplpup(0) €Fp(f). (2.86)

Consider up = e*"up(0) which is well defined and rapidly decaying at infinity since up(0) €
E_(ng'). It is a solution of (2.67) with fp=0.Then U =V (up,up) is a solution of (2.25)
with F = V(fy,0). Thus (ug,up) = V~'U and there holds

lurl2 SWON2,  ur @] S[OO],  1F2 S falle

and, by (2.86), I'U (0) = I'yup (0) + Fpup(0) = Iequr(0). Thus the estimate (2.53) immedi-
ately implies (2.83). O

3. Low frequency analysis: The main results

This section is mainly devoted to the study of the reduced equation (2.79), which is a non-
singular perturbation of the inviscid problem (2.33). Our goal is to perform an analysis without
assuming constant multiplicity of eigenvalues, thus allowing for examples such as MHD. The
inviscid case is considered in [21], and we want to extend the results to small viscous perturba-
tions.

3.1. Symmetrizers
Consider the constant—coefficient linear first order system (2.25). For clarity, we drop the

tildes and reserve the notation u, U, ... for the unknowns and call p € U the parameter called u
in this equation, which now reads

3.U=G(p,.5HU + F, I'(p,HU©) =g. 3.D

To prove energy estimates for the solutions of this equation, the main step is to construct sym-
metrizers. They are self adjoint matrices X' (p, ¢) such that

Re(Z(p, O)G(p. 0)) > 0. (32)

The symmetrizer is adapted to the boundary conditions and provides maximal estimates for the
traces when

X(p,¢)>0 onkerl'(p,¢). 3.3)

The construction of such symmetrizers is in two steps: first, one constructs a family of sym-
metrizers X*, which is independent of the boundary conditions; second one uses the uniform
Lopatinski or Evans condition, to prove that if « is large enough then the symmetrizer is adapted
to the boundary condition.

More precisely, one considers a splitting

CNN —E=(p, ) ®E* (p, ¢) (3.4)
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where E™ (p, ¢) is the negative invariant space of G(p, ¢) as above while E*(p, ¢) can be chosen
arbitrarily so that the splitting (3.4) holds. Denoting by IT*(p, ¢) the projectors associate to this
splitting, the family of symmetrizers X'“ is searched so that

2 >me) () Ot —(m) ' n 3.5)

where m (k) — +00 as k — +00.
Since E~ = ker IT™, the stability condition (2.44) which reads

ker I'(p, &) NE™ (p, §) = {0} (3.6)
is also equivalent to an estimate
\mu? <C(IMul + |Ttul’). 3.7)
Therefore, if the family X'* satisfies (3.5), then for « large enough, there holds
Y¥>cld-—C'T*I', ¢>0 (3.8)
and therefore X'* is adapted to the boundary condition I".

If Re X“G > §, Id, then multiplying the equation by X and integrating by parts yields the
estimate

) 1
SelUNL: +e|UO] < SIFIZ. +Clgl?, (3.9)
K

This is the sketch of the general argument. To obtain usable estimates, uniform versions
of (3.5), (3.7) are needed as well as more precise versions of (3.2) (see below). Note that in
this approach, the construction of symmetrizers is completely independent of the boundary con-
ditions, and in particular of the validity of the stability conditions. In this paper, we concentrate
on the construction of families of symmetrizers which satisfy (3.5). They are called K-families
in [21].

3.2. Main results
The construction of symmetrizers for middle frequencies, is performed in [20]. By Lem-
ma 2.12, the matrix G(p, ¢) has no eigenvalues on the imaginary axis when ¢ € R4+ {0},

Therefore,

Lemma 3.1. For all { € R¥1\ {0}, there is a neighborhood of (p.§) inlU x R+ such that for
(p, ¢) in this neighborhood there is a smooth splitting

CV =E~(p,0) ®E* (p, 0), (3.10)

where B*(p, ) denote the invariant space of G(p,¢) associated to the spectrum in
{£Re u > 0}. Denoting by IT*(p, ¢) the smooth spectral projectors associate to this splitting,
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there is a smooth family X*(p, ¢) of self adjoint matrices such that for all (p, ¢) in the given
neighborhood and all k > 1:

(i) ReX*“G >0,

(i) ReX¥>w(I)'mt—(17)m . (3.11)

Corollary 3.2. If the weak spectral stability condition is satisfied, then for all { € R4+ {0},

there are a constant C and a neighborhood of (p,§) in U x R such that for (p,¢) in this
neighborhood the solutions of (3.1) satisfy

1Ull2 + [U©] < C(IIF N2 + 1g1).- (3.12)

We now concentrate on low frequencies. By Lemma 2.12, the matrix G(p, ¢) is locally
smoothly conjugated to a block diagonal matrix (2.28) with diagonal blocks with H(p, {) of
dimension N x N and P(p, ¢) of dimension N’ x N’. The system (3.1) is therefore equivalent
to Egs. (2.66), (2.67) coupled by the boundary conditions (2.68).

In the block diagonal reduction (2.28), we construct symmetrizers

L0
e = ( H ) (3.13)
0 X%

such that the properties (3.2) and (3.5) are satisfied for each block independently.
The construction of symmetrizers for the elliptic block P is standard and identical to the
construction for middle frequencies, since P(p,0) has no eigenvalues on the imaginary axis.

Denote by E% (p, ¢) the subspaces of CV ', invariant for P( P, ¢), associated to the spectrum in
{£Re u > 0}. Thus, for (p, ¢) in a neighborhood of ( P 0), there is a smooth splitting

cV =E, ®E}. (3.14)
Denote by IT ij( D, ¢) the smooth spectral projectors associate to this splitting.

Proposition 3.3. There is a smooth family of self adjoint matrices XY on a neighborhood
of (]_), 0) such that

(i) ReXjP >0,
(i) ReXp>«(Tf)If — (1) Mp. (3.15)

This implies the estimates (2.84), (2.85) which where used in the previous section.
To analyze H, we use polar coordinates for { = p¢ as in (2.77) so that

H(p,t)=pH(p,,p), H(p,C,p)=Ho(p,7)+ O(p). (3.16)

By Lemma 2.12, for ¢ € ]Rffrl \ {0}, H has no eigenvalue on the imaginary axis, hence the
number N~ of eigenvalues of Hin {Re i < 0} is constant.
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We fix a point é € 59, that is é = (2,7, y) in the unit sphere with y > 0. The goal is to con-

struct smooth symmetrizers for H , for (p, g:, p) close to ( P, é , 0). For convenience we introduce
the following terminology.

Definition 3.4. A smooth symmetrizer for H ona neighborhood w of ( P, é ,0) is a smooth self

adjoint matrix »H (p, E , ) such that
Re 2" H =" VISV, (3.17)

where the Vi and X} are smooth matrices on w of appropriate dimension so that the products
make sense, satisfying

(i) Y V{Vy is definite positive,
(i) either Xy is definite positive or Xy = y Xk 1 4+ p Xy 2 with X} 1 and X » definite positive.

Definition 3.5. A family of smooth symmetrizers X¥* on neighborhoods @* of ( P é ,0) is called

a K-family of symmetrizers for H if there are a decomposition
CV =E, ®E}, (3.18)
with dimE~ = N_ and m (k) — +00 as k — +00 such that for all «
Z(p.£.0) > m()ITE Iy — 1T, (3.19)
where 1y are the projectors associated to the splitting (3.18).

Remark 3.6. Recall from [22] that if there is K-family of symmetrizers, then E™ is the limit of
the negative spaces E~ (p, E, p) as (p, g:, p) tends to (p, E, 0) with p > 0. Thus E™ is uniquely
determined. On the other hand, E™ is arbitrary, provided that the splitting (3.18) holds: if (3.19)
holds for some choice of ET, then it also holds for another choice for a multiple of X'* with some
other function m (k).

We can now state the main result of this paper, which extends [21].

Theorem 3.7. Suppose that the assumptions of Section 2.1 are satisfied. Assume further that one
of the following two condition is satisfied:

(i) all the real characteristic roots (p, t,&) with |&| = 1 satisfy the condition (BS) of Defini-
tion 4.9. -

(i) the system is symmetric dissipative in the sense of Definition 2.5 and the real characteristic
roots (p, t,&) with |§| = 1 are either totally nonglancing in the sense of Definition 4.3 or
satisfy the condition (BS) of Definition 4.9.

Then, for all é € 84, there exists K-families of smooth symmetrizers for H( p, ¢, p) near

v

. £,0).
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The condition (BS) ensures that a suitable generalized block structure condition is satisfied.
From a technical point of view, this condition makes the construction of symmetrizers given
in [20] work. For hyperbolic problems, the block structure condition was introduced by A. Ma-
jda and S. Osher [16] as the technical condition which allows to construct Kreiss symmetrizers
(see [12]). In [21], it is shown that the block structure condition is satisfied if and only if the sys-
tem is smoothly diagonalizable. In the viscous case, things are more subtle and the generalized
block structure condition is discussed in details in Section 3. We just point out here the following
example.

Theorem 3.8. If (p, T, § ) is a semi-simple characteristic root of constant multiplicity, then the
condition (BS) of Definition 4.9 is satisfied at that point.

Together with Theorem 3.7, this implies Theorem 1.1. Finally, we quote that the existence of
K-families implies the validity of the maximal estimates when the boundary conditions satisfy
the uniform spectral stability conditions.

Theorem 3.9. Suppose that there exists a K-families of symmetrizers for H near ( D, Z‘ ,0) and
suppose that the boundary conditions are such that the uniform spectral stability condition is
satisfied for low frequencies. Then the uniform stability estimates (2.53) are satisfied.

Similarly, if the reduced boundary conditions satisfy the reduced uniform stability condition
then the uniform estimates (2.82) and (2.83) hold true.

3.3. Block reductions

The advantage of the notion of K-families is that it is independent of the boundary conditions.
Therefore, their construction depend only on an analysis of H. In particular, we can use spectral
block decompositions of H. 5 5

Fix (€ Sfi. Consider the distinct eigenvalues Mk of Hy( p, ). For (p, ¢, p) in aneighborhood

of ( P é , 0), there is a smooth block reduction

V-'HV = diag(Hy) (3.20)

where the Hy have their spectrum in small discs centered at j4x that are pairwise disjoints. Equiv-
alently, there is a smooth decomposition

C¥ =PE(p.C. ) (3:21)
k

in invariant spaces for H (p, E o) and Hy is the restriction of H to Ex. We denote by Ni the
dimension of E, that is the size of ﬁk.
The K-families of symmetrizers are constructed for each block Hi separately. If X is a K-
family for I:Ik, itis clear that X = V* diag(Z‘,’:)V has the form (3.17) and is a K-family for H.
When the mode is elliptic, that is when Re uy # 0, the construction of symmetrizers is easy
(see e.g. [1,12,20]). B
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Proposition 3.10. Suppose that i is an eigenvalue of Ho(p, gi ) with Re g # 0. Then is a smooth

amily of self adjoint matrices on a neighborhood of (p, ¢, 0) such that
family of self adjoi ices X ighborhood of (p. ¢, 0) such th
(i) Re(ZfHi) >0,
(i) ReXy >«ld if Repy >0,

Re Zf > —Id if Repy <O. (3.22)

Therefore we now restrict our attention to a nonelliptic mode:
/ikzié‘d, §deR. (3.23)

By definition of Ho, this implies that —F + iy is an eigenvalue A of A(p, &) with & = (3, £4).

In particular, by hyperbolicity, this can only happen when y = 0. By Lemma 2.12, Hy has no
eigenvalues on the imaginary axis when p > 0, thus the number of eigenvalues in {Re u < 0} is
constant. We call it N, . The next definition reformulates Definitions 3.4 and 3.5 for nonelliptic

blocks I:Ik.

Definition 3.11. A smooth symmetrizer for a nonelliptic block Hi on a neighborhood
of (p, £, 0) is a smooth self adjoint matrix X'(p, ¢, p) such that for all (p, ¢, p) € w:

ReSH =y X1+ ps, (3.24)

with 21(2, é 0) and X (E’ é 0) definite positive.
A family of smooth symmetrizers X} on neighborhoods v of (p, é ,0) is called a K-family

of symmetrizers for H if there are a decomposition
Ec(p.{.0)=E; ©Ef (3.25)
with dim[E;~ equal to N, and m(x) — +00 as k — +00 such that for all k¥
ZE(p. £, 0) = mGo) (L) IF — (1) I, (3.26)
where I1 ,fc are the projectors associated to the splitting (3.25).

Given gi = (1, ﬁ, 0) e S‘i and a nonelliptic mode Mk = i§d7 —1, is an eigenvalue of A(f’ é)

with § = (ﬁ, é 4)- Therefore, Theorem 3.7, is an immediate corollary of Proposition 3.10 and the
following two theorems.

Theorem 3.12. Suppose that the system is symmetric dissipative in the sense of Definition 2.5;
suppose in addition that (p,T,§) is a totally incoming or outgoing characteristic root in the

sense of Definition 4.3. Then there are K-families of symmetrizers for the associated block Hy,
with &, = {0} in the outgoing case and E; = CMr in the incoming case.
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Theorem 3.13. If (p, T, é;z ) is a characteristic root which satisfies the generalized block struc-
ture condition of Definition 4.22. Then there are K-families of symmetrizers for the associated
block H.

4. The generalized block structure condition
4.1. Hyperbolic multiple roots

We first recall from [21] several notations and definitions concerning the characteristic roots
of the hyperbolic part L. For simplicity, we suppose, as we may, that the coefficient of 9; is
Ao =1d, so that, with notations (2.3), L = L. The characteristic determinant is denoted by

A(p,7,§) :=det(t1d+ A(p, §)). 4.1)
Definition 4.1. Consider a root ( P, T, g) of A( P, T, g) =0, of algebraic multiplicity m in 7.

