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Abstract

Extending previous work with Lattanzio and Mascia on the scalar (in fluid-
dynamical variables) Hamer model for a radiative gas, we show nonlinear orbital
asymptotic stability of small-amplitude shock profiles of general systems of cou-
pled hyperbolic—eliptic equations of the type modeling a radiative gas, that is,
systems of conservation laws coupled with an elliptic equation for the radiation
flux, including in particular the standard Euler—Poisson model for a radiating
gas. The method is based on the derivation of pointwise Green function bounds
and description of the linearized solution operator, with the main difficulty be-
ing the construction of the resolvent kernel in the case of an eigenvalue system
of equations of degenerate type. Nonlinear stability then follows in standard
fashion by linear estimates derived from these pointwise bounds, combined with
nonlinear-damping type energy estimates.
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1. Introduction

In the theory of non-equilibrium radiative hydrodynamics, it is often as-
sumed that an inviscid compressible fluid interacts with radiation through en-
ergy exchanges. One widely accepted model [38] considers the one dimensional
Euler system of equations coupled with an elliptic equation for the radiative en-
ergy, or Euler—Poisson equation. With this system in mind, this paper considers
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general hyperbolic-elliptic coupled systems of the form,
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with (z,t) € R x [0, +00) denoting space and time, respectively, and where the
unknowns u € U C R™, n > 1, play the role of state variables, whereas ¢ € R
represents a general heat flux. In addition, L € R™*! is a constant vector, and
f € C*(U;R") and g € C?(U;R) are nonlinear vector- and scalar-valued flux
functions, respectively.

The study of general systems like (1) has been the subject of active research
in recent years [10, 11, 13, 17]. There exist, however, more complete results
regarding the simplified model of a radiating gas, also known as the Hamer model
[6], consisting of a scalar velocity equation (usually endowed with a Burgers’ flux
function which approximates the Euler system), coupled with a scalar elliptic
equation for the heat flux. Following the authors’ concurrent analysis with
Lattanzio and Mascia of the reduced scalar model [16], this work studies the
asymptotic stability of general radiative shock profiles, which are traveling wave
solutions to system (1) of the form

u(xvt) = U(.I - St)v q(Ia t) = Q(.I - St)a (2)
with asymptotic limits
U(z) = ux, Q(x) — 0, as x — oo,

being ux € U C R™ constant states and s € R the shock speed. The main
assumption is that the triple (u4,u_,s) constitutes a shock front [19] for the
underlying “inviscid” system of conservation laws

u + f(u)e =0, (3)
satisfying canonical jump conditions of Rankine-Hugoniot type,

flug) = flu) = s(uy —u) =0, (4)

plus classical Lax entropy conditions. In the sequel we denote the jacobians of
the nonlinear flux functions as

A(u) := Df(u) € R™*"™, B(u) := Dg(u) € R™", u€eU.

Right and left eigenvectors of A will be denoted as » € R"*! and [ € R'X",
and we suppose that system (3) is hyperbolic, so that A has real eigenvalues
a1 S e S Q.

It is assumed that system (1) represents some sort of regularization of the in-
viscid system (3) in the following sense. Formally, if we eliminate the ¢ variable,
then we end up with a system of form

U + f(u)x = (LB(u)ux)x + (ut + f(u)x)zzv



which requires a nondegeneracy hypothesis
l,-(B®L"r,) >0, (5)

for some 1 < p < n, in order to provide a good dissipation term along the p-th
characteristic field in its Chapman-Enskog expansion [35].

More precisely, we make the following structural assumptions:

f,9 € C? (regularity), (S0)

For all u € U there exists Ag symmetric, positive definite such that
AgA is symmetric, and AgL B is symmetric, positive semi-definite

of rank one (symmetric dissipativity = non-strict hyperbolicity). (51)
Moreover, we assume that the principal eigenvalue a,, of A is simple.
No eigenvector of A lies in ker LB (genuine coupling). (52)

Remark 1.1. Assumption (S1) assures non-strict hyperbolicty of the system,
with simple principal characteristic field. Notice that (S1) also implies that
(Ag)' /2 A(Ag)~Y/? is symmetric, with real and semi-simple spectrum, and that,
likewise, (Ag)'/2B(Ag)~1/? preserves symmetric positive semi-definiteness with
rank one. Assumption (S2) defines a general class of hyperbolic-elliptic equa-
tions analogous to the class defined by Kawashima and Shizuta [9, 14, 37] and
compatible with (5). Moreover, there is an equivalent condition to (S2) given
by the following

Lemma 1.2 (Shizuta-Kawashima [14, 37]). Under (SO0) - (S1), assumption
(S2) is equivalent to the existence of a skew-symmetric matriz valued function
K :U — R™™ such that

Re (KA + AoLB) > 0, (6)
for allu e U.
Proof. See, e.g., [8]. O

As usual, we can reduce the problem to the analysis of a stationary profile
with s = 0, by introducing a convenient change of variable and relabeling the
flux function f accordingly. Therefore, we end up with a stationary solution
(U, Q)(x) of the system

f(U)w + LQm = 07

After such normalizations and under (S0) - (S2), we make the following
assumptions about the shock:



f(uy) = f(u_), (Rankine-Hugoniot jump conditions), (HO)

ap(ut) <0 < apyi(uy),

Lax entropy conditions), H1
ap—1(u—) <0 < ap(u_), (Lax by ) (HL)
(Vay,)'r, #0, forall u €U, (genuine nonlinearity), (H2)
Ip(ug)LB(ug )rp(us) > 0, (positive diffusion). (H3)

Remark 1.3. Systems of form (1) arise in the study of radiative hydrodynamies,
for which the paradigmatic system has the form

0
0
. ®
0

which corresponds to the one dimensional Euler system coupled with an elliptic
equation describing radiations in a stationary diffusion regime. In (8), u is
the velocity of the fluid, p is the mass density and 6 denotes the temperature.
Likewise, p = p(p, 0) is the pressure and e = e(p, §) is the internal energy. Both
p and e are assumed to be smooth functions of p > 0, § > 0 satisfying

pp>07 p@#ou eg > 0.

Finally, ¢ = px. is the radiative heat flux, where x represents the radiative
energy, and a, b > 0 are positive constants related to absorption. System (8) can
be (formally) derived from a more complete system involving a kinetic equation
for the specific intensity of radiation. For this derivation and further physical
considerations on (8) the reader is referred to [38, 20, 11].