1) ( P, g) is algebraically regular, if on a neighborhood w of ( P g ) there are m smooth real
functions A (p, &), analytic in &, such that rj(p, g) = —1 and for (p, §) € w:

A, r.5) =e(p. . O [[(r +2j(p. ©) 42)

J=1

where e is a polynomial in 7 with smooth coefficients such that e(p, 7, §) # 0.
(1) ( P, &_‘ ) is geometrically regular if in addition there are m smooth functions e;(p, &) on w

with values in CV, analytic in £, such that

A(p,§)ej(p, &) =4j(p,&)e;(p.§), 4.3)

and the ey, ..., ¢, are linearly independent.
(iii) (p,z,§) is semi-simple with constant multiplicity if all the A ;’s are equal.

Case (iii) occurs when A(p, &) is a continuous semi-simple eigenvalue of A(p, &) with con-
stant multiplicity near (p, &), such T +A(p, &) = 0. This implies that X is smooth and analytic in
£ as well as the eigenspace ker(A — A). In this case, one can choose for {e j} any smooth basis of
this eigenspace.

If all the roots at (p,&) are geometrically regular, then, locally near (p, &), A(p,§) is
smoothly diagonalizable, meaning that it has a smooth basis of eigenvectors.

Example 4.2. For the inviscid MHD, the multiple eigenvalues are algebraically regular, but some
are not geometrically regular (see [21] and Section 8 below).

The second notion which plays an important role in the analysis of hyperbolic boundary value
problems is the notion of glancing modes. Recall from [21] the following definition. If T is a
root of multiplicity m of the polynomial A(p, -, &), then by hyperbolicity, the Taylor expansion
of Aat(p,z,£&) atthe order m — 1 vanishes so that
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Ap.T+T.E+E) =An(r. )+ O(|. 6" (4.4)

and A,, is homogeneous of degree m. Moreover, A,, is hyperbolic in the time direction. Indeed,
any direction of hyperbolicity for A(p, -) is a direction of hyperbolicity for A,,. Denote by I" 4
the open convex cone of hyperbolic directions for A,, which contains dz.

Definition 4.3. The root (p, t, £) of A, of multiplicity m, is said nonglancing when the boundary
is noncharacteristic for A,,.

It is totally incoming (respectively outgoing) when the inward (respectively outward) conor-
mal to the boundary belongs to I . It is totally nonglancing if is either totally incoming or totally
outgoing.

Example 4.4. This definition agrees with the usual one for simple roots, given by t +A(p, §) =0.
In this case d; + Vg A - 9, is the Hamiltonian transport field for the propagation of singularities or
oscillations and the glancing condition dg,A = O precisely means that the field is tangent to the
boundary. More generally, if the root (p, T, &) of A is algebraically regular, then, with notations
asin (4.2)

=

An(t.§) =e(p.1.8)

(t+&-Ved;(p.§). 4.5)

j=l1

The mode is nonglancing if none of the tangential speed dg, A j (p, §) vanish. Itis totally incoming
(respectively outgoing) if they all are positive (respectively negative). In particular, in the constant
multiplicity case, all the A ; are equal and they are all glancing, incoming or outgoing at the same
time.

In the study of boundary value problems, the dichotomy incoming vs outgoing plays a crucial
role: for instance, for transport equations one boundary condition is needed in the first case
and none in the second. Using symmetrizers to prove energy estimates, they are constructed
in opposite ways. The general Kreiss construction also reflects this dichotomy. Introduce the
following definition:

Definition 4.5. Suppose that (p,z,§) is an algebraically regular root of A. With nota-
tions as in (4.2), denote by v; the order of §; is a root of order of the equation 7 +
Aj (B’ §1, e §d_1, -) =0, that is the positive integer such that

1 .
8gdkj(1_7,§)20 fora <v; and B; ::;8;;)»](;_7,@7&0. (4.6)

We say that A; is of type I when either v; is even or v; is odd and 8; > 0. It is of type O
when v; is odd and 8; < 0.
We denote by Jo (respectively J;) the set of indices j of the corresponding type.

v

Remark 4.6. When (p, 7, &) is nonglancing, then the all the v ; are equal to 1, and being of

type I (respectively type O) means to be incoming (respectively outgoing). They are all of the
same type exactly when the mode is totally nonglancing.
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Remark 4.7. The details of the construction of Kreiss’ symmetrizers depend strongly on being
of type I or O, see [1,12,19] and Section 5. There are no reason other than technical why even
roots are of type / rather than O.

4.2. The decoupling condition
The spectral properties of A(£) are modified by the perturbation B. In particular, since the
construction of symmetrizers depends deeply on the property of being incoming/outgoing, it is

very important that the perturbation respects the decoupling between the different type of modes.

Definition 4.8. Suppose that (p, 7, §) is a geometrically regular root of A of order m. Consider
a basis {e;} as in (4.3) and dual left eigenvectors £; such that

Ej(zld—l-A(B,éi)):O, éj'ej’(£’§):8j,j/' 4.7

Consider the and the m x m matrix with entries

B’ , ={;B(p,£)ej/(p,§). 4.8)

(i) We say that the decoupling condition is satisfied if
B, =0 when (j,j)) € (Jo x J1)UUs x Jo) (4.9)

where Jp and J; are introduced in Definition 4.5.
(ii) We say that the basis {e;} is adapted to B if

Re B > 0. (4.10)

Definition 4.9. We say that the root (p, 7, §) of A satisfies the condition (BS) if it is geometri-
cally regular root, satisfies the decoupling condition (4.9) and there is an eigenbasis basis {e;}
adapted to B.

We give several examples and counterexamples. The next result rephrases Theorem 3.8.

Proposition 4.10 (Constant multiplicity). Suppose that (p, t, &) is a semi-simple characteristic

root with constant multiplicity of A. Then the condition (BS) is satisfied.

Proof. For semi-simple characteristic root A with constant multiplicity either Jo or Jy is empty
so that the decoupling condition (4.9) is trivially satisfied. The perturbation argument for the
spectrum of i A + p B, used in [20] for fully parabolic viscosity, applies to the general case and the
Assumption (H4) for small frequencies implies that the spectrum of B* is located in {Rez > 0}.
Thus there is a basis {e;} in ker(A(p, §) + 7 1d) such that Re B* is definite positive. Next, since
any smooth basis {e;} in ker(A — ) satisfies (4.3), one can choose it such that ej(p,§)=e¢e;. O

Proposition 4.11 (Artificial viscosity). Suppose that (p, T, §) is geometrically regular for iA+ B
in the sense that there are m smooth functions A;j(p,&, p) and m linearly independent smooth
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vectors ej(p, &, p) on a neighborhood of (2, g, 0), analytic in &, such that A (2, ij, 0) = —1 for
all j and

(iA(p.&) +pB(p.§))ej(p.&, p) =irj(p. &, plej(p. &, p). (4.11)

Then, the decoupling condition is satisfied and the basis {e|,=0} is adapted to B.

Proof. Alternately, differentiating (4.3) with respect to o and multiplying on the left by £,
implies that Bg, i= 0 when j # j’. Moreover, (H1) implies that Bi > 0. O

For example, if (p, 7, £) is geometrically regular for A in the sense of Definition 4.1 and if
B = A, 1d is an artificial viscosity, then (p, 7, ) is geometrically regular for i A + B. However,
this condition is too restrictive for applications, in particular when A and B do not commute.

Example 4.12. If the root is totally nonglancing, then the decoupling condition is trivially satis-
fied since either J; or Jo is empty. This applies to fast shocks in MHD.

Counterexample 4.13. Slow shocks in MHD do not satisfy the decoupling condition, see Sec-
tion 8.

The decoupling condition is crucial in the construction of symmetrizers. The second condi-
tion (4.10) is more technical. One could expect that with the positivity Assumption (H1), one
could always find an adapted basis. This is not clear, except for multiplicity 2 or symmetric
systems.

Proposition 4.14. Suppose that (p, t, &) is geometrically regular of multiplicity m. Assume that
either m =2 or that the system is symmetric dissipative in the sense of Definition 2.5. Then, there
is a basis {e;} adapted to B.

If in addition all the eigenvalues A are of the same type O or I, then the condition (BS) is

satisfied.
The proof is given Section 6.
4.3. The hyperbolic block structure condition

We turn back to the construction of symmetrizers for nonelliptic blocks I-Vlkv in the split-
ting (3.20). The construction of K-families is performed in [20] provided that Hy can be put
in a suitable normal form. This is the so-called block structure condition. We first review this
condition in the hyperbolic case, and next extend it to the hyperbolic—parabolic case.

Consider p and a frequency ¢ = (Z,7,0) # 0 and a purely imaginary eigenvalue (3.23)
Mk = iéd of Ho(p, é). Let é = (ﬁ,gd). Then (p, i,é) is a root of A. We consider the block
H, associated to Mk and denote by Ey the corresponding invariant space of H. We use the nota-

tions Hy o(p, ¢) = Hi(p, ¢, 0) and By o(p, £) = Ex(p, ¢, 0).

Definition 4.15. ﬁk,o has the block structure property near (p, é ) if there exists a smooth invert-
ible matrix Vi ¢ on a neighborhood of that point such that kaol I:Ik,o V.o is block diagonal,
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01 O
VioHoVio=| 0 . 0 : (4.12)
0 Qm’

with diagonal blocks Q; of size v; x v; such that:
Q;(p, 7) has purely imaginary coefficients when y =0,

0 1 0
. 1o o .0
Q;(p,¢)=pxld+i o , (4.13)
. A |
0

and the real part of the lower left-hand corner of d; Q ; (p, ¢), denoted by q;, does not vanish.

Whenv; =1, Q,(p, ¢) is a scalar. In this case, (4.13) has to be understood as Q;(p, 0= ks
with no Jordan’s block. The lower left-hand corner of the matrix is Q; itself and the condition

reads q; =0y Qj(z_a, é) #0.

Proposition 4.16. (See [21].) If the root (p, T, £) is geometrically regular in the sense of Defini-
tion 4.1, the corresponding block Fvlk,o satisfies the block structure condition.

Conversely, if I-VIk,o satisfies the block structure condition with matrices V that are real ana-
lytic in Z , then the root (p, T, %E ) is geometrically regular.

Remark 4.17. There is a slight discrepancy here between the necessary and the sufficient con-
dition, due to analyticity conditions. Definition 4.1 requires analyticity in £. This is used in the
proof of sufficiency. In addition, it implies that the block structure condition holds with matri-
ces V that are real analytic in E Thus, there is an “if and only if” theorem. However, for the
construction of symmetrizers, analyticity of Vj is not needed, this is why we do not insist on it
in the definition above. In addition, note that for fixed p, the existence of C* eigenvalues and
eigenvectors for A, implies that these eigenvalues are real analytic in £ and that one can choose
analytic eigenvectors (see e.g. [17,25]). The question is to control the domain of analyticity as p
varies. In applications, for this problem, proving analyticity is not harder than proving the C*
smoothness.

To prepare the hyperbolic—parabolic analysis, we have to review the proof of Proposition 4.16
(see [18,21]). In particular, we reformulate the conditions of Definition 4.15 in a more intrinsic
way. The choice of a smooth matrix Vi o is equivalent to the choice of a smooth basis of Ey o,

denoted by {¢; 4 (p, g)}lgjgm/ylgagvj. The property (4.13) reads

(Ho(p. ) — ) @i (p.§) =0, (4.14)

(Ho(p. ) — 1) @ja(p. ) =i@ja—1(p.0), 2<a<v;. (4.15)

With (3.21), there is a unique smooth dual basis ¥; . (p, Z) such that
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1pj,a . E;c,o =0,
wj,a Qi a = 5],.j’8a,a’~ (416)

Here, ]E}( o denotes the invariant space of Hy(p, g:) such that CN = Exo® IE;C o- It is the sum of
invariant subspaces associated to eigenvalues pyr 7 .

In the basis ¢; 4, the entries of the matrix V,:O] I-vlk,o V0 are ¥ o Hopj o . The diagonal block
structure means that

VjaHopj o =0 when j# j'. 4.17)

The other conditions read:
Re(¥j.aHopja) =0 wheny =0, (4.18)
Re d; (., Howj1)(p, §) #0. (4.19)

We first show how to compute this quantity in terms of A only.

Lemma 4.18. Suppose that I:Ik,() has a block diagonal decomposition (4.12) in a smooth basis
©j.a of Bk (p, E, 0) which satisfies (4.14), (4.15). Let ; 4 denote a dual basis satisfying (4.16).
The lower left-hand corner entry of 3; Q j(p, é) is equal to the lower left-hand corner entry of
—i0; Qj(p, é) and equal to

qj ==V (2, DAL (D)1 (P, D). (4.20)

Proof. Let Ho = Hy(p. ). Then Ho — ju is invertible on E ,(p. {). With (4.14), (4.15), this
implies that

range(Ho — i 1d) = {10, (2, D), s Y, (0, D) 4.21)
ker(Ho — i 1d) = {@1,1(p. O, ... 0w 1 (. D }. (4.22)

In particular,
(Ho — i Id)gj1 =0 and v, (Ho — pi 1d) =0. (4.23)

The entry in consideration is
q;(p.0) = Vv, Hopj1 =V, (Ho — pi Id)@j 1 + pido; 1.
Therefore, differentiating in y and t and using (2.27), implies that
3;qj(p. ) =—idzqj(p.{) =g, (4.24)

is given by (4.20). O
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We now discuss how much flexibility there is in the choice of the basis ¢; ,. Recall that we
are considering a purely imaginary eigenvalue ui = i§4 of Ho(p, é ), so that —7 is an eigenvalue

A of A(p, §) with & = (3, £4).