The existence and regularity of traveling wave type solutions of (1) under
hypotheses (S0) - (S2), (HO) - (H3) is known, even in the more general case
of non-convex velocity fluxes (assumption (H2) does not hold). For details
of existence, as well as further properties of the profiles such as monotonicity
and regularity under small-amplitude assumption (features which will be used
throughout the analysis), the reader is referred to [17, 18].

1.1. Main results

In the spirit of [42, 23, 25, 26], we first consider the linearized equations of
(1) about the profile (U, Q):

us + (A(U)u)z + Lg. = 0, ()



with initial data ©(0) = ug. Hence, the Laplace transform applied to system (9)
gives
A+ (AU)u)g + Lg, = S,
—oa + ¢+ (B(U)u)z =0,

where source S is the initial data uyg.

As it is customary in related nonlinear wave stability analyses (see, e.g.,
[1, 34, 42, 39]), we start by studying the underlying spectral problem, namely,
the homogeneous version of system (10):

(10)

M+ (A(U)u)y + Lgy =0, (11)

An evident necessary condition for orbital stability is the absence of L2
solutions to (11) for values of A in {Re\ > 0}\{0}, being A = 0 the eigenvalue
associated to translation invariance. This spectral stability condition can be
expressed in terms of the Fvans function, an analytic function playing a role for
differential operators analogous to that played by the characteristic polynomial
for finite-dimensional operators (see [1, 34, 3, 42, 23] and the references therein).
The main property of the Evans function is that, on the resolvent set of a
certain operator L, its zeroes coincide in both location and multiplicity with
the eigenvalues of £. Thence, we express the spectral stability condition as
follows:

There exists no zero of the Evans function D on {Re A > 0} \ {0}; (SS)
equivalently, there exist no nonzero eigenvalues of £ with Re A > 0.
Like in previous analyses [42, 39, 41], we define the following stability condition
(or Ewvans function condition) as follows:

There exists precisely one zero (necessarily at A = 0; see Lemmas
2.5 - 2.6) of the Evans function on the nonstable half plane {Re A > (D)

0},

which implies the spectral stability condition (SS) plus the condition that D
vanishes at A = 0 at order one. Notice that just like in the scalar case [16],
due to the degenerate nature of system (11) (observe that A(U) vanishes at
x = 0) the number of decaying modes at +o00, spanning possible eigenfunctions,
depends on the region of space around the singularity. Therefore the definition
of D is given in terms of the Evans functions Dy in regions z 2 0, with same
regularity and spectral properties (see its definition in (43) and Lemmas 2.5 -
2.6 below).

Our main result is then as follows.



Theorem 1.4. Assuming (5), (S0)—(S2), (H0)—(H3), and the spectral stability
condition (D), then the Lax radiative shock profile (U, Q) with sufficiently small
amplitude is asymptotically orbitally stable. More precisely, the solution (u,q)
of (1) with initial data o satisfies

o) = Ul o)l < CO+0 0 gl
j@(x,t) = Uw — a(t) s < C(1+ 1)~ *fuo| prrps

and
13(2,) = Q(x — at))[wrw < O+ )72 P ug| L1 ga

(1) = Q& — () |5 < C(L+ 1)~ *Juo| prnas

for initial perturbation ug := Gy — U that are sufficiently small in L' N H*, for
all p > 2, for some a(t) satisfying a(0) =0 and

(13)

()] < Cluolprinps

14
6] < OO+ ol e, 14

Remark 1.5. The time-decay rate of ¢ is not optimal. In fact, it can be
improved as we observe that |q(¢)|p2 < Clug(t)|r2 and |uy(t)|r2 is expected to
decay like t—'/2; however, we omit the detail of carrying this out. Likewise,
assuming in addition a small L' first moment on the initial perturbation, we
could obtain by the approach of [33] the sharpened bounds |&| < C(1 + )71,
and |a — a(4+00)| < C(1 +t)°~1/2, for ¢ > 0 arbitrary, including in particular
the information that « converges to a specific limit (phase-asymptotic orbital
stability ); however, we omit this again in favor of simplicity.

We shall prove the following result in appendix Appendix A, verifying Evans
condition (D).

Theorem 1.6. For e := |uy — u_| sufficiently small, radiative shock profiles
are spectrally stable.

Corollary 1.7. The condition (D) is satisfied for small amplitudes.

Proof. In Lemmas 2.5 - 2.6 below, we show that D()) has a single zero at A = 0.
Together with Theorem 1.6, this gives the result. O

1.1.1. Discussion

Prior to [16], asymptotic stability of radiative shock profiles has been studied
in the scalar case in [12] for the particular case of Burgers velocity flux and
for linear g(u) = Mu, with constant M. Another scalar result is the partial
analysis of Serre [36] for the exact Rosenau model (see also [22]). In the case
of systems, we mention the stability result of [21] for the full Euler radiating
system under special zero-mass perturbations, based on an adaptation of the
classical energy method of Goodman-Matsumura-Nishihara [4, 28]. Here, we
recover for systems, under general (not necessarily zero-mass) perturbations,
the sharp rates of decay established in [12] for the scalar case.



We mention that works [12, 16] in the scalar case concerned also large-
amplitude shock profiles (under the Evans condition (D), automatically satisfied
in the Burgers case [12]). At the expense of further effort book-keeping— specif-
ically in the resolution of flow near the singular point and construction of the
resolvent— we could obtain by our methods a large-amplitude result similar to
that of [16]. However, we greatly simplify the exposition by the small-amplitude
assumption allowing us to approximately diagonalize before carrying out these
steps. As the existence theory is only for small-amplitude shocks, with upper
bounds on the amplitudes for which existence holds, known to occur, and since
the domain of our hypotheses in [16] does not cover the whole domain of exis-
tence in the scalar case (in contrast to [12], which does address the entire domain
of existence), we have chosen here for clarity to restrict to the small-amplitude
setting. It would be interesting to carry out a large-amplitude analysis valid on
the whole domain of existence in the system case.