Lemma 4.19. Suppose that I-Vlk’o has the block structure property near (p, é ) in a smooth basis
@j.a and denote by Vj 4 the dual basis (4.16). Then,

(1) A is a semi-simple eigenvalue of A(E,é) with multiplicity m equal to the number m’
of blocks Q;,
(ii) on a neighborhood of (p, é), there are m smooth eigenvalues A ;(p, é) of A(p, é) and m

smooth linearly independent eigenvectors e;(p, SV ), such that

Aj(p.&) =1, (4.25)
A(p,E)ej(p,E)=n;(p,E)e;(p, &), (4.26)
ej(p.&)=0j1(p. 0, (4.27)

(iii) the order oféd as arootof T+ Aj(p,n,-) =0 is equal to v},
(iv) denoting by {£;} the left eigenvector dual basis of {e;} as in (4.7), there holds

LiAd(p) =B, (p. D). (4.28)

with B := #agfjxj(g, £) as in (4.6),
(v) the lower left-hand corner entry of 9; Q j (p, é) is

gj=—1//3j eR. (429)
Proof. (a) Define ¢; ., =¢;j,; and fora <v;
Gja(p. &) =—i(Ho(p. ) — pk)Pj.at1- (4.30)
By (4.15), there holds

$5.a(p. D) =0j.a(p. ). 4.31)

Moreover, in the new basis ¢; 4, the matrix of Q; has the form

* 1 0

Qj =ik ld+i 0 0 (4.32)
- ¥ 0 1
¥ 0 0

Thanks to (4.31), the dual basis {1%-’,1} associated to {@; .} also satisfies 1/~/j,a (E’ é) = Wj,a(ﬁ, é).
This implies that the lower left-hand corner of d; O (p, é ) is unchanged in the new basis.
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(b) Consider the determinant

Aj(p, ¢, &) =det(E4 [d+i Q(p, D).

It is independent of the basis {y/;,} or {lﬁ j.a}. Thus, it is real when y = 0 and vanishes at
(p, é gd)- Moreover, (4.13) implies that

0: Aj(p.$.5a) = —q;-
As a byproduct, using also (4.24) this shows that
qj€R thus g;=Req;=q;#0. (4.33)

In particular, the implicit function theorem implies that there is a smooth function A (p, § ),
in a real neighborhood of (p, é), such that A (p, é) = —% and for ¢ = (%, ], 0):

Aj(p,C &) =aj(p, C ED)(F+1j(p,E)) (4.34)

with o (p, ¢, €q) #0.
(c) Consider next the eigenvector equation

(41d+iQ;(p,0))e; =0. (4.35)

By (4.32), in the basis {J/j,u}, the v; — 1 first equation determine the last v; — 1 components
of €j

(€)a=CEa—E)" (e, a=2. (4.36)

Substituting these values, the last equation is a scalar equation equivalent to A ; = 0. Introduce
8i(p. 1. §) = (=;(p. §).11.0),
and
Vi
ej(p.E)=¢j1(p, )+ Y Ea—Ea)"'9ja(p. ). (4.37)
a=2
This vector is smooth and satisfies (4.35), thus

(A(p.&) — 2;(p.&)1d)e; (p, &) = Aa(p) (i Ho(p, {j) + Ea1d)e; (p, €) = 0.

Moreover, the ¢ (p, é )=wj1(p, é ) are linearly independent.
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(d) By (4.34), for ¢ = (%,%,0), there holds

det(¥ 1d + A(p, §)) = det(Aq) det(i Ho(p, ¢) + £41d)

=a(p,t,8) ﬂ (F+2j(p.5)

where a(p, T, &E ) # 0 and m’ is the number of blocks Q ;. This shows that —7 is an eigenvalue
of algebraic order m’ of A( P g). By step (c), the geometric multiplicity is at least m’, implying
that —7 is semi-simple of order m’.

Moreover, by (4.14), there holds

Aj(p.¢.E) = Ea—Ea)",

showing that éd is a root of multiplicity v; of A;, thus of 7 + Aj(g, ﬁ, é) =
(e) Let £; satisfy (4.7). Thus

Range(Ho(p.¢) — pi1d) = A7 ' (p) Range(F 1d + A(p. §))
= A7 (DG )

Comparing with (4.21), this implies that
span{yj; (p.O), 1< j <m}=span{;, 1< j<m). (4.38)

Fora € {1, ..., v}, introduce

¢a= ) o lej(p.&). (4.39)

Because éd is a root of order v; of T+ Aj (E’ r_v;, 5) =0, the definition (4.37) implies that
¢ja=0ja(p, 0 =0jalp, ) forl<a<v.
In particular, (4.16) implies that

Yt (PO - vy =V, (P O) - 9y (. O = 8- (4.40)

Differentiating the equation
(A(p. &) = 1j(p.£))ej(p.&) =0 (4.41)

with respect to £4 and at order v ; yields

(F1d+A(p, £))8) e;(p.&) = —v;Aa(p)iy) ' ej(p. &)+ 3 (p, Ere; (p, B).
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Multiplying on the left by £ ;- annihilates the left-hand side, implying

LirAg(p)ejv, (p.0) =Bl -ej(p.E) = B;8j ;.

By (4.38), the £;Aq and ¥/ ,; span the same space. Therefore, comparing with (4.40) implies

that £ Aa(p) = Bj ¥y, (P, ).
(f) By (4.20) and (4.28), we have

—Biq; =Lj9j1(p.0) =Ljej(p, &) =1.
The proof of the lemma is complete. O

Remark 4.20. This lemma is a variation on the necessary part in Proposition 4.16 (see [21]),
with useful additional remarks. It shows that the block structure condition is closely related to
a smooth diagonalization of A. Conversely, if one starts from a smooth basis e; and a root of
T+A;(p, é) with (4.6), one constructs a basis ¢; , such that ¢; ,(p, E) is given by (4.39), using
an holomorphic extension of e; to complex values of £, (see [21]). Lemma 4.19 implies that the
change of bases which preserve the block structure form are linked to change of bases which
preserve the smooth diagonalization of A.

The construction of K-families of symmetrizers for the blocks Q; is performed in [12,14,
19]. The sign of B; and the parity of v; play an important role. Hyperbolicity implies that Hy

and thus the H; and Q j have no purely imaginary eigenvalues when y > 0. Denote by ]Eéj the
invariant space of Q; associated to the spectrum in {Re v < 0} since the definition of the limiting
space Eé,' Recall that the limit space at (p, é) is

Ep, = C% x (0} (4.42)
with
v;/2 when v; is even,
1);. =1 (vj+1)/2 whenvjisoddand B; >0, (4.43)

(v;j —1)/2 whenvj is odd and B; <O0.

Remark 4.21. As a corollary, we have the following characterization of the sets Jp and J;:

Jj€Jr ifvjisevenorv; isoddandq;<0,
) 4.44)
j€Jo ifv; isoddandqj>0.

4.4. The hyperbolic—parabolic case
We still consider a block Hj associated to a purely imaginary eigenvalue (3.23). In the next

section, we show that the following technical conditions are the natural one for the construction
of Kreiss symmetrizers.
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Definition 4.22. H; has the generalized block structure property near (p, é , 0) if there exists a
smooth invertible matrix Vi on a neighborhood of that point such that

01 - 0 El,l El’m
Vi'Hvie=| 0 s |+ 0 (4.45)

0 Qm Bm,l Bm,m

where the Q;(p, 7) satisfy the properties of Definition 4.15. Moreover, the m x m matrix B’
with entries B';. i equal to the lower left-hand corner of B i P, é , 0) satisfies

B’ =0 when (j,j") € (Jo x J1)U (s x Jo) (4.46)

where Jo and J; are defined by (4.44) and there is a real diagonal matrix D, with entries d?
such that

d;q;). >0, ReD’B’>0. (4.47)

We show that these conditions are related to the condition (BS) of Definition 4.9 formulated
on the original system. We need first a more detailed form of the block reduction H in (2.28).
Introduce the following notations:

d—1
Bun(p.0) ==Y njmBjx(p), (4.48)
j=1k
d—1
Bua(p, ¢) =Y _n;(Bja(p)+ Ba j(p))- (4.49)
j=1

Lemma 4.23. One can choose the matrix V in (2.28) such that there holds

H(p,¢)=Ho(p,¢) — Hi(p, ) + O(I¢) (4.50)

where
Hy=A}"(Byx —iByaHo — ByaHp). (4.51)

Proof. Direct computations show that the kernel of G(p, 0) is CN x {0} and, using that Ay is
invertible, that ker G(p, 0) Nrange G (p, 0) = {0}. This shows that 0 is a semi-simple eigenvalue
of G(p,0).

If 1 is a purely imaginary eigenvalue of G(p, 0), then 0 is an eigenvalue of i A(p, £) + B(p, &)
with & = (0, —i ). By Assumption (H1) this requires that £ = 0, thus u = 0. This shows that the
nonvanishing eigenvalues of G(p, 0) are not on the imaginary axis.

This implies that there is a smooth matrix V(p, {) on a neighborhood of (p,0) such that
(2.28) holds with H(p,0) =0 and P(p, 0) invertible with no eigenvalue on the imaginary axis.
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The image of the first N columns of V is the invariant space of G, and H is the restriction
of G to that space. At ¢ = 0 this space is ker G, and performing a smooth change of basis in CV,
we can always assume that the first N columns of V are of the form

Idyxn
Vilp,$) = ( ) (4.52)
W(p, %)
with W of size N’ x N vanishing at ¢ = 0. This implies (2.30).
By (2.28) GV; =V;H,hence MV; =G4V H and
M=—-AH+B;WH, W=JH.
Therefore,
M=—AH + ByJH?=—AH + By 4H>. (4.53)

Taking the first order term at ¢ = 0 shows that the first order term in Hy in H satisfies

d—1
GT+y)ld+ Y injA; =—Aq(p)Ho
j=1

and hence is given by (2.27). The second order term H; in H satisfies
By.=—AqH| +iBs4Ho+ BagJ Hj
implying (4.50) and (4.51). O
Parallel to Lemma 4.18, we can now state:
Lemma 4.24. Suppose that the matrix of Hy is given by the right-hand side of (4.45) in a smooth
basis ¢ 4 of Ex(p, ¢, p) which satisfies (4.14) and (4.15) for p = 0. Let {£;} denote the dual

basis of {ej = ¢ 1} satisfying (4.7). The entries of B’ are

b

1 v .
B = =5 LiB@ a2 £.0). (454)
J

Proof. In the block reduction (4.45), the lower left-hand corner entry of the (j, j')-block is
hjj=vjy; Hoj = %’,uj(ﬁ — L)@ 1+ i g
Differentiating in p and using the relations (4.23) yields

b v ~ v
_Bj’j/ = aphj,j’(E’ g’ O) = _gj,VjB(£9 g)?‘],lv

where ¥ v and @il stand for the evaluation at ( p,¢, 0) of the corresponding function. Using
the explicit form of B and the relations
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Hopj1=ikapj1.  YjwHo=i€a¥ .,

we obtain

ﬂj,u,E(E, é)‘ﬁj,l = fj,v_,-Ajl(B*,*(g, )+ &EdB*;d(Ea )+ éEngd,d(g))gj,l

=V B(p, Hgja.
With (4.28), this implies (4.54). O

Theorem 4.25. If (p, 7, é;z ) is a geometrically regular characteristic root of A which satisfies the

condition (BS) of Definition 4.9. Then the associated block Hi satisfies the generalized block
structure condition.

Proof. Since (p, f,é) is geometrically regular, the hyperbolic part Pvlk,o satisfies the block
structure condition. Moreover, if e; is a basis analytic in &, there is a basis ¢, such that
®j.a(p, é) =ej(p, %) (see Remark 4.20 or [21]). By Lemma 4.24, (4.9) is equivalent to (4.46).

If once can choose the base {e;} such that (4.10) holds, then choose d; = —B; and by (4.29)
and (4.54) there holds d;q? = 1 so that DB’ = B? satisfies (4.47). O

Remark 4.26. Conversely, if the generalized block structure condition holds with matrices
Vi which are real analytic in ¢, then, by Proposition 4.16 (p,t,£) is geometrically regu-
lar. By (4.54), (4.46) is equivalent to the decoupling condition (4.9). Moreover, (4.47) im-
plies that there is a diagonal matrix with positive entries d]j. = dl; /q; such that Re DB > 0.
Consider the diagonal matrix C = (D*)~!/2 = diag(c;) and the new basis &; = cje;. The

new dual basis is £; = c;'c; and the new matrix B is C~'B*C = CD*B*C and therefore

Re B = CRe(D?BY)C is definite positive.
5. Symmetrizers

In this section, we prove Theorems 3.12 and 3.13. We are given a frequencies é = (g, ﬁ ,0)
and a purely imaginary eigenvalue py = —iéEd of Ho(p, é), so that (p, T, %), with g =, iid) is
a root of the characteristic determinant A, of multiplicity m. Our goal is to construct K-families
of symmetrizers for the block Hy(p, ¢, p) associated to f¢.

5.1. Proof of Theorem 3.13

We assume here that (p, T, é ) is geometrically regular and satisfies the condition (BS).

We follow closely [20]_(Lerﬁma 4.11 and Appendix A therein. See also [19]) where the con-
stant multiplicity case is studied. In this case, all the blocks Q; are equal and thus have the
same dimensions v, but more importantly, all the eigenvalues are of the same type O or I. So
we review the main steps of the construction and indicate where the proof of [19,20] has to be
modified.
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In the block reduction (4.45) of I:Ik, we choose the symmetrizers X' ,’é to be block diagonal:

SEoo 0
s= o
0 - S
S§(p.L.p) = Ef + E§(p.0) — iy Ff —ipFy, (5.1)

where E;‘ and E j" are real symmetric matrices, and F J" and F j" are real and skew symmetric.

Moreover, E;‘ F ]" and F ]" are constant, E}‘ depends only on (p, 7,7) and the E}‘ have the
special form

-0 ... .. 0 g?l -
e?z
Ej=| . J
0
_e’j‘.,l e;z ej’vj _

and gj (p, é) =0.
The block structure condition implies that

Hy = diag(Qly—0) + y diag(d, Q;ly=0) + 0Bly=0 0 (y> + p?). (5.2)

2,’(‘ is a symmetrizer for I-Vlk, on a neighborhood (depending on «) of (2’ é ,0), if

Re((E% + E5)Q,ly=0) =0, (5.3)
Re(Efo,0(p.£.0) —iFf Q;(p.0) >0, (5.4)
Re(diag(Ef) B(p. £.0) i diag(Ff 0;(p. 0))) > 0. (5.5)

Moreover, the condition (3.26) reads
+ 2 2
(ij,w)}Cl(K|Hj w| —|17j w| ) (5.6)
where Hji is the projection onto E;t in the decomposition C*/ =E; & E;, where
E; =C x (0177, Ef={0}) xC"7Y, (5.7)
with v} given by (4.43).
Before starting the construction, we note that Ralston’s lemma [23] (see also [19,20]) implies

that one can perform an additional change of basis Id + p V such that the matrices B . j7in (4.45)
are of the form
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* 0 0

BiypO=| 1+ o ... ol (5.8)
b
B]'sj/ O . O

This does not affect the previous choices, made at p = 0. Next, we introduce some notations.
A vector w € CNk = @ CY, is broken into m blocks w ; € C%, with components denoted
by w; 4. We now proceed to the construction of the symmetrizers.

(a) One first choose the E ’j‘ such that (5.6) holds and

Re(EXd, Q;(p, Hwj. wy) >2lwj1 2 — Ce|w)|*, (5.9)

Re(diag(EX)B(p. £, 0w, w)) = 2fws 1 > — Cp|w) |, (5.10)

with w; 1 denoting the first component of w; € C"/ and w} € CVi~! denotes the other com-
ponents and wy 1 € C™ is the collection of the first components w; ; while w), denotes the
remaining components.

Note that

Re(E}fay Q;(p, é)w, w) =e§‘1q]b-|wj,1|2 + O(Jw;|w’),

Re(diag(Ef)E(B, é, Owj, wj) = Re(EbBbw*,l, w*,l) + 0(|w;‘|w|),

where E' is the m x m diagonal matrix with entries ej |- Moreover, the decoupling condition

(4.9) implies that B” has a block diagonal structure: ordering the base {e 7} according to the
type I or O, with obvious notations there holds:

b

o (B0
— ). (5.11)
0 B,

Similarly we note E” = dlag(E[, EO) and (5.9) and (5.10) are satisfied if

¢1q,>3. ReE)B;>3ld,  ReE,By>31d. (5.12)

On the other hand, to satisfy (5.6), one chooses the ef ., inductively, starting from a = 1, but

this choice depends on the type of the eigenvalue. Remember also from (4.29) that 8; = —1/ q]b..
According to [1,12] or Lemma 8.4.2 in [19], the €% o, are chosen as follows.

(1) If A; is of type I, then e 1=€j1 is taken 0(1) independent of «, and the e g fora>2
are chosen successively and depend on «. In particular, when v; is even, e a2 =K. When vj is

odd and B; > 0, then qb <0Oandej <0; When vj 23, thenef 5 > ck.

(2) If & is of type O, thatis v; odd and q ;> 0, one chooses € 1= > ck and the other e
chosen mductlvely

By assumption, there is a diagonal real matrix D" = diag(D?, Dbo) such that

/aare

dq}>0, ReD;B)>0, ReDyB, >0.
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Therefore, there is a positive constant ¢ such that if we choose eK 1= cd > when A ; j is of type

I and € 1= ckd ; when A; is of type I, the condition (5.12) is satlsﬁed Next, according to
[1,12,19], we can choose the e , for a > 2 such that the inequality (5.6) is also satisfied.

Remark 5.1. The construction above shows that the conditions of Definition 4.22 are more or less
necessary for the construction of K-families of symmetrizers. First, the different magnitude in «
of ej | for different types forces the decoupling (5.11), that it condition (4.9). Second, a spectral

condition on B? is not sufficient in general to insure the existence of a diagonal matrix E” such
that (5.12) holds. This indicates that condition (4.47) is also necessary for the construction above.

(b) Once the matrices E; are chosen, the construction goes on as in [19,20]. We omit the de-
tails. By (4.13), Re(E; Qi (p, é )) = 0. Next, using the implicit function theorem and the property
that %Qk is real when y = 0, the real symmetric matrix Ek (p, T,7m) is chosen so that such that
Re(E; + E})(Q,ly=0) =0. )

Since F; is real and skew symmetric, there holds Re —i F; Qj(B, {) =ReF;Jj where J; is
the Jordan matrix in (4.13). One can choose F; such that

’

2
Re(FjJjwj, wj) = —w; 1> + (C+ 1w

where C is the constant in (5. 9) Addmg to (5.9) implies (5.4).
Similarly, Re — iF; iQj(p, {) =Re F; J; and one can choose F such that

Re(FjJjwj,wy) > —[wj1 2 + (€ + D[w) |

where C’ is the constant in (5.10), implying (5.5).
5.2. Proof of Theorem 3.12

We now assume that the system is symmetric dissipative in the sense of Definition 2.5 and that
the root ( P T, § ) is totally nonglancing. In [21], symmetrizers for Hi(p, ¢, 0) are constructed. We

show that they also symmetrize Hi( P, Z, p) when p > 0.
In [21], it is proved that the nonglancing condition implies that the multiplicity of wuy as an
eigenvalue of Ho(p, ) = H(p, {,0) is equal to m. Denote by Vi the N x m sub-matrix of V

which corresponds to the block I-VIk. Therefore, for (p, E p) close to ( P&, 0), the corresponding
invariant space of I-Vlh is Ex(p, 5 p) = Vi(p, E 0)C™ and

Vk['VIkZI‘VIVk. (5.13)
Recall that B, (p, Z, p) is the negative space of I—VIk for Z e 54, p >0 with y>0+4+p>0.
Lemma 5.2.

(>i1) If(g, T, é_‘) is totally incoming, then, for (p, ¢) in a neighborhood of(g, g), E, (p.g)=C"
(iii) If (p, T, §) is totally outgoing, then, for (p, §) in a neighborhood of (p, ¢), E; (p, ¢) ={0}.
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Proof. The dimension is constant for y + p > 0, and the result is proved in [21] when p =0. O
By assumption, there is a definite positive matrix S(p) such that the SA; are symmetric.

Lemma 5.3. The symmetric matrix

Zko(p. ) ==V (. £, 00S(p)Aa(p)Vi(p. ¢, 0) (5.14)

is a symmetrizer for Hiona neighborhood of (p, é , 0). More precisely, there holds

Re Xy Hy =y R + pR> (5.15)

with X (E’ é 0) and 22(1_7, é 0) definite positive.
In addition, Xk (p, ¢, 0) is definite positive (respectively negative) when the mode is totally
incoming (respectively outgoing).

Proof. According to (3.16), there holds

H(p,Z,p)=Ho(p,O)+pH'(p, ¢, p).

Using (5.13) and the definition (2.27) of Hp, one obtains the identity (5.15) with

R =V SV, (5.16)
Ry =V (ReSAsH') V. (5.17)
Because S is definite positive, Ry also has this property. Next, Lemma 4.23 implies that

H'(p,£,0) = —Hi(p.{) with H, given by (4.51). Since Ho(p.{) = pild = —i&Id on
Ex(p. £, 0), there holds

H'(p, £, 0)Vi(p,.0)=—A," (p)B(p, &).

Therefore, at the base point ( P, cz, 0), there holds
Ra(p, cz,0) = V;*(Re SB) Vj.

The symmetry assumption implies that SB is definite positive on the space Ei(p, é,O) =

ker(A(p, é) + £ 1d), implying that R; is definite positive at (p, cz, 0), hence on a neighborhood
of that point. B

That Xy (p, ¢, 0) is definite positive (respectively negative) when the mode is totally incoming
(respectively outgoing) is proved in [21]. O

With Lemma 5.2, this implies that

(5.18)

B { Yr  in the incoming case,
k =

k X% in the outgoing case,

are K-families of symmetrizers for Hy.
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6. Further remarks and examples
6.1. Adapted basis. Proof of Proposition 4.14

In this section, we always assume that Assumptions (H1), (H4) are satisfied. Consider a geo-
metrically regular root ( P 7, S ) of A. We show that there are eigenbasis {e;} satisfying (4.3)
which are adapted to B, in the sense of Definition 4.8, either when the multiplicity is 2 or when
the system is symmetric.

6.1.1. The case of multiplicity two
Projecting on the 2-dimensional invariant space of iA(p, &) + pB(p, &) associated to the
eigenvalues close the 1| and iA;, we are reduced to consider 2 x 2 matrices

~ . ~ . ~ A 0
iA(p. B+ pB(p.E. p) mmA=(1 ). 6.1)
0 A

Assumptlon (H4) implies that the spectrum iA+ ,oB 1s contamed in Re X > cp, for ( p, S ) close
to (p, é) and p € [0, ,oo] for some pp > 0. Changing é to E and using (H1) near —é we see

that the spectrum +iA+ pB is contained in Re A > cp.
We show that, changing the base {e1, e»} if necessary, one always meet condition (4.10).

Lemma 6.1. With assumptions as above, there is a smooth change of bases preserving (6.1),
such that Re B(p, §) is definite positive.

Proof. The constant multiplicity case A1 = 2, being already treated, we assume that A1 # A2 on
any neighborhood of (p, ). In this case we are limited to consider diagonal change of basis and
we prove that there exists a diagonal matrix D, such that

Re(DB(p.£,0)D") > 0. (6.2)

(a) Recall that there is ¢ > 0 such that the spectrum =i A+ ,oE is contained in Re A > cp. We
first show that for all # € R the spectrum of

C’O)+& £0)- S 63)
0 it P50y '

is contained in Re A > 0. If not, there are ¢, p; > 0 and a neighborhood w of ( P é ) such that

(OO) B(p,E,p) (6.4)
0 i) TEEEP '

has an elgenvalue in ReX < ¢/2 when (p, é) € w and p € [0, p1]. There is (p’, é ) € w such that
r(p/, E ) —Aa(p/, E )=t #0. Choose p € [0, p1[ such that ,o|t| < |t ). By continuity, since
Ao — A1 vanishes at (p E) there is (p, S) € w such that Ax(p, E) r(p, E) = #tp. Therefore

the matrix :I:zA(p £) + pB(p £, p) has an eigenvalue in {Re A < pc/2}.
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(b) Consider a matrix
(¢ 2)
c d)’
Its spectrum is contained in {Re A > 0}, if and only if
Re(a+d)>0 and |Re(v/)|> <Re(a+d)’
where f = (a — d)?* + 4bc. Since |Re(/f)|? = %(|f| + Re f), the second condition reads
IIm f|* < 4(Rea + Red)*((Rea +Red)* — Re f),

or

(Re(a — d) Im(a — d) +2Im(bc))’
< Rea + Red)z((Ima — Imd)2 +4ReaRed — 4Re(bc))
or
ReaRed((Ima - Imd)2 — (Rea — Red)Im(bc)(Ima — Imd)
+ (Rea +Red)?(ReaRed — Rebe) — [Im(be)|*) > 0. (6.5)
We apply this criterion to the matrices (6.4). In this case, when ¢ varies in R the coefficient

Im(a — d) varies from —oo to 400 while the other coefficients are fixed. Therefore, if the corre-
sponding inequality (6.5) is satisfied for all ¢, then Rea + Reb > 0, ReaRed > 0 and

(Rea —Red)2[Im(be) |’
<4ReaRed((Rea +Red)*(ReaRed — Rebc) — |Im(bc)|2).
Thus
Im(be)|* < 4ReaRed(ReaRed — Rebe)
and
lbc| + Re(bc) < 2ReaRed.

Denoting by b; ;. the entries of B( P g ,0), we see that the spectral condition of step (a) implies
the following conditions:

Rebi; >0, Re by > 0, |b12by1| + Re(b12b31) < 2Rebi1 Rebys. (6.6)
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(c) Similarly, we note that the condition Re B ( Ds § ,0) > 0 is equivalent to
Re b > 0, Re by > 0,
|bi2|* + [b211* + 2Re(bi2ba1) < 4Rebyi Rebn. (6.7)

With D = ((l) g), the conjugation DBD™! changes B to B’ with

1
b/“:bllv b/22:b22, b/21:8b21’ /12:gb12'
For all ¢ > 0, one can choose § such that

2 2
|bha|” + |bay|” < Ibrabail +¢
and therefore, (6.6) implies that there is § such that (6.7) holds for the b; O

6.1.2. Symmetric systems

Lemma 6.2. Suppose that (p, T, 5 ) is geometrically regular and the system is symmetric dissi-

pative. Then one can choose the eigenbasis {e )} such that (4.9) holds.

Proof. Denote by S the symmetrizer. We show that one can choose the eigenbasis e; such that

'ej(p.E)S(pes (p.§) =5 6.8)

In this case, £; ="e;(p,£)S(p) and

B, ="'ej(p.E)S(P)B(p,E)ej (p, &) (6.9)

showing that Re B! is the restriction of Re(S(p)B(p, é)) to the space spanned by the e; (p, 5),

and hence positive. - o
To prove (6.8), consider the partition of {1, ..., m} into subsets J, such that j and j belong

to the same class J,, if and only if A; = A ona nelghborhood of (p, E ). Denote by F, (p, S ) the

space spanned by the e (p, é) for j € J,. Then, near (p, g), A(p, S) = A4 Id on this space, where
)a is the common value of the A j for j € J,. Thus, locally, one can find a smooth basis of F,,

analytic in 5 and orthonormal for the scalar product S(p). Collecting these bases of F,, (6.8)
holds when j and j’ belong to the same class J,.