1.2. Abstract framework

Before beginning the analysis, we orient ourselves with a few simple ob-
servations framing the problem in a more standard way. Consider now the
inhomogeneous version

u + (A(U) w)e + Lgz = g,

—Qzz +q+ (B(U) u)ac =h, (15)

of (9), with initial data u(z,0) = ug. Defining the operator K := (=92 + 1)~*
of order —1, locally compact from L? to H?, and the bounded operator

J = 0,LKo,B(U)
of order 0, we may rewrite this as a nonlocal equation

ur + (AU) )y + Ju = 0, LKh + g,

u(z,0) = up(x) (16)

in u alone, recovering q by

q=—-Ko,B(U)u+ Kh. (17)

The generator £ := —(A(U) u), — Ju of (16) is a zero-order perturbation of the
generator —A(U)u, of a hyperbolic equation, so generates a C° semigroup e**
and an associated Green distribution G(z,t;y) := €£'6,(z). Moreover, e“! and
G may be expressed through the inverse Laplace transform formulae

1 n+ioco
et —/ M\ — L)L,
n

Tomi )
1 n+ico N (18)
Glatig) =5 [ MGa(apr
n—100



for all n > 19, where G (z,y) :== (A — £L)716,(z) is the resolvent kernel of L.
Collecting information, we may write the solution of (15) using Duhamel’s
principle/variation of constants as

+oo
+ T G(z,t —s; (19)
ot = 59)(0: LKh + g)(y, 5) dy ds,
0 —00

g(z,t) = ((—ICBIB(U))U + ICh) (z,1),

where G is determined through (18).

That is, the solution of the linearized problem reduces to finding the Green
kernel for the u-equation alone, which in turn amounts to solving the resolvent
equation for £ with delta-function data, or, equivalently, solving the differential
equation (10) with source S = d,(z). This we shall do in standard fashion by
writing (10) as a first-order system and solving appropriate jump conditions
at y obtained by the requirement that G, be a distributional solution of the
resolvent equations.

This procedure is greatly complicated by the circumstance that the resulting
(n+2) x (n+ 2) first-order system

O ()W, = Az, VW (20)

is singular at the special point where A(U) vanishes (see Remark 1.9 below),
with © dropping to rank n + 1. However, in the end we find as usual that G,
is uniquely determined by these criteria, not only for the values Re A > 1y >
0 guaranteed by CY-semigroup theory/energy estimates, but, as in the usual
nonsingular case [7], on the set of consistent splitting for the first-order system
(20), which includes all of {Re > 0} \ {0}. This has the implication that the
essential spectrum of £ is confined to {Re A < 0} U {0}.

Remark 1.8. The fact (obtained by energy-based resolvent estimates) that
L — X is coercive for Re A > 19 shows by elliptic theory that the resolvent is well-
defined and unique in class of distributions for Re A large, and thus the resolvent
kernel may be determined by the usual construction using appropriate jump
conditions. That is, from standard considerations, we see that the construction
must work, despite the apparent wrong dimensions of decaying manifolds (which
happens for any Re A > 0).

Remark 1.9. Recall that Lax entropy condition reads a; <0< a;_H and
a, 1 < 0 < a,. This, together with continuity of a,(r) = a,(U(z)) (from
regularity of profile U(x) of the existence theory [17, 18]), shows that a,(xo) =0
at some point xg which, without loss of generality, we take as xg = 0. Thus,
the p-Lax eigenvalue a,(z) connects a, > 0 with af < 0 at z = Foo. The
degeneracy occurs naturally as the coefficient matrix A(U) of the highest order
derivative of u with respect to « in (16) becomes singular at that point. When



the associated spectral system is written in first order form (20), this degeneracy
shows up in the drop of rank of the coeflicient matrix ©. To deal with the
singularity of the first-order system is the most delicate and novel part of the
present analysis (see also the analysis of the scalar model [16]). It is our hope
that the methods we use here may be of use also in other situations where the
resolvent equation becomes singular, for example in the closely related situation
of relaxation systems discussed in [23, 26].

Remark 1.10. Comparing to the concurent analysis in the scalar model [16],
the main difference when constructing the Green function in the system case
is that we now have n slow modes at each far field (i.e., at + = +00), rather
than only one in scalar case, and one of these modes will have to connect to the
mode having the degeneracy at = 0 in the above sense (the vanishing p-Lax
eigenvalue). A priori, we were not sure how to treat such situations. However,
as it turns out, we can diagonalize the system with acceptable error of the same
order zero as terms coming from Ju, and thus, are able to treat the slow mode
with degeneracy as in the scalar case. We emphasize that the wrong number of
decaying modes clearly remains in the system case, but the cure for it remains as
well: construction of full sets of decaying modes at each side of the singularity.

Another significant difference in the analysis is that the verification of the
spectral stability condition is not straightforward as for the scalar problem; in-
deed, here we have to use a combination of Kawashima- and weighted Goodman-
type energy estimates (see appendix Appendix A), which work (only) for small
amplitudes; we observe that in [16], we (and co-authors) were also able to ver-
ify the condition for arbitrary amplitudes in the existence region of the profile,
provided that b is linear. In addition, the fact that LB is not strictly posi-
tive required special attention while obtaining the damping nonlinear energy
estimates, in contrast with the scalar case.

Plan of the paper

This work is structured as follows. Section 2 pertains to the construction
of the resolvent kernel, based on the study of the solutions to the eigenvalue
equations both near and away from the singularity. In section 3 we establish
bounds for the resolvent kernel in low-frequency regions. Section 4 contains the
analysis towards pointwise bounds for the low-frequency Green function, based
on the spectral resolution formulae. The auxiliary damping energy estimate
and the high-frequency estimate are the content of section 5. The final section 6
blends all the previous estimations into the proof of the main nonlinear Theorem
1.4. Appendix Appendix A contains the verification of the spectral stability
condition in the small amplitude regime, whereas appendix Appendix B contains
a pointwise extension of the tracking lemma of [24].



2. Construction of the resolvent kernel

2.1. Outline

In what follows we shall denote ' = 9, for simplicity; we also write A(x) =
A(U) and B(z) = B(U). Let us now construct the resolvent kernel for £, or
equivalently, the solution of (10) with delta-function source in the 4 component.
The novelty in the present case is the extension of this standard method to a
situation in which the spectral problem can only be written as a degenerate first
order ODE. Unlike the real viscosity and relaxation cases [23, 24, 25, 26] (where
the operator L, although degenerate, yields a non-degenerate first order ODE
in an appropriate reduced space), here we deal with a system of form

oW’ = Az, )W,

A
o-(" n)
is degenerate at x = 0.

To construct the resolvent kernel we solve

where

(00, — Az, A)Gx(z, y) = dy(x), (21)
in the distributional sense, so that
(00, — A(z,\))Ga(x,y) =0, (22)

in the distributional sense for all x # y with appropriate jump conditions (to
be determined) at = y. The first entry of the three-vector G is the resolvent
kernel GG of £ that we seek.