When j and j’ do not belong to the same class J,, there is a sequence ( p E ) converging to
(p, S) such that A ; (p" E ) # A (p", E ). The symmetry of S(p"*)A(p", E ) implies that

‘e;(p".E")S(p")ej (p",E") =

Therefore, passing to the limit, we see that (6.8) is also satisfied when j and j’ do not belong to
the same class J,. O
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6.2. Discontinuity of the negative spaces E~

We show that the decoupling condition (4.9) is necessary for the continuity of E™ (p, Z, p) at
o = 0. Before stating the result, we make the following remark.

v

Lemma 6.3. Suppose that (p, T,§) is geometrically regular and nonglancing. With notations as
in (4.2), (4.6), (4.8) let Bj = 0, A (1_7, é) # 0. Then, there is ¢ > 0 such that for all p > 0 and
t € R, the spectrum of it diag(B;) + p B is contained in {Re . > cp}.

Proof. We fix p = p and forget it in the notations. For & close to é , consider the invariant space
of iA(§) + pB(&) associated to eigenvalues close to —Z. In the basis {e;}, its matrix is

i diag(1;(£)) + pB(E, p), (6.10)

with B (§ ,0) = B". Assumption (H4) implies that the spectrum of this matrix lies in {Re jz > cp}.
Adding 71Id, we can assume, without loss of generality, that A i (%) =0. Taking r > 0, £ =
£ £(0,1) and p =0 > 0 the matrix in (6.10) is

tM(t,0) = t(%i diag(8;) + o B* + 0(1))

and the spectrum of M (¢, o) lies in {Re ;© > co'}. Letting ¢ tend to zero, implies that the spectrum
of M(0, o) is also contained in {Re i > co} and the lemma follows by homogeneity. O

Corollary 6.4. If (p, 7, g ) is geometrically regular and nonglancing, then for all y > 0 and

o =0, with y + p > 0, the matrix diag(ﬂj_l)(y Id 4+ pB") has no eigenvalues on the purely
imaginary axis.

Consider é = (Z,7,0) # 0 and a purely imaginary eigenvalue p; = i%d of Ho(p, é). Let
§ = (ﬁ, éd). Then (B’ T, é) is a root of A. We denote by I-Vlk the block associated to Mk and, for
p > 0, we denote by E, (p, E, p) the negative invariant space of H.

Proposition 6.5. Suppose that (p, 7, %E ) is geometrically regular and nonglancing and suppose
that there exist j € J; and j' € Jo such that

f
B, ; #0. 6.11)

Then the negative space I, (12, E, p) has no limit as (gv‘, p) — (é, 0).

In particular, there are no smooth K-families of symmetrizers for Hy near ( p, Z).

Proof. By Lemmas 4.18 and 4.24, the block decomposition (4.45) implies that in a suitable basis

Hi(p. %7, v, p) = —diag(8;") (y Id+ pB*) + O (y* + p?). 6.12)
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Denote by E™ (y, p) the negative space of H (p,Z.70,¥, p). We show that

lim E=(y, 0) # lim E~(0, p), (6.13)
y—0 p—0

which implies that E~(y, p) has no limit as (y, p) — (0, 0).

Consider first the case where p = 0. Then, (6.12) implies that the first limit in (6.13) is the
space [E; spanned by the vectors e; of the basis such that 8; > 0, that is such that j € J;.

On the other hand, Corollary 6.4 implies that B® = —diag(ﬂj_l)BIi has no eigenvalue on the
imaginary axis. Therefore, the second limit in (6.13) is the negative space IE;, of B. If it were
equal to E;, this would mean that [E; is invariant by B, thus by B¥ = —diag(f;) B, which
contradicts (6.11).

By [22], the existence of smooth K-families of symmetrizers implies that the limit of E," at
(é , p) exists, and is equal to the space [, of Definition 3.11. Therefore, (6.13) implies that there
are no smooth K-families of symmetrizers. O

6.3. Viscous instabilities

Consider boundary conditions as in Assumption 2.9. When the negative space [E™ is not con-
tinuous in (g:, 0), then the Evans function is likely not continuous and one can expect that the
low-frequency uniform stability condition for the viscous problem is strictly stronger than the
similar condition for the inviscid problem. In particular, the inviscid problem can be strongly sta-
ble while the viscous one is strongly unstable. We illustrate here this phenomenon on an explicit
example.

6.3.1. An example
Consider the system

{(3t+3y)'41+3xM2=8MAM1, 6.14)
(0r + 3y)uz + Oyuy = cvAuy.
Taking linear combinations and changing &, the system is equivalent to
1 0 1 a
(0 +0y)Id+ A3, —eBA, A= 0 L) B = L) (6.15)
— a

with @ = |v — u|/(v + ) € [0, 1[. This system is symmetric and satisfy Assumptions (H1)
and (H2).
The hyperbolic part is diagonal: the eigenvalues are

rM=n+E&, M=n—E&. (6.16)

They cross on the line & = 0 and are trivially geometrically regular since the system is already
in diagonal form. One of the eigenvalue is incoming, one is outgoing. The decoupling condi-
tion (4.9) is satisfied if and only if a = 0. In the sequel, we assume that a > 0.
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6.3.2. Boundary conditions
Next, consider boundary conditions for (6.15):

Ulx=0 + e dxu|r=0=0. (6.17)

We first compute the limiting inviscid boundary conditions, using boundary layers. The bounded
solutions u = w(x/e) of (6.15) are

w@)=u+eB A, heR, , ueC? (6.18)

B—1lA°

where £, , is the negative space of B~'A. Therefore, u is the endpoint of a profile which
satisfies the boundary condition (6.17), if and only if

ue(d+ B 'AE, . (6.19)

Note that given any complex number ¢, one can choose I" such that this boundary condition
reads

up=-cup. (6.20)
6.3.3. Low frequency stability
The first order system (2.21) reads
.U —-G()U G()—( 0 ld ) (6.21)
¢ ov, 9= oB '+1n21d B'A)’ '

with ¢ = (7, n,y) and 0 = y +i(t + n). Perform the small frequency reduction (2.28), using

the change of unknowns
u ug
() =70 ()
azl/t up

Then, by Lemma 4.23, there holds
4 H 0
VGV =
0O P

with P(0) = B~'A and
H(@¢)=—0A+(o* = n*)AB + O(I¢P). (6.22)
Since V (0) has the triangular form (2.30), we see that the boundary condition reads
ug + ' Oup =0, Fy=r+A"'s. (6.23)

The Evans condition is violated at ¢ if there is up € E;;(¢) and up € E,(¢) satisfying this
boundary condition. The negative space of P(¢), Ep () is smooth in ¢ and equal to E _, ,
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when ¢ = 0. Thus, the Evans condition is violated at ¢ if and only if there is uy € E;(¢) such
that

EL () NT(OER () # {0).
Since A~!B = (B~1A)~!, there holds

FOE,0)=(1d+ B 'A)E, , .

Comparing with (6.19) and (6.20), we see that for ¢ small, the space r (£)ER(¢) is generated by
(c(¢), 1) where ¢(¢) is a smooth function such that ¢(0) = c. Therefore, the Evans condition is
violated at ¢ if and only if

(C(f)> €E (). (6.24)

Remark 6.6. Using the terminology of [21], the analysis above shows that the reduced boundary
condition for the hyperbolic part H (¢) reads

uy =c(&)uy. (6.25)

Taking ¢ = 0 in this equation, we recover that (6.20) is the natural limiting boundary condition
for the hyperbolic operator Hy.

Proposition 6.7. There are choices of a and I, such that

(1) the inviscid problem (6.15) for ¢ = 0 with the boundary condition (6.20) is maximal strictly
dissipative thus uniformly stable,

(ii) the viscous problem with boundary conditions (6.17) is strongly unstable for small frequen-
cies, in the sense that the Evans functions vanishes for arbitrarily small frequencies ¢ with
y > 0.

Proof. The matrix

1 0
S:( ), s >0 (6.26)
0 s

is a symmetrizer for the inviscid problem. If

el <. (6.27)
the boundary condition is strictly dissipative for S. This implies that the uniform Lopatinski
condition is satisfied.

We consider frequencies ¢ = ,05 with E close to (—1, 1,0) where Ho(g:) = 0 has a double
eigenvalue. More precisely we consider frequencies

t=(—p+p°%, p.0°7). (6.28)
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In this case, we see that G is a function of 6 =y +i7 and p, holomorphic in &, as well as V, P,
H and c. Moreover

H(&)=—p*(6A+A7'B+0(p)) =p*H (. p). (6.29)

The model operator is

~ . 1 —6—-1 —a
H6,00)0=—6A—A" ' B= . .
a o+1

H (1,0) has one eigenvalue with positive real part, with eigenvector (b, 1) with b = (2 +
/4 —a?)/a. (Note here the importance of the assumption a # 0.) Therefore, for & close to 1

and p small, the negative space of H (G, p) is generated by ’(b(5, p), 1) where b is smooth and
holomorphic in ¢ and b(1, 0) = b. Moreover

3;b(1,0) = é<1 + ﬁ) £0. (6.30)

Comparing with (6.24), we see that the stability condition is violated at ¢ given by (6.28), if and
only if

b(G,p)=c(()=¢(G, p). (6.31)

Given a € ]0, I[, we choose ¢ = b and I" such that the inviscid boundary condition
reads (6.20). Note that ¢(6, 0) = ¢ for all 6. Thus Eq. (6.31) holds at 6 = 1 and p = 0. Moreover,
with (6.30), the implicit function theorem shows that for p > 0 small, there is 6 (p) close to 1
solution of (6.31), providing frequencies ¢(p) = O (p) with y(p) ~ p% > 0, where the stability
condition is violated. O

6.3.4. Smooth symmetrizers

We briefly discuss here the existence of smooth symmetrizers for the hyperbolic operator H
(3.16). In the present case, we deduce from (6.22) that in polar coordinates ¢ = p¢, there holds

H(, p)=—6A+p(6*—7*)AB+0(p?), s=p+i(F+). (6.32)

Fix é = (1, —1, 0), which corresponds to a multiple root of the hyperbolic part. Then ¢ = 0, and
near (é ,0)

H(E, p)=—A(51d+ pBE)B) + 0(p?) (6.33)

with ﬂ(é) = 1. Dropping the”, and changing pb to p, the matrix Hisa perturbation for (o, p)
close to (0, 0) of the following canonical example

E 0o o (t NVapn(h ), Reoz0 p>0 (6.34)
0o —1)*"%No 1)TP\q 1) TEOZHPET '



O. Gues et al. / J. Differential Equations 244 (2008) 309-387 365

Note that (6.29) derives from (6.33) choosing & = oo

Denote by E~ the negative space of H for Reo + o > 0. On can check directly on this
example that the negative spaces have no limit as (o, p) — (0, 0): the limits are different when
o =0and o =0, since the positive spaces of A and AB are different when a # 0.

On the other hand, blowing up once more the local coordinates near E, that is taking polar
coordinates (o, p) =r (7, p), it is clear from (6.33) that E~ is a smooth function of (&, p).

If E(E, p) is a smooth symmetrizer for ﬁ, then (3.17) implies that X = Z‘(Z‘, 0) must be
a symmetrizer for —(c A + pAB) for all ¢ and p, equivalently that S = Y A is a symmetrizer
for (6.34), that is

S=5*>0, SA=AS, Re(SB)>0. (6.35)

The first two conditions are satisfied if and only if S is diagonal and positive. Multiplying it by a
positive factor, it must be of the form (6.26).
The third condition holds if and only if

s >a’(1+5)%/4.

Denoting by spmin(a) < 1 < smax(a) < oo the roots of the equation 4s = a?(1 + s2), the condition
reads

Smin(@) < § < Smax(a). (6.36)

This shows that the choice of symmetrizers is much more limited in the viscous case compared
to the inviscid one. In particular, when a is close to 1, (6.36) forces to choose s in a small interval
around 1.

The boundary condition (6.25) is strictly dissipative for X, then (6.20) is strictly dissipative
for X. This holds if and only if s > |¢|?>. Therefore:

There is a smooth symmetrizer X (;Z, p) for Hona neighborhood of (Z, 0), adapted to the
boundary conditions (6.25) only if -

|§|2 < Smax(a). (6.37)

7. The high-frequency analysis
7.1. The main high-frequency estimate

This section is devoted to an analysis of uniform maximal estimates for high-frequencies. We
still assume that the assumptions of Section 2 are satisfied and we prove that the anticipated (2.58)
are satisfied when the uniform spectral stability conditions are satisfied, under the following
additional structural assumptions which strengthens (H3): it means first that the block L'! is
hyperbolic with constant multiplicity with respect to time, and second that it is totally incoming
our outgoing.
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Assumption 7.1.

(H5) For all u € U* and & € R? \ {0}, the eigenvalues of A'l(u, £) are real, semi-simple and
have constant multiplicities.
(H6) L' (u, d) is also hyperbolic with respect to the normal direction dx,.

For Navier—Stokes and MHD equations and in many examples L'! is a transport field

d
LM =04 ajwd; (7.1)
j=1

and the condition reduces to ag(u) # 0 for u € U*, that is to Assumption 2.6, which means
inflow or outflow boundary conditions. The hyperbolicity condition (H6) in the normal direc-
tion is important as shown on an example below. On the other hand, the constant multiplicity
condition (H5) is more technical, and could be replaced by symmetry conditions: this is briefly
discussed in Remark 7.12.

We consider the linearized equation (2.21):

u=G(z, Hu+ f, r@u©) =g, (7.2)
with u ="', u?,u?), f =1(f', 2, f3), ' asin (2.56) and g =(g', g%, g°).

Theorem 7.2. With assumptions as indicated above, assume that the uniform spectral stability
condition is satisfied for high frequencies. Then there are p; > 0 and C such that for all ¢ € Rff“l
with || > p1, the solutions of (7.2) satisfy

A+l | o+ A o+ 23] 2 + A+ )3 [ ©)] + A2 12O + 472 [ ©0)

SCU M 17202+ A7 NP )+ C( 026!+ 42|87+ 472). - (73)

High frequencies require a particular analysis for two reasons. First, the splitting hyperbolic vs
parabolic is quite different in this regime and second the conjugation operator @ of Lemma 2.10
is not uniform for large ¢. The analysis is made in [20] for full viscosities and Dirichlet boundary
conditions. For partial viscosities and shocks, that is for transmission condition, the problem is
solved in [7]. The presentation below is more systematic and allows for more general boundary
conditions of the form (2.10).

We now explain the general strategy of the proof. We use the notations

lullse = (L +)|u'] 2+ Alu?]| 2+ [@?] 2.
L e = 1A 2+ 172+ A7 e
()], = (1417 |u' @] + A2 [L2©)| + A2 [P0,

lgle=(1+1)2|g"|+ A2[g?|+ 472 |g%). (7.4)
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(1) The main step in the proof of the theorem is to separate off the incoming and outgoing
components of u. This is done using a change of variables i = V~!(z, ¢)u which transforms
Eq. (7.2) to

i=G0a+f,  TQao) =g. (7.5)

There are norms similar to (7.4) for # and f as well; with little risk of confusion, we use here the
same notations. An important property is that:

lullse < Clitllse, 1 Fllh < CIF Il
\u(0)|scgc|ﬁ(0)|sc’ |12(0)|SC<C|M(0)|SC, (7'6)

with C independent of {. Moreover, r ) =T (¢)V(0,¢) satisfies
IF©)a)|, < Clao)]. (1.7)

The new matrix G has the important property that

~ (Gt 0 o

g_<0 §)+g (7.8)
with

|G|, <e@lils (7.9)

where £(¢) tends to 0 as |¢| tends to infinity. The block structure corresponds to a splitting i =
(@F,i~) with i~ € CV and it € CN+N'=No denoting the incoming and outgoing components,
respectively.

(2) One proves separate estimates for the incoming and outgoing components:

|it] . + AT < || (a. — GH)at| .. (7.10)
li=]. <Cl (3. =G )i |, +Cla©

, (7.11)

with C independent of ¢. (The norms are defined, identifying i~ € C™ to (0,47) € CV etc.)
As aresult, with (7.9), this implies that if & is a solution of (7.5), then

|t + it @] < Cllf e + @l (7.12)
|~ | < Cll fllse + @ llillse + C|a~(0)]. (7.13)

(3) We show that the estimates above imply that if the uniform spectral stability condition is
satisfied, then the solutions of (7.5) satisfy for || large enough

lillse + 2O, < C(IF e + 12l (7.14)

implying that the solutions of (7.2) satisfy



368 O. Gues et al. / J. Differential Equations 244 (2008) 309-387

lullse + [u(0)] . < C(I fllsc + 1glse) (7.15)
that is (7.3).

e Indeed, by definition, 4 € E™(¢) if and only if there is u solution of d,u = Gu with u(0) = h.
The corresponding & = V™' u satisfies by (7.13)

[i7 e < Clu” @[ +e@]a™],

if ¢ is large enough. Therefore, (7.12) implies that for ¢ large and all 2 € E7(¢), h =
V=10, 0)h = (b, h™) satisfies

At <e@)]h| (7.16)

sc”
e In addition H:Z_(C) =V~Lo, ¢)E™ (¢) has dimension equal to Nj, as the space of the h™.
Therefore, (7.16) shows that for ¢ large, the projection & > k™ is bijective from E~(¢) to CM»,

with inverse uniformly bounded in the norm | - |gc.
The uniform spectral stability condition reads

VheE™((), |hle <C|T (A (7.17)
(see (2.59)). Using (7.6), this implies
VheE (©), Ihlse <C|T @A, (7.18)

Using the isomorphism between E_ (¢) and CN?, we see that for ¢ large enough and h=eCM,
there is 4™+ such that (A, h~) € E~(¢). Together with (7.16) and (7.7), there holds

’ﬁ_‘sc S |ﬁ|sc S C}f(g)il’ic S C|f(§)(0’ ]:;_)‘sc +8(§)m_‘sc'
For ¢ large, the last term can be dropped, increasing C. Finally, we conclude that for all hecN
lhlse < C|T (O, +Ch*],. (7.19)
épplying this estimate to #(0), combining with (7.10) and (7.11) and absorbing the error term

G'u for ¢ large, we immediately obtain (7.14).

The third part of the proof will not be repeated. We will focus on the reduction (7.5) and on

the proof of the estimates for i+ .

7.2. Spectral analysis of the symbol
Consider the linearized operator (2.20)
—BoZ + Ad, + M.

The coefficients satisfy
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B(z) = Bya(w(2)).
d—1
Az, 0) = Aa(w(2) = Y _inj(Bja + Ba)(w)) + Ea(2),
j=1
d—1
M(z,0) =@t +y)Ao(w(2)) + Zinj (Aj(w@)+Ej@)
j=1
d—1

+ ) nimeBia(w(@) + Eo2). (7.20)
k=1

where the Ej are functions, independent of ¢, which involve derivatives of w and thus converge
to 0 at an exponential rate when z tends to infinity. Moreover, we note that

El=0, E*>=0 fork>0. (7.21)

With (2.2), we also remark that M'? does not depend on 7 and y.

We start with a spectral analysis of the matrix G in (2.21). It is convenient to use here the
notations u = (u!, u?,u?) e CN"N' x CV' x CV'. In the corresponding block decomposition of
matrices and using the notations above, there holds

gl] g12 g]3
G=lo o 1|, (7.22)
g3l g32 g33

where

gll — —(All)_lMll, g31 — (BZZ)_I(Azlgll +M21),
G2 = —(A“)_IMIZ, G2 = (822)_1(A21g12 +./\/122),
Gl = _(All)—lAIZ’ GB = (622)_1(A21g13 +A22).

Note that G'1, G'2, G3! and G33 are first order (linear or affine in ¢), that G3? is second order (at
most quadratic in ¢) and that G'3 is of order zero (independent of ¢). We denote by ggb their
principal part (leading order part as polynomials). We note that

G4 (z.0) = G&"(w(z).¢) when (a,b) # (3, 1), (7.23)

with

d—1
Gy, 0)= —(Aj,l(u))‘1 <(y +it) AL (w) + Zin,-A}l(u))
j=1
1a'fl
Gy, o) =—(AFw) " Y injAw),

j=1
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l

Gyl w)=—(A; (u)) A w),

._

—1
Gyl (u, 0) = (B* ) njm B3 W),
Jok=1

G (w.0)=—(B*w)~ Zm, B7%(u) + BT (u)).

The principal term of G>! involves derivatives of the profile w. Denoting by

p= lim w(z) =w(o0)
Z—>+00

the end state of the profile w, we note that the end state of le is

d—1
G300, )= (B2(p) ! ((y +IDAG () + Y inj AT (p) + AT (P)GY (p, c>>.

j=1

There are similar formulas using the matrices A j and B j.k of (2.3).
The spectral analysis is easier when all the terms are reduced to first order. If u = (', u?, u)
is replaced by &t = hj;ju := (ul, u?, |§|_1u3), G is replaced by

gl g2 g

- : g]l ,P]2
G=hgGhy = 0 0 CId | = (P21 PZZ) (7.24)
G171 jeTig? g®

with obvious definitions of P4, Note that 5 is or order one, while 2! is of order zero. Thus

N ~ N gll 7)12
Gz 0)=Gp(. 0) + O(1), gp=< P ‘;2> o(I¢1). (7.25)
U

Moreover, since the coefficients in G converge exponentially at infinity, the remainder in (7.25)

is uniform in z € Ry and |¢| > 1. Moreover, the principal part of P22 is if the form 7332 (z,0) =
P2(w(2). Q).

Lemma 7.3.

(i) Forall ¢ € H_%T_l with y > 0 and n # 0 and for all and 7 > 0, gp (z, ¢) has no eigenvalues
on the imaginary axis; moreover, the number of eigenvalues in {Re u < 0} is Np = N LN

(ii) For all compact subset of U*, there are ¢ > 0 and § > 0 such that for all u in the given
compact and all ¢ € I@i“ such that either y < 8|¢| or |n| < 8|¢|, the distance between the
spectrum of GII,1 (u, ¢) and the spectrum of Pp22 (u, ¢) is larger than c|¢|.

Proof. The spectrum of §p is the union of the spectra of GII,l and Pp22' By homogeneity, it
suffices to consider ¢ € 5.
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(a) Gg,l is related to L'! since A}l (i& + Gg,l(u, 2)=L"(u,y +it,in,i&). By Assump-
tion (H3), L' is hyperbolic in the time direction, hence G ;! has no eigenvalues on the imaginary

axis when y > 0; moreover, the boundary is noncharacteristic for L by Assumption 2.6, im-
plying that the number of eigenvalues of Gll,l in {Reu < 0} is equal to the number of positive

eigenvalues of A(ll1 , thatis N _}_
Next, note that

o ( 0 Il Id>
p —1~32 33 )
cI7'6? Gl
Thus, i€ is an eigenvalue of szz if and only if 0 is an eigenvalue of B?2(7, £), which is impossible
by (H2) if n # 0. Thus, the eigenvalues of Pp22 are not purely imaginary when 5 # 0. Moreover,

the number of eigenvalues in {Re u < 0} is N’ (see [20]). This finishes the proof of (i).

() If n =0, ng and GS3 vanish, hence the spectrum of Pp22 is {0}. On the other hand,
0 is not an eigenvalue of Grl,1 =—(y+ it)(Atll,l)_lA(l)1 since Aél and A(l)1 are invertible and
ly +it|=1¢|=1.

If y =0 and n # 0, the eigenvalues of Pp22 are not in /R. On the other hand, by Assump-

tion (H6) the eigenvalues of Gél are purely imaginary, thus Pp22 and Grl,1 have no common
eigenvalue. This finishes the proof of (ii). O

The analysis in a purely “elliptic” zone {y > §|¢| and |n| = §|¢|} with § > O, is easy, see
below. The most difficult and important part is to understand the “hyperbolic—parabolic” decou-
pling in an arbitrarily small cone

Cs = {0<y <8lgl}U{in <si¢1) (7.26)

with § such that property (ii) of Lemma 7.3 holds for « in a simply connected neighborhood 4 of
a compact set which contains the curve {w(z), z € [0, +o0o[}. There, the usual homogeneity and
the parabolic homogeneity are in competition, leading to different classes of symbols. We use the
following terminology: let { = (7, ¥, 1) and for a multi-index o = (o, @y, @y ) € N x Ne-1 x N,
set

lo| =g + oy and (o) =2(ar +ay) + |ay].
Recall that the parabolic weight is A = (1 + 2424+ |7]|4)%.
Definition 7.4.
(i) I"™(£2) denotes the space of homogeneous symbols of order m, that is of functions h(z, {) €

C*® (R4 x £2) such that there is & > 0 such that for all @ € N¢*! and all k € N, there are
constants Cy  such that for [¢]| > 1:

|0¢h| < Caolg ", ifk =0, (7.27)
|050gh| < Cope 2", if k>0, (7.28)
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@) prm (_Q) denotes the space of parabolic symbols of order m, that is of functions h(z,¢) €
C>® (R4 x £2) satisfying similar estimates with ||~ replaced by A"~ (@)

We use the same notation for spaces of homogeneous or parabolic matrix symbols of any fixed
dimension.

Lemma 7.5. For all E € §4 N Cs, there is a conical neighborhood $2 of 2 and there are matrices
Wgz € I'°(2) and W?', homogeneous of degree 0 in ¢ for u € U such that

Wl — PPW =12 Pg (7.29)
Gy W = WPt = —P,2. (7.30)

Proof. By homogeneity, it is sufficient to construct ng for |¢| = 1. By Lemma 7.3, for ¢ €

sdtln Csandu € Z/{O*, the spectra of GIID1 (u, ¢) and szz(u, ¢) do not intersect, so that the linear
system of equation

XGy (u,0) = PP, )X =Y
has a unique solution X = X(u, ¢)Y. Therefore ng(z,g) = |§|X(w(z),§)7’§l(z, ) satis-
fies (7.29). (Note that P2! is of degree 0.)