Namely G, is the solution in the sense of distribution of system (10) (written
in conservation form):

(Au) = —(A+ LB)u+ Lp+ §,(x)
¢ =Bu—-p (23)
P =—q

2.2. Asymptotic behavior
First, we study at the asymptotic behavior of solutions to the spectral system

(A(z)u) = —(A+ LB(x))u + Lp,
q¢ = B(z)u — p, (24)

P =-q
away from the singularity at x = 0, and for values of A # 0, Re A > 0. We pay
special attention to the small frequency regime, A ~ 0. First, we diagonalize A
as
AT 0
A:=L,AR, = ap (25)

10



where A7 < —0 < 0, AT > 0 > 0, and a, € R, satisfying a,(+o0) < 0 <
ap(—o0). Here, L,, R, are bounded matrices and L, R, = I. Defining v := Lyu,
we rewrite (24) as

(A(z)v) = —(A\+ LB + L,AR,)v + Lp,
q/ = B’U — I)7 (26)

/

p =-q,
where L := L,L and B := BR,. Denote the limits of the coefficient as

Ay = lim A(z), By := lim B(z)R,. (27)

r—+o0 r—+o0
The asymptotic system thus can be written as
W' = AL (W)W, (28)
where W = (v,¢,p)", and
~A{'(A+LiBy) 0 AD'Ls
Ar(\) = By 0 -1 . (29)
0 -1 0

To determine the dimensions of the stable/unstable eigenspaces, let A € RT
and A — 0, o0, respectively. The 2 x 2 lower right-corner matrix clearly gives
one strictly positive and one strictly negative eigenvalues (this later will give one
fast-decaying and one fast-growing modes). In the “slow” system (as |A| — 0),
eigenvalues are

15 (A) = =Xai + O0(\?), (30)
+

where aj are eigenvalues of Ay = A(+o0). Thus, we readily conclude that at
T = 400, there are p+1 unstable eigenvalues and n—p+1 stable eigenvalues. The
stable ST () and unstable U™ () manifolds (solutions which decay, respectively,

grow at +00) have, thus, dimensions
dimUT(\) =p+1,
. (A =p (31)
dimStT(\) =n—-p+1,

in ReA > 0. Likewise, there exist n — p + 2 unstable eigenvalues and p sta-
ble eigenvalues so that the stable (solutions which grow at —oo) and unstable
(solutions which decay at —oo) manifolds have dimensions

dimU~(A) = p,

dimS™(A\) =n—p+2. (32)

Remark 2.1. Notice that, unlike customary situations in the Evans function
literature [1, 42, 3, 23, 24, 34|, here the dimensions of the stable (resp. un-
stable) manifolds St and S~ (resp. Ut and U~) do not agree. Under these
considerations, we look at the dispersion relation

7w (i€) = det (= A\ + LaBL)e —ig(1+ €3I — MATY) = 0.

11



For each £ € R, the A-roots of the last equation define algebraic curves

AF(©) € o((1+€) (- LeBy —ig(1+€)Ay)),
touching the origin at £ = 0. Denote A as the open connected subset of C
bounded on the left by the rightmost envelope of the curves )\j»E (), € € R. Note
that the set {ReX > 0,\ # 0} is properly contained in A. By connectedness
the dimensions of U%(\) and S*(\) do not change in A € A. We define A as
the set of (not so) consistent splitting [1], in which the matrices Ay (\) remain

hyperbolic, with not necessarily agreeing dimensions of stable (resp. unstable)
manifolds.

Notably, the degeneracy of the spectral system shows that there is one slowly
growing mode defined on z > 0 which will vanish as it travels pass the singularity
point x = 0. The same happens for the slow-decaying mode at z = —oo.
It might be useful to the reader to think of it as some loss of information
when passing the singularity point. This phenomenon yields the non-agreeing
dimensions of the stable (resp. unstable) manifolds S* and S~ (resp. U and
U-).

Lemma 2.2. For each A € A, the spectral system (28) associated to the limiting,
constant coefficients asymptotic behavior of (24), has a basis of solutions
e VTVEQN), 220, j=1,.n+2.

Moreover, for |\ ~ 0, we can find analytic representations for uji and V;i,
which consist of 2n slow modes

pr(N) = =May +0(\),  j=2,.,n+1,

and four fast modes,

1 (V) = £67 + O(),
Har2(N) = Fb, 45 + O(N).
where 91i and 9?;2 are positive constants.

In view of the structure of the asymptotic systems, we are able to conclude
that for each initial condition z¢ > 0, the solutions to (24) in x > z( are spanned
by decaying/growing modes

ot = {¢i’_, "'7¢7J’7,_—p+1}7
ot= {wi—p+27 "'7¢7er+2}7

as ¥ — 400, whereas for each initial condition zo < 0, the solutions to (24) are
spanned in z < xy by growing/decaying modes

U= {1, pin ks
o™ = {¢7:—p+3’ "'7(257:-‘,-2}’

(33)

(34)

as & — —00.
We rely on the conjugation lemma of [30] to link such modes to those of the
limiting constant coefficient system (28).

12



Lemma 2.3. For |\| sufficiently small, there exist growing and decaying solu-
tions wj-[(:v, A), qﬁj[ (x,\), inx =0, of class C* in x and analytic in \, satisfying

U5 (@) = e BTVEQ)NT + O,

+ BT ONERYES —nle| (35)
@5 (2, A) = el EVEN (I + O(e™)),

where 0 < n is the decay rate of the traveling wave, and ,u;[ and Vji are as in
Lemma 2.2 above.

Proof. This a direct application of the conjugation lemma of [30] (see also the
related gap lemma in [3, 42, 23, 24]). O

2.83. Solutions near x ~ 0

Our goal now is to analyze system (24) close to the singularity x = 0. To fix
ideas, let us again stick to the case x > 0, the case x < 0 being equivalent. We
introduce a “stretched” variable £ as follows:

*odz
e~ [ S5
1 ap(2)
so that £(1) = 0, and € — +oo as x — 0. Under this change of variables we
get,

,  du 1 du 1

T T G@ € ap@”

and denoting = d/d¢. In the stretched variables, making some further changes
of variables if necessary, the system (26) becomes a block-diagonalized system
at leading order of the form

7=(74" )2+ ae©z. (36)

where ~(L)(f) is some bounded matrix and « is the (p,p) entry of the matrix
A+ LB+ L,AR, + A’, noting that

a(é) Z 50 > 07

for some 0y and any ¢ sufficiently large or x sufficiently near zero.