The construction of W)? is similar, noticing that P is of degree 1. O

In the block structure of G, there holds

V21
21 _ P 12 _ 12 13
Wy = <V31 ) , W,r=(V2 V) (7.31)
P
and (7.29) reads
2111 31 _
VG —1ev, =0, (7.32)
Vg — g7V - gRvit = git. (7.33)
Similarly,
Gl _ e 71yligR = _g12, (7.34)
GVt =1k =V G = 101Gy, (7.35)

For further use, we make the following remark: by (7.23), we see that ng and ng vanish when
n = 0. Therefore, (7.34) implies that V12 also vanishes when 1 = 0 and hence

V2@, 0)=0(nl/lcl). (7.36)
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With these notations, let

d 0 0 d V2ot
Vic,o)=[lklm'vt d o, wieo=[0 1 0
V31 0 Id 0 0 Id

and V = V;Vy;. Using the conjugation u = Vi, f = Vf, for ¢ in the cone Cs, Eq. (7.2) is
transformed to

d.0=Gi+f., T =g, (7.37)
with G =V=1GV —V=13.V and I'(¢) = I (O)V(0, ¢).
Lemma 7.6. The entries of G satisfy:
Q\ll _ (gll + |§|_1912V§1 + gl3vsl) c F_l,
@‘12 er® 513 er! §21 er! 531 Al
G2er® G¥-_1der !,
§32 . (g32 . V31g12) Al 333 —gBer?
Proof. We first compute the entries of G; = VI_IQ V1. Direct computations show that
g[ll :gll +|§|—lg12vgl +g13v§1’ g[l2:g12’ g[l3:g13’
g;2 — g32 _ V31g12 g??) — g33 _ V3lgl3.
Moreover,
g%] — —|C|71V§]g” +y3 |§|71V21(|§|71g121)§1 +g13vgl).
The first two terms are of degree zero, and by (7.32), the sum of their principal terms vanishes;

the third term is of degree —1 thus gfl e !, Similarly, Q;l is of degree 1 and its principal part
vanishes by (7.33). Thus,

gler-l, gler®
Next
g;z _ —|§|_1V§1912 er’, g%z —ld=—|c"WgBert.
The computations for Gy =V, lg 1V are quite similar. This new conjugation annihilates the

principal parts of g}2 and G 113 and contributes to remainder terms in the other entries.
Finally, direct computations show that V=19, only contributes to remainder. [
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The main idea is to consider (7.37) as a perturbation of the decoupled system

.4t =G"al + £, (7.38)
a2 0 Id\ /a2 f2
d, e = g2 g 3 + f3 . (7.39)
Introduce then
G\ll 0 0
g=G-{ o o 14]. (7.40)
0 g32 g33

The next lemma how the estimates are transported by the change of variables u = Vii. We use
the notations (7.4) for the scaled norms.

Lemma 7.7. There are constant C and p1 such that for all ¢ in the cone Cs with |{| > p1, there

holds
V'a|, < Cliale. 1Vl < CULI
vao)| <clao|,,  VuO|, <Clu©)],. (7.41)
and
IF(©)a0)],, < Clao]. (7.42)
Moreover,
1G]l < CA™ id|sc. (7.43)

Proof. Direct computations, using (7.36), show that u = Vi satisfies

u' =0Mi' +o(nligl™)a* + o(lg )i,
w=o(lgI™Mat + omat+ o(lg1™ha?,
=0+ oM)ia® + o)i’.

This implies the first estimate in (7.41), using the inequalities

(I+py)nl/igl < A, I+»/lgI ST, ARSI

The proof of the other estimates of (7.41) is similar, using in particular for the traces the inequal-
. 1 1
ity (1+y)2nl/l¢] < A2.

The inequality (7.42) follows from the second line of (7.41) and the estimate |I"u(0)|sc <
| (0)|sc which is a direct consequence of the form (2.56) of the boundary conditions.
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Finally, Lemma 7.6 implies that f = G'ii satisfies

fr=owa*+o(igI )
fFA=o0(¢™Mat + o+ o(lg|)a?,
=o'+ omia* + o’

and (7.43) follows. O

The parabolic bloc (7.39) is studied in [20]. We now focus on the hyperbolic block (7.38),
recalling and extending the analysis of [7].

7.3. Analysis of the hyperbolic block

7.3.1. The genuine coupling condition B
For u € U*, denote by A j(u, &) the distinct eigenvalues of A“(u, &), which are real and have
constant multiplicity v; by Assumption (H5). Assumption (H6) implies the following:

Lemma 7.8. For all u e U*, all £ € RY and all J, there holds g, A ;(u, &) # 0, and all these
derivatives have the same sign.

Proof. If 9,1 ;(u,n,£4) =0, then the equation T + A(57, ;) = 0 would have complex roots in
&4 for some 1 close to T = —A;(u,n,§4) (recall that A; is real analytic). Thus hyperbolicity
in the normal direction prevents glancing. Moreover, by continuity the sign of dg, A ;(u, n,&4)
is constant for all £, € R when 1 # 0. Thus the functions &; — A ;(u, n, &;) are monotone and
tend to infinity as &; tends to =00. Since A; # Ax when j # k, they must be all increasing or all
decreasing. This remains true for n = 0 by continuity. O

According to the terminology of Section 4, we will say that the hyperbolic block L'! is incom-
ing (respectively outgoing) when the derivatives dg, A j (1, &) are positive (respectively negative).

Corollary 7.9.

(1) The matrix GIl)l(u, ) has no purely imaginary eigenvalues when y > 0. They are all lying
in {Re pu > 0} if the 11-block is outgoing and in {Re u < 0} if it is incoming.

(i) Near points ¢ with Y= 0, G11 (u, ¢) has semi-simple eigenvalues (. ;(u, ) of constant mul-
tiplicity vj, which are purely imaginary when y = 0. Moreover, 9, Re; > 0 when the
11-block is outgoing and 9, Re 1 j < 0 when the 11-block is incoming.

Proof. Note that p is an eigenvalue of GII,1 (u,¢) if and only if —7 + iy is an eigenvalue
of A (u, n, &) with & = —ip.

Consider the equations in £;: T 4 A (1, n,&;) = 0. Since 1; is strictly monotone and tends
to infinity at both infinity, it always have a unique solution, ¥;(«, 1, ) and d;v; has the same
sign as —0dg, A ;. This solution extends analytically for Im 7 small. This yields distinct eigenvalues
wiw,l)=iy;u,n, v —1iy)of Grl,l for ¢ close to the real domain. In particular 9, ; = 3;
and the eigenvalues all lie in {Re u > 0} if the 11-block is outgoing and in {Re p > 0} if it is
incoming.
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The kernel of Gél — j;j is the kernel of All — ) j» thus has dimension equal to the multi-

plicity of A ;. Since these dimensions add up to N I, this shows that Gél has only semi-simple
eigenvalues of constant multiplicity, which all lie in a given half space when y > 0.

Hyperbolicity of L!'! implies that G! (u, ¢) has no purely imaginary eigenvalues when y % 0
and by continuity they all lie in the same half space. O

Next we need more information on the zero-th order correction of é\“. From (7.20), (7.21)
and (7.22) we see that

o) - (v =6l (w@. ¢) + £ o), (7.44)
where € € I'%. Denote its principal part by &p. Its limit at 7 = o0 is
Ep(p,0) =127 G2 (p. OV (0. )G (p. OV (. ) (7.45)

where p = lim,_, ;oo w(z) and Vp21 (p,0), Vp31 (p, ¢) denote the end points of Vgl and Vsl , thatis
the solutions of the intertwining relations (7.32) and (7.33) with matrices ggb replaced bay their

endpoint values ng (p, ¢). The next result is crucial and follows from the genuine coupling
condition (H4).

Proposition 7.10. Fix { with |{| =1 and y = 0. For { in a neighborhood of ¢, consider a

basis where G (u, ¢) has the block diagonal form diag(wjIdy;). Denote by E i (u, ) the cor-
responding blocks of E is this basis. Then, for u € U the eingenvalues of the diagonal blocks
Re E ; have a positive (respectively negative) real part if the 11-block is outgoing (respectively
incoming).

Proof. It is sufficient to prove the positivity at {. Suppose that y = 0, denote by ¢; , with p €
{1,...,v;} abasis of eigenvectors of G''(u, ¢).Fix jandsetéy = —ip;j(u, ) eR, & =(n,&).
Then the ¢; , are right eigenvectors of Al (u, &) associated to the eigenvalue —7 = A (u, §).

Consider left eigenvectors ¢; , of A'(u, &), dual to the ¢; ,. Then, the left eigenvectors
of Gél(u, ¢) associated to u; are ﬂljejlel with B = 9g,4;(u,n, &), see Lemma 4.19. The en-
tries of the block E; ; are

1 _
ﬂ_igj,pAél Ep(u, ) p. (7.46)

Computing the eigenvalues of order ¢ of B(u, &) +ieA(u, £), leads to consider the matrix
A 4 eA2(B2) A% (7.47)

The genuine coupling condition (H4) implies that for u € U/, its spectrum lies in Re u > ce for ¢
small, and this implies that the matrix F; ; with entries

ej’pzlz(gzz)—lzzle’p/ (7.48)

has its eigenvalues in the right half plane {Re i > 0}.
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Because Gélq)j,p/ =i&49,,p, the relation (7.32) implies
Vloj =117V Gl o) =i8alt 1T Vi )
and, using the expressions of the matrices G%? yields
—1 124,21 13,31 o=l —l712 21
(1c17' G2V + GV g = —ile T (A T AR . )V g
and
— 1= 1=
(eGP + G VS = ViGN = 1617 (BZG) ™ B (. )V -
By (7.33) this is equal to
31 . (R22\—1721
=Gy 9jp=—i(Bgg) AT (1.£)¢;
Thus
_ 5 —1-
117V ) = =i (B, 8)) " A% (1.6)¢;
and
— —1= — —1=
Eppjp =—(A4) A0, 6 (B, §) A2 (1,6)¢) -

Multiplying on the left by £ Z}il , this shows that the coefficients in (7.46) and (7.48) only differ
by the factor —1/8;, and the proposition follows. O

7.3.2. Estimates
We are now in position to prove maximal estimates for the solutions of Eq. (7.38).

Proposition 7.11. There are constants C and p\ = 1 such that for all § in the cone Cs with
|C| > p1 and all &' and f' in L>(Ry.) satisfying (7.38), there holds

(A+p)|a] .+ d+9)2]a'* )

<C(| /M2 + A+ 2 a=©)) (7.49)

where 1't = 4! and 4'~ = 0 if the 11-block is outgoing and 4't =0 and @'~ = 4" if it is
incoming.

Proof. (a) Fix { € g‘fl. We prove the estimate for ¢ in a conical neighborhood of ¢. Suppose
first that Yy = 0 (the most difficult case). By Corollary 7.9 there is a matrix Y, ¢) homo-
geneous of degree 0 such that (V“)_IQSIV“ = diag(p(w(z), ¢)) Id,,. Setting al = piy!
transforms the equation to

du' = (diag(pj(w(2). ¢))1d,, +&)ul + f! (7.50)



378 O. Gues et al. / J. Differential Equations 244 (2008) 309-387

with £ = € — WH=15, V! e % whose principal part gp has the same end point E,(p, ¢)
as &.

As usual, since the j; are pairwise distinct, there is a new change ul = 1d + V_)at! with
1 11 e I'"!, such that the resulting system has the same form with the additional property that
the zero-th order part is also block diagonal, so that 5~p = diag(&;, ;) and the end points of the
blocks &; ; are E; ; introduced in Proposition 7.10.

The term (g— gp)u is O(1¢|~ " ul), is incorporated to f! and finally absorbed from the right
to the left of the inequality by choosing |¢| large enough. This reduces the proof to the case
where the equation reads

0.0 = pj(w2), )" + Ej ()i + Fj (2. O)i' + f! (7.51)

with |F; ;| < Cpe™ oz,

Consider the outgoing case. Then, Corollary 7.9 implies that there is a constant ¢ > 0 such
that Re it (u, £) > cy. Moreover, Proposition 7.10 implies that the eigenvalues of E; ; have a
positive real part. Thus, there is a positive definite (constant) matrix S(¢) > Id such that Re SE; ;
is definite positive, say Re SE; ; > 1d. Introduce a = Cy|S| foz e~%ds such that 9.a > [SF; il
and a is bounded in L* uniformly with respect to ¢. Therefore, multiplying the equation by
€?*®) § and taking the L? scalar product with ' implies that

L+ ey fea' |3 +]a' O <cllea'] 2] /!

which implies (7.49). The proof in the incoming case is similar.
(b) Suppose next that y = 0. Consider again the outgoing case. Then, the eigenvalues of G11
satisfy Re i > ¢|¢| in a conical neighborhood of ¢. This is the classical “elliptic” case. There is

a symmetric definite positive matrix S(u, ) € I’ 0 such that Re SG'! > ¢|¢|1d and usual integra-
tions by parts imply that

i3+ @ @ < cla'] ] 1] . + a7

where Cj involve estimates of the zero-th order terms, which include 9, S(w(z), ¢). This term is
eliminated choosing |¢| large enough. The proof in the incoming case is similar. O

Remark 7.12. The proof above contains two ingredients. First, the 11-block is totally incoming
or totally outgoing, in analogy with the terminology of Section 4. Thus the decoupling incom-
ing/outgoing is trivial. More generally, this could be replaced by a decoupling condition in the
spirit of Section 4. For instance, for shocks, such a decoupling is immediate in [7] corresponding
to equations on each side of the front. Next, we construct symmetrizers for the incoming and
outgoing components. There we use the genuine coupling condition. If the eigenvalues are not
of constant multiplicity one can introduce adapted bases or use symmetry also in the spirit of
Section 4.

7.3.3. About Assumption (H6)
We show on an example that hyperbolicity in the normal direction is crucial in the proof of
estimates of the form (7.49). Suppose that the L'!- block reads
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o — dyu + 0y v,
’ (7.52)
0;v + 0y v + Oyt
Then, on the Fourier side, the 11 equation will be of the form
i(t—n)+y)u+d,v+a@u=f,
(.( M+ y)u+ 00 +a@u=f (7,53
(it+m+y)v+dutai@v=g,

and the only information we have from the genuine coupling condition is that a is positive at
7z = 400. Suppose that a(zg) < 0 for some z¢ > 0. Then glancing waves for (7.52) will propagate
parallel to the boundary and thus may remain in a region where a is negative and thus may never
be damped. This is illustrated by choosing T = n, large, y = —a(zp) > and

—0;Ur

Mr(Z)=X(T%(Z—ZO)), Ur(Z)Zm

with x € Cgo (R). Then (7.53) is satisfied with f = (a(z) —a(zp))ur +9,v; and g = 0. Moreover,

N fll2 = O(T_%)HMHLz and u(0) = v(0) = 0, showing that no estimate of the form (7.49) can
be valid.