The blocks —al and 0 are clearly spectrally separated and the error is of
order O(Jap(§)]) — 0 as £ — +oo. By the pointwise reduction lemma (see
Lemma Appendix B.1 and Remark Appendix B.2 below), we can separate the
flow into slow and fast coordinates. Indeed, after proper transformations we
separate the flows on the reduced manifolds of form

Zl = —aZ1+ (’)(ap)Zl, (37)
Zg = O(GP)ZQ. (38)

13



Since —a < —dp < 0 for A ~ 0 and £ > 1/e, with € > 0 sufficiently small,
and since a,(§) — 0 as & — +oo, the Z; mode decay to zero as £ — +o0, in
view of

e JOE a(z)dz 5 6_(Re>\+%50)5.

These fast decaying modes correspond to fast decaying to zero solutions
when  — 0T in the original u-variable. The Z5 modes comprise slow dynamics
of the flow as  — 07. Hence we have the following

Proposition 2.4. There exists 0 < €9 < 1 sufficiently small, such that, in
the small frequency regime X\ ~ 0, the solutions to the spectral system (24) in
(—€0,0) U (0,€0) are spanned by fast modes

wie (2, 0) = | @, +e =20, (39)

decaying to zero as x — 0F with kp :=n—p+ 2, and slowly varying modes
ZE(a, ) = qji . tezx20, j#ky, (40)
p;
with bounded limits as x — 0F.
Moreover, the fast modes (39) decay as

afpp ~|z|* =0 (41)
and N
u’ﬁﬁj
T, | ~O(lz|*ap(x)) =0, j#p, (42)
4
Pk,
asxT — Oi; here, ag is some positive constant and Uk, = (ukpl, vy Uk py v u;gpn)—r.
2.4. Two Evans functions
We first define the following related Evans functions
Dx(y,A) := det(®" WF @7)(y,)),  fory =0, (43)

where ®* are defined as in (33), (34), and ij; = (ufp ; qkip,pfp)T are defined as
in (39). Note that k, here is always fixed and equals to n — p + 2.
We first observe the following simple properties of D.

Lemma 2.5. For \ sufficiently small, we have

Dy (y,A) = (det A) "'y (1) AN + O(IAP), (44)
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where

A = det (@L 7”7;71 Thyr1 0 Totl —[u])
+ . F (45)
q q
Yely) i=det | L ke
P1 pkp [x=0

with [u] = uy —u_ and rji eigenvectors of (A+) 1 (LB)x, spanning the sta-
ble/unstable subspaces at +00, respectively.

Proof. By our choice, at A =0, we can take

(b-li_ (‘Ta O) = ¢7:+2 (CL‘, 0) = Wm (CL‘) (46)

where W is the shock profile. By Leibnitz’ rule and using (46), we compute

OAD~(y,0) = det (Oraf s 0, 1 Wit 05 1o Gy )+

[x=0

+ + + - -
o det (67 &1 0 41 On0sa)

I)\:f)
where, by using (46), only the first and third terms are possibly nonvanishing
and thus grouped together, yielding

OAD—(y,0) = det (6F o6, 1, Wik 05 1o b1 Orrys — 000 )

[x=0

(47)
Recall that W,:; , gbj[ satisfy
oW, = Az, )W, (48)
where W = (u, q,p) and
A
@_< b)
Thus, O\¢] (z,\) satisfies
O(0rd7 )z = A(x,0)00¢7 (,0) + OzA(x,0)¢] (,0),
which directly gives
(adruf)e = —L(OrG] )z — Ta (49)
Likewise, Ox¢,, o(2,A) = (OxUy, 42, OrGy, 10, OAD;, 4o) Satisfies
(a(‘%\u;ﬂ)w = _L(akqg-',-z)w — Uy (50)

Integrating equations (49) and (50) from +oo and —oo, respectively, with
use of boundary conditions 9x¢y (+00) = drg;,,»(—00) = 0, we obtain

A@,\uir = —LBAqfr —u+ugt (51)
AU, o = —LOrG, o0 — U+ u_.
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and thus
A(O\tyyyo — OruT) = =L(Orgp o — ay) — [u]. (52)

In addition, we note that W,;'; , gbji satisfy the equation (48) and thus (Au) =
—Lq' with Wk‘;(—i—oo) = ¢f (+00) =0, ¢, ,(—00) =0, qji(:lzoo) =0, and

J J

ul (+00) = (Ay) T, J=2,.,ky—1
u-(—oo):(A_)_lr;, j=kp+1,..,n+1

Thus, we integrate the equation (Au)’ = —Lq’, yielding

Au;r = —Lq;-r7 for j =1, kp,

Au;' = —qu' —|—rj', for j =2,....kp, — 1, (53)
Au;:—Lq;-l-T;, forj=kp+1,..,n+1
Auj_:—qu_, for j =n+2.

Using estimates (53) and (52), we can now compute the A-derivative (47) of Dy
at A =0 as

ui‘r e u;r ‘e u;ﬂ‘rp e u; e 8)\u;+2 — 8)\11:1"»
OD_(y,0) =det | ¢ -+ af - @ - @5 - Odnye —Oagy
pii» e p;r e p;;rp e p; e 8)\p;+2 — 8)\p<1‘r
=(detA)~"det @i - @ o @ o ay o Ondpys—Oaay
I R p; o OaPpyo — OapY
a aqf N N
= (det A)~! det 4 det(?" e TL TR o1, —u)
( ) vt ng 2 kp—1  Thyt1 1 [yl
(54)
which proves (44). The proof for D follows similarly. O
Lemma 2.6. Defining the Evans functions
D:I:()‘) = D:I:(:l:la A)v (55)
we then have
Di(X) =mD_(X) + O(]A]%) (56)
where m is some nonzero factor.
Proof. Proposition 2.4 gives
+ ﬂgp
wi,, (@) = | &, | = O(z|*), (57)
~+
Py,



as x — 0, where g is defined as in Proposition 2.4, which guarantees an exis-
tence of positive constants €1, €2 near zero such that

lecrp (—61) = w,:p (+€2).
Thus, this together with the fact that w,fp are solutions of the ODE (48) yields
wy (—1) = my,wy (+1)

for some nonzero constant my,. Putting these estimates into (44) and using
analyticity of Dy in A near zero, we easily obtain the conclusion. o

Remark 2.7. Since at both sides of the singularity the Evans functions Dy are
constructed by means of a Wronskian of a full set of decaying modes, we are
able to evaluate each function at any point on each side, say, y = £1; note that
the number of A-zeroes of D4 (-,y) are the same at each side of the singularity,
for any y 2 0.

3. Resolvent kernel bounds in low—frequency regions

In this section, we shall derive pointwise bounds on the resolvent kernel
G (z,y) in low-frequency regimes, that is, [\| — 0. For definiteness, throughout
this section, we consider only the case y < 0. The case y > 0 is completely
analogous by symmetry.

We solve (23) with the jump conditions at x = y:
Ay)™" 0 0

[Gr(.,9)] = 0 10 (58)
0 0 1

where, working on diagonalized coordinates (see (26)), we can assume that A is
of diagonal form as in (25),
AT 0
A= ap ,
0 AF

with A7 < -6 < 0,45 (y) > 6 > 0. Meanwhile, we can write G (z,y) in terms
of decaying solutions at oo as follows

O (2, N)OF (5, N) + WiE (2, VO (. N), >,

N N (59)
— (2, ) (3, \), r<y.

Gx(z,y) Z{

where Cf are row vectors. We compute the coefficients C'ji by means of the
transmission conditions (58) at y. Therefore, solving by Cramer’s rule the sys-
tem

ct Aly)™t 0 0

(q>+ Wi cIr) ot - o 1 0], (60)
= 1
“lw N o0



we readily obtain,

ct adj Aly)™ 0 0
Of | ) =Dt (o7 W @) 10| (6
c- 0 0 1

where M% denotes the adjugate matrix of a matrix M. Note that

ChN) = ap() " Do N (27 W e) o), (62)
ChuN = DN (20 W ) Ae e 14
k
(63)

where ()% is the determinant of the (i,7) minor, and (A(y)™')k, | # p, are
bounded in y.
We then easily obtain the following.

Lemma 3.1. For y near zero, we have
" 1
N = yoollu]) +O(),

_ 1
Cn+2(ya A) = _XUO([U’]) + 0(1)5
where vo([u]) is some constant vector depending only on [u] and

Cif (4, A) = ap(y) "y~ O(1),
Cly,\)=001)  1<j<ky, (65)
Cy(y,AN)=0(1) kp<j<n+2,

J

where ky = n—p+2, ap 1s defined as in Proposition 2.4 and O(1) is a uniformly
bounded function, probably depending on y and A.

Proof. We shall first estimate C, 5 ,(y, A). Observe that

_\pnt2 _\pnt2
(o0 Wi o) T =(of W @) (u,0)+ 0
where by the same way as done in Lemma 2.5 we obtain an estimate
+ + =) -1 n+2
(o7 Wi @) (1,0) = ap(det A) P (AT,

where y_(y) and A are defined as in (45), and AP"*2 denotes the minor deter-
minant. Thus, recalling (44) and (62), we can estimate C,, 5 ,(y,A) as

Crryan®:N) = ap(y) "Dy, )7 (25 Wy 2o

— _iA‘lAE"” +0(1),

)" .y
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where O(1) is uniformly bounded since a,(y)D_(y,A) and normal modes ¢j—t

are all bounded uniformly in y near zero. Similar computations can be done for
C, 19y, A). Thus, we obtain the bound for C, , as claimed. The bound for

Cy follows similarly, noting that ¢, , = ¢ at A = 0.
For the estimate on C,jp , we first observe that by view of (44), with noting
that det(A) ~ a,(y) as |y| — 0, and the estimate (39) on w;rpp,
[D—(y, A)| = 6] A[ly|*, (66)

for some # > 0. This together with the fact that ¢, , = ¢; at A = 0 yields the
estimate for C;; as claimed.

We next estimate C; (resp. C} ) for 1 < j < kp (resp. kp < j <n+2). We
note that by view of estimate (39) on Wy,

(&0 Wi @) = oWo(lyia,w)
and for k # p,
(e W o) oo™

These estimates together with (66) and (63),(62) immediately yield estimates
for C]?t as claimed. O

Proposition 3.2 (Resolvent kernel bounds as |y| — 0). For y near zero, there
hold

Grw,y) = A Wavo(u]) + O(1) 3 e~ Va0 L oe=tlel)  (g7)
a;r>0

fory<0<a, and

—1y7 ||~
Galwy) = A W) + O (1+ ) (68)

fory <z <0, and
Galz,y) = A Woug([u]) + O(1) Y e~ Ve #0024 o(e=flaly (69
a;<0

forx <y <O0.
Similar bounds can be obtained for the case y > 0.

Proof. For the case y < 0 < z, using (64) and recalling that ¢ (v) = W, +
ONe~?#l and W,;: (x) =0, we have

kp—1

Ga(z,y) = " (2)C" (y) = Z ) (2)Cf (y)

kp—1

= (W, + 0)e?*) (%vo([u]) +OW) +00) Y e,

=2
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yielding (67); here, we recall that
1 =—May +0(\?)

with a;-" >0forj=2,.,kp—landa; <Oforj=k,+1,...n+1 (aJ are
necessarily eigenvalues of Ay ). In the second case y < = < 0, frorn the formula
(59), we have

Gala,y) = B @, O (5, A) + Wi (2 N (9,0)

where the first term contributes A ~lvg([u])W, + O(1) as in the first case, and
the second term is estimated by (65) and (41).

Finally, we estimate the last case v < y < 0 in a same way as done in the
first case, noting that y is still near zero and W, ,(z) = W, + O(\)e~%®l. O

Next, we estimate the kernel G, (z,y) for y away from zero. Note however
that the representations (59) and above estimates fail to be useful in the y —
—oo limit, since we actually need precise decay rates in order to get an estimate
of form

(G, y)| < Celev,
which are unavailable from (;5;' in the y — —oo regime. Thus, we need to express
the (+)-bases in terms of the growing modes ¥, at —oo, and the decaying mode

¢; where ¢, , ¢, are defined as in Lemma 2.3. Expressing such solutions in the
basis for y < 0, away from zero, there exist analytic coefficients d;i()), e;x ()
such that

=3 Ny, (2, 0) + ) ejn(Ny (2, ))
= di Ny (2 A) + > e (N (2, 0).

Furthermore, for our convenience, we define the following adjoint normal
modes

(70)

(I &)= (v- &) 'L (71)
We then obtain the following estimates.

Lemma 3.3. For |\| sufficiently small and |x| sufficiently large,

57 (@) = 0(e™5 VM (I + 0(e017)), )
; (x,0) = O(e™s VOV (NI + O(e™*1*))

where pi; are defined as in Lemma 2.3.