7.4. Proof of Theorem 7.2
7.4.1. In the cone Cg

We consider now Eq. (7.39) and briefly recall the results from [20]. It is naturell to rescale
the problem using the parabolic weights: with v2 = % and v3 = A~143 and g% = f? and g° =

Al f 3the system reads
) 2 e
d; i) = Gp )3 + e (7.54)

with

of quasi-homogeneous degree one and principal part G p(w(z), ¢) with

(7.55)

0 Ald
GP(qu):< )

AN T+ )BT+ GRw,m) Gl n)
Lemma 7.13. (See [20].) There is ¢ > 0 such that the spectrum of G p lies in {|Re | > c A}, with

N’ eigenvalues, counted with their multiplicity, of positive real part. There is a smooth change of

variables W € PI"° such that
Pr 0
WlGgpw =
Gp ( 0 P_>

with P+ € PI'! having their eigenvalues satisfying +Re p > c A.
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Introduce

() )

Corollary 7.14. (See [20].) There are C and p; such that for all { € Cs with |{| > p1, there
holds

Al + A2 O] < 2~ P
Al <€)@ =P W] o+ Catp ).

Scaling back, introduce

(5:)=C (o) Go)=(5 () o
at) \o A 0)’ =) \o 4 v ) ‘
Because, W19, W is uniformly bounded, the corollary implies the following estimate:
Proposition 7.15. There are C and p; such that for all ¢ € Cs with |¢| > p1, there holds

A o+ [ 2+ AP F O]+ 472 0)

<C| P2+ Ca M +

ptCAT @ .
Al | o+ 7] 2 S CARP @]+ €A b )
+C| 2| 2+ CAT P o+ |87 2 + €A o

Finally, with 2"* as in Proposition 7.11, introduce
ﬁi — t(ﬁl,i’ ﬁZ,i’ ﬁZ,i). (757)

Adding up the various estimates and using (7.43), one obtains the following estimates.

Proposition 7.16. There are C and p such that for all ¢ € Cs with || > p1 and all i € H'(R.):

la* e +

it o) <)@, -9l + A il (7.58)

<C| 0, — D] + A ilse + Cla(0). (7.59)

la=]
SC

As indicated at the end of Section 7.1, these estimates imply the maximal estimates of Theo-
rem 7.2 provided that the boundary conditions are uniformly spectral stable.



O. Gues et al. / J. Differential Equations 244 (2008) 309-387 381

7.4.2. Analysis in the central zone
We now consider the remaining cone where

ceR™ y>8¢] and || =8¢l (7.60)

We consider the rescaled C7 matrix (7.25), for the rescaled unknowns i = hj;ju = (ul, u?,

117, f = hig | f = (fY, 2, 12171 £3). We note that in the region under consideration we
now have (1 4+ y) & A & ||, so that the rescaled norms (7.4) are equivalent to

letllse ~ 12 11| 2.
()], ~ 1212 |0,
1 e = 1Ll 2 (7.61)

By Lemma 7.3, there is a smooth matrix V € I” 0 such that

1 g;_ 0 diag
V1(z0)Gp(z, V(2. ¢) = ) =6
0 G,

where the spectrum of g;,t e I'" is contained in {#Re u > ¢|¢|}. We use the notations

0t
i = Vii = (_) (7.62)

it has dimension N + N’ — N, and u~ has dimension Nj. The equation for i reads
.0 =Gi+ f, (7.63)
with G = G428 + O(1). The ellipticity of G%%¢ immediately implies the following estimates.

Proposition 7.17. There are constants C and p| such that for all ¢ satisfying (7.60) and |¢| = pi
and all it € H' (Ry) satisfying (71.63), there holds

@t | 2+ 1212 [ut @] < CUll2 + Clialle, (7.64)
cl]a] 2 <Cl Al +Cliallz +Cleiza= o). (7.65)

Thanks to (7.61), this is the exact analogue of Proposition 7.16 and these estimates imply the
maximal estimates of Theorem 7.2 provided that the boundary conditions are uniformly spectral
stable, as explained in Section 7.1.

8. Application to magnetohydrodynamics

We now apply our results to the equations of isentropic magnetohydrodynamics (MHD), for
which the inviscid case was treated in [21]. The full (nonisentropic) inviscid equations have
been treated in [13], and have essentially the same symbolic structure as the isentropic inviscid
equations.
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8.1. The equations

The equations of isentropic magnetohydrodynamics (MHD) appear in basic form as

9 p +div(pu) =0,

3 (pu) +div(pu'u) + Vp+ H x curl H = ev Au, 8.1
0tH +curl(H x u) =euAH,
div H =0, (8.2)

where p € R represents density, u € R fluid velocity, p = p(p) € R pressure, and H € R?
magnetic field. When H = 0, (8.1) reduces to the equations of isentropic fluid dynamics. We
assume that v and p are positive.

Equations (8.1) may be put in conservative form using identity

H xcurl H=(1/2) div(|H|2I — 2H’H)tr + HdivH (8.3)

together with constraint (8.2) to express the second equation as

3 (pu) + div(pu'u) + Vp + (1/2)div(|H*I —2H'H)" = ev Au. (8.4)

They may be put in symmetrizable (but no longer conservative) form by a further change, using
identity

curl(H xu) =(divu)H + (u-V)H — (divH)u — (H - V)u (8.5)

together with constraint (8.2) to express the third equation as

oH + (divu)H+ (u-V)H — (H - V)u =ueAH. (8.6)

Forgetting the constraint equation, we get a 7 x 7 symmetric system.
Neglecting zero-th order terms, the linearized equations of (8.1) about (p, u, H) are

Dip+ pdivu,
thu—i-czV,[)—i—H x curl H — gv Au, (8.7)
D:H + (divi)H — H - Vit — eu AH

with D; =8, +u - V and ¢? = dp/dp which we assume to be positive. This system is hyperbolic
symmetric, with symmetrizer S = block-diag(c?, p1d, Id). It enters the general framework of
linearized equations studied in this paper, with parameters (p, u, H).
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8.2. Eigenvalues and eigenvectors

Eigenvalues and eigenvectors of the symbol solve

76 +p(& -u) =0,
Tl 4 26E +v x (E x0) =iv|E2i/p, (8.8)
TO+ (- — (v- )i = i€,

with

T=t4u-§g, v=H./p, G=p/p, v=H/\/p. (8.9)

The structure condition (2.2) is satisfied with N’ = 6. The kernel of B(£) is generated by
(1,0,...,0) which is never an eigenvector of A(£) when & # 0. Thus Assumptions (H1"), (H1)
and (H2) are satisfied.

Consider next the inviscid problem. The seven eigenvalues of A(p, u, H, &) are (see e.g. [21]):

r=u-§,

Axs = Ao £ c5lél,
Axy=Aroxv-§,
Arr=hroEcrll,

(8.10)

with

1
c% = 5(02 + |v? +\/(02 — |v|2)2 + 4b%c?),

2= %(c2 + v)? = \/(c2 — |v|2)2 +4b%c?),
A=p(p)>0, v=H/J/p, b=I|éxv|, E=¢/|

The first eigenvalue corresponds to the transport of the constraint. It can be decoupled from
the system: there is a smooth one-dimensional subspace, Eq such that A(§) = Ag on this space
and ]Eé is stable for A(£). The other eigenvalues are in general simple.

Lemma 8.1. (See [21].) Assume that O < |v|?> # ¢*. Consider & € R\ {0}.

(i) When & -v#0and& x H # 0, the eigenvalues are simple.

(i1) On the manifold & x v =0, Ao is simple. When |v|2 <c? (respectively [v|? > cz), Atf
(respectively Aig) are simple, the other eigenvalues A+p = Aty (respectively kio = A+ )
are double, algebraically regular but not geometrically regular. Moreover,

Air — hay = O(I€ x v|*)  (respectively hir — rayp = O(IE x v]?)).  (8.11)
(iii) On the manifold & - v = 0 the eigenvalues L+ y are simple and the multiple eigenvalue

Ao = Ais = Aup is geometrically regular. More precisely, there are smooth Ay| such that
{As, A5} ={A1, A_1}. Moreover,
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c

A =u-E£8v-£+0(w-£)?), azﬁ. (8.12)
One can choose smooth eigenvectors eq, e+1, e+ such that, on the manifold § - v =0,
0 —|v|?/c? X 0
ep = g ) er| = N ?1;/5 ) ety = NS , (8.13)
with w =§ X V.
8.3. Glancing and viscous coupling
The boundary {x3 = 0} is noncharacteristic for the hyperbolic part if and only if
uz ¢ {0, £v3, £eg(n), £cp(n)} (8.14)

where ¢, (n) and c ¢ (s) are the slow and fast speed computed in the normal direction n = (0, 0, 1).

Lemma 8.2. Assume that 0 < |v| # c.

(i) On the manifold & x v =0, the multiple eigenvalues are nonglancing if and only if uz # £vs.
In this case, they are totally nonglancing.

(ii) On the manifold & - v = 0, the multiple eigenvalues are nonglancing if and only if uz # 0,
u3 # +v3 and uz # £8vs. They are totally nonglancing when |uz| > |v3|.

Proof. By (8.11), on & x v =0, with j =s when |v| < c and j = f when |v| > c, there holds
Oz At = O, At = u3 L v3.

This implies (i).
In addition, dg,Ag = u3, g, A+p = u3 = v3, and by (8.12) dg; A+ = u3 £ dv3 on the manifold
&0 =0. This implies (ii). O

Next we study the viscous coupling of vectors e; at geometrically regular modes. In the
variables (p/p, i, V), the system (8.7) is symmetric, with symmetrizer S = diag(cz, 1d, Id), and
the viscosity matrix is B(&) = |£|>diag(0, v1d/p, uId). The basis (8.13) is orthonormal for S.
Therefore, according to the general rule (6.9), the matrix B® is symmetric with nondiagonal
entries

Ii tt f
BO,:I:I = BO,:|:2 = B:l:l,:l:2 =0,
82 % %
Bl =" -5 Bia=5-5 (8.15)

When |u3| < |v3|, then one of the eigenvalue A4, is incoming and the other one outgoing (de-

pending on the sign of v3). Therefore, if © — v/p # 0, the coupling coefficient Bzﬁﬁ2 does not
vanish. Summing up, we have proved:
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Lemma 8.3. If |u3| < |v3|, and v # ppu, then the decoupling condition (4.9) is not satisfied at
modes where & - v =0.

Remark 8.4. The decoupling of the mode Ag from the other ones reflects that the constraint (8.2)
is propagated by the viscous equation as well. The other partial decoupling observed above de-
pend on the particular choice of the viscosity matrices and disappear for general B.

8.4. Shocks

Consider an inviscid planar shock. We suppose that the front is x3 = ot and denote by
(0~ u",H™) and (p™,ut, H) the states on the left and on the right, respectively. All the
analysis of the preceding section is valid, if we change u3 to u3 —o.

The jump conditions are deduced from the conservative form of the equations:

[o(uz —0)] =0,
1
[pu(us — )] +r3| p+ = |HI* | - [HsH] =0,
2 (8.16)
[(u3 —o)H] — [H3u] =0,
[H3] =0,

where r3 =(0, 0, 1). The last jump condition comes from the constraint equation (8.2). Appar-
ently this system of 8 scalar equations is too large. However, projecting the third equation in the
normal direction yields o[ H3] = 0 which is implied by the last equation. This shows that (8.16)
is made of 7 independent equations, as expected. Denoting by u; and H, the tangential part of u
and H, that is their orthogonal projection on r3l, (8.16) is equivalent to

[pu3 —0)] =0,
[pu(us —o)]+r3|:p+%|H|2] — [H3H] =0, (8.17)
[(u3 — o) Hyg] — [H3u] =0, [H3]=0.
8.4.1. Fast Lax’ shocks
Consider an extreme shock. Changing x to —x if necessary, the Lax condition read:
u;+|v;}<o<u;+c;,

u; + c}_ <ao. (8.18)

In particular, this implies that the front is not characteristic on both side, and that the nonglanc-
ing conditions in Lemma 8.2 are also satisfied on both side and the multiple modes are totally
nonglancing. Therefore:

Proposition 8.5. For extreme Lax shocks, the assumptions of Theorem 1.1 are satisfied.
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8.4.2. Slow Lax’ shocks
Consider a shock associated to one of the middle eigenvalue A.,. Changing x to —x if neces-
sary, the Lax condition read:

Uz —C¢; <0 <z +¢,

ui +cf <o <uf +|ofl. (8.19)
On both side we have |u3 — o| < |vs|, therefore
Proposition 8.6. For slow Lax shocks, the decoupling condition is never satisfied.
8.5. The H — 0 limit

When H = 0, the system (8.1) reduces to isentropic Euler’s equations and (8.17) to the corre-
sponding Rankine Hugoniot condition.
When H = 0, the eigenvalues are

A=At =Ap =u-§, Ax3 = Ao = cl&]. (8.20)

In particular dg;Ag = u3. Moreover, at U = (p, u, 0), the tangent characteristic polynomial A
in(44)is(t+u-& )>. Therefore, if u3 # 0, the eigenvalue ) is totally nonglancing.

Lemma 8.7. Consider a state U = (p, u, 0). Suppose that

uz ¢ {—c,0, +c}. (8.21)

Then, for U in a neighborhood of U, the boundary x3 = 0 is noncharacteristic for the hyperbolic
linearized equation and the eigenvalues Ai3 are simple. Moreover, for all £ # 0, the multiple
eigenvalue L is totally nonglancing at U.
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