Proof. The proof is clear from the estimates of ¢, ¢ in (35). O
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Lemma 3.4. We have

= ch Ny (g, V) (73)
= 3 e 5 () + 65 (0, A (74)
for meromorphic coefficients cj.[k m .

Proof. The proof follows by using (70), definition (71), and property of com-
puting determinants. O

We then have the following representation for G (z,y), for y large.

Proposition 3.5. Under the assumptions of Theorem 1.4, for |\| sufficiently
small and |y| sufficiently large, we have

Ga(w,y) =Y ch(Ne] (@ Ny (v, )7, (75)

jik
fory <0<z, and

Zd;rk j ‘T )‘)wk (yv ) Z%Z (‘Ta )‘)"/;l; (yv )‘)*7 (76)

k

fory <z <0, and

ngk j CL‘ )‘)wk (yv ) +Z¢IZ(‘T7)‘)¢Z;(%)‘)*7 (77)

k

for x <y <0, where c;'k(/\), d;tk (N\) are scalar meromorphic functions satisfying

¢t = (=1, 0)(®F Wi @) w-

and

E=(0 —Iny,) (q>+ Wi q>—)71\1f.

Proof. Using representation (59) of Gi(x,y) together with (73) and (74), we
easily obtain the expansions (75) and (77), respectively. For (76), again, using
(73), (70), and (59), we can write

Zdjk (2 U (1 N+ Y el s (2 MY (1, A

ik (78)

= (U ) (@) (j;i) ()
Meanwhile, by (59) and (61),

)= (20 WE 0) @) (0 W @) welw) (1)
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In view of the definition (71) of ¥—,®~, (78) and (79) yield
+ . -1
(Z+) —(I- ¥)e (@+ Wi 0) (q>+ Wi qr) v
= o) 1-(0 @) (et W @—)’1}\1,7

o Ik 0 0 + + — -1 —
_<Op)_<0 In_kp) (e Wi o) w

which proves the proposition. o

Proposition 3.6 (Resolvent kernel bounds as |y| — +00). Make the assump-
tions of Theorem 1.4. Then, for |y| large, defining

Ex(z,y) = AL Z ‘7j})6(’\/a;+0(’\2))me($),
a; >0
there hold
Ga(z,y) = Ex(z,y)
+@(1)( 3 e(a; +0))y +@(e—e\y\))( 3 o(—Mag +O(N)z +@(e—e|w|))

a; >0 ag >0
(80)
fory <0<z, and
Ga(2,y) =Ex(z,y) + O(1) Y e +0M D)
a; >0
+0(1) Z eMa;7 OOy (=M ay +ON))a | O(e~Ue-vD)
a; >0, a; <0
(81)
fory <z <0, and
Ga(z,y) =Ex(z,y) + 0(1) Y el7Va #00I)@=w)
a; <0
+0(1) Z e ay +O )y o(=Aa, +ON))w | Oe=0z=vD)
a; >0, a; <0
(82)

forz <y <O.
Similar bounds can be obtained for the case y > 0.

Proof. The proof follows directly from the representations of G (z,y) derived
in Proposition 3.5 and the corresponding estimates on normal modes, noting

that
et et = {00 i=1,
gk Yk O(1)  otherwise.
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Indeed, we recall, for instance, that

kj
+ _p-1 + +  H— -
ch= Dt (=0, 0) (2T Wi @)
where ()*/ denotes the determinant of the (k, J) minors. For the case j # 1, by
using the fact that we choose ¢ = ¢, = W, at A = 0, determinant of the
(k,j) minor therefore has the order one in A, which cancels out the A=! term
coming from our spectral stability condition: |[D~'| < O(A~1).

O

4. Pointwise bounds and low-frequency estimates

In this section, using the previous pointwise bounds (Propositions 3.2 and
3.6) for the resolvent kernel in low-frequency regions, we derive pointwise bounds
for the “low-frequency” Green function:

Gl(x,try) = o MGy (2, y)dA (83)
210 Jr A<

where I' is any contour near zero, but away from the essential spectrum.

Proposition 4.1. Under the assumptions of Theorem 1.4, defining the effective
diffusion By = (Lp,LBR,)+ (see (25)), the low-frequency Green distribution
G!(x,t;y) associated with the linearized evolution equations may be decomposed
as

Gl(x,t;y) = E+ G +R, (84)
where, for y < 0:
E(z,ty) =) Ual)Vypex(y, 1), (85)
a, >0

erx(y,t) == (errfn <%> — errfn <y—4\/%>> ; (86)

07055 (@, )| < €~ (otD/3(( Y 12— (amymog o

k=1
Y XapuspyntT e s D),
a, <0, a;>0
(87)
- _ 1 .
Rz, t;y) = O(e™"1*vIH0) 4 O(e ™) x (2, y) |1+ oy ) ] (88)
P
for some n, €, M >0, where 0 <[], | < 1, o = 2224 ang
P
L -1l<y<z<0

x(@,y) = {O, otherwise.

Symmetric bounds hold for y > 0.
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Proof. Having the resolvent kernel estimates in Propositions 3.2 and 3.6, we
can now follow the previous analyses of [42, 23, 24]. Indeed, the claimed bound
for E precisely comes from the A~! term. Likewise, estimates of GT are due
to bounds in Proposition 3.6 for y away from zero and those in Proposition 3.2
for y near zero but x away from zero. The singularity occurs only in the case
—1 <y < x <0, as reported in Proposition 3.2. In this case, using the estimate
(68) and moving the contour I' in (83) into the stable half-plane {Re A < 0}, we

have ] ]
At( z ) _ —nt z
M1+ —2—)dr=0(e )(1+7,
/r ap(y)lyl* ap(y)lyl*
which precisely contributes to the second term in R(z,t;y). The first term in
R(z,t;y) is as usual the fast decaying term. O

With the above pointwise estimates on the (low-frequency) Green function,
we have the following from [23, 24].

Lemma 4.2 ([23, 24]). Under the assumptions of Theorem 1.4, G! satisfies
—+o0
~ C1(1/q—1/p)—
[T o s, < o tomm s, )

for allt >0, some C >0, for any 1 < q < p.
We recall the following fact from [40].
Lemma 4.3 ([40]). The kernel e satisfies

|ey('7t)|LP7 |et(',t)|Lp, < Ct_%(l_l/lu),

90
|€yt(',t)|LP < Ct_%(l_l/”)_l/Q. ( )
for allt >0, some C >0, for any p > 1.
Finally, we have the following estimate on R term.
Lemma 4.4. Under the assumptions of Theorem 1.4, R(x,t;y) satisfies
+oo
[ Retmsas] < Ce (s + £, (o1)

for allt >0, some C,n >0, for any 1 < p < oo.

Proof. The estimate clearly holds for the fast decaying term e~ 7(#=vI+t) in
R. Whereas, to estimate the second term, first notice that it is only nonzero
precisely when —1 <y <z <0 or 0 < z <y < 1. Thus, for instance, when
—1 <z <0, we estimate

‘/W xy 1+ 1()(:E/y dy‘—‘/ 1+ -

<Clflu=1+ [ ]
< C|flee,

:v/y)“] f(y)dy‘
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where the last integral is bounded by that fact that a,(x) ~ = as |z| — 0. From
this, we easily obtain

[T e[t m e ], < i

which proves the lemma. o

Remark 4.5. We note here that the singular term a,'(y)(z/y)* appearing

in (68) and (88) contributes in the time-exponential decaying term. This thus
agrees with the resolvent kernel for the scalar convected-damped equation u; +
apugy = —LBu, for which we can find explicitly the Green function as a convected
time-exponential decaying delta function similar as in the relaxation or real
viscosity case.

5. Nonlinear damping estimate and high—frequency estimate

In this section, we establish an auxiliary damping energy estimate. We first
recall the nonlinear perturbation equations with (u,q) perturbation variables

ue + (Aw)u)e + Lz = &(Us + ua),

—Qzz +q+ (B(u)u)x = O, (92)

where we now denote
A(u) := Df(U 4 u), B(u) := Dg(U + u). (93)
We prove the following:

Proposition 5.1. Under the assumptions of Theorem 1.4, so long as ||ul|yz.
and |&| remain smaller than a small constant ¢ and the amplitude |Uy| is suffi-
ciently small, there holds
t
ull 7 (t) < Ce™ " Juf| 3. (0) + C/ eI (JulZe + @) (s)ds, 6> 0,
0

(94)
fork=1,..4.

Proof. Let us work for the case & = 0. The general case will be seen as a
straightforward extension. We first observe that

[ Aoz s [ Ao, [Aal, [Ad], |Bel, | Bi| = O(|Us] + C) (95)

where A, B are defined as in (93) and Ay the symmetrizer matrix as in (S1).
We note that from the second equation of (92) we easily obtain

lallge < Cllull s, (96)
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for k > 1. Meanwhile, from the first equation, we estimate

1d 1
5%<A0u u) = (Aoug, u) + §<A0tU,U>

1
—(ApAu+ AgAuy + Lgg,u) + B (Aoru, u)
1 1
—(ApAu — §(A0A)xu + Lg,u) + §<A0tu, u),
which, by (95) and (96), yields

1d

S (Agu,u) < Clull3a. (97)

Now, to obtain the estimates (94) in the case of k = 1, we compute

1
<A0umu ’U/1> = <(A0ut);m um> + §<A0tuwu ’U/1> - <A01utu ’U/1>

DN | =
SR

1
<(A0Aum + AOLQm);Eu ’U/1> 5 <A0tu;ﬂu ’U/1> - <A01utu ’U/1>

—(AoLgua, uz) = (Ao Atiag, uz), +(O(Us| + Qs uz) + a7
~(A0Lqus, uz) + (O(Us] + Qua, uz) + O(1) |72
—(4

0L Bz, uz) + (O(|Uz| + C)tis, uz) + O(1)||ull72,
(98)
noting that since AgA is symmetric, we have

(Ao A, ) = 5 (Ao A)ate ) = (OU] + Ot ).

Likewise, in spirit of Kawashima-type estimates, we compute

1d 1 1 1
§E<KU Ug) = §<Ktu,uw> §<Kut,um> §<Ku Ugpt)
1 1 1 1
= §<Ktu,um> §<Kut,uz> - §<Kum,ut> - §<K1u,ut>
1 1
= (Kug,ug) + §<Ktu,um> - §<K1u,ut>

1 1
= —(KAu, + KA,u+ KLq,, u;) + §<Ktu,um> — §<K1u, )

(K Aug, uz) + (O(|Uz| + Q)tia, uz) + O(1)Jul| 7.
(99)
Adding (98) and (99) together, we obtain

1d

o ((Ku Ug) + (Aouz,uz>)

= —((KA+ AoLB)ug, uz) + (O(|Us| + Qua, uz) + O(1)||ul 72
(100)

26



which, by the Kawashima-type condition (6): KA + AgLB > 6 and the fact
that O(|U,| + ¢) is sufficiently small, yields

1d 1
g7 (o) + (Aot ) ) < =500, a) + O ull (101)
Similarly, for £ > 1, paying attention to the leading terms, we can compute

S (Aodku, k) = (Aodus, ) + 3 (A, D)

2dt
= (0 (Aowe), O5u) + (O(Us| + )0 u, Ogu) + O(W)[ulfe—,
where by using the first equation and then the second one, we obtain
(0% (Aouy), O5u) = — (0% (Ao Aug + Ao Agu + AgLqy), D)
= —(AoLO¥ qua, OFu) — (AgAOE u, OFu) + - -
= —(AgLO%(Bu), dku) + %<(A0A)wa§u, Oy + -
Thus, we have obtained

1d L &

= —(AoLB;u, Oju) + (O(|Us| + )9u, Oyu) + O(1)|ullFpu-s.

Meanwhile, we have the following k*"-order Kawashima-type energy estimate

%%(K@f‘lu,alju) = (KOFYuy, 0Fu) + %(Ktaf_lu,afm - %(Kwaf_lu,af_lut)
= —(KAd;u, Oyu) + (O(|Us| + €)%, O5u) + O(1)|ful|Fpi-s.
(103)

Hence, as before, adding (102) and (103) together and using the Kawashima-
type condition (6): KA+ AgLB > 6 and the fact that O(|U;|+ ) is sufficiently
small, we obtain

1d

L k—1 k K k _1 K k 2
5 (05w, 0u) + (Ao, b)) < —50(0ku, Ou) + O(L) [ul s

(104)
Now, for § > 0, let us define

£t):=3" 5k(<Ka§—1u, Oku) + (Ao, a§u>).
k=0

By applying the standard Cauchy’s inequality on (K 0% 1u, d¥u) and using the
positive definiteness of Ao, we observe that £(t) ~ |ul/3,,. We then use the
above estimates (97),(101), (104), and take ¢ sufficiently small to derive

d
61 < —0:E(1) + Cllul|F2(t) (105)
for some 65 > 0, from which (94) follows by the standard Gronwall’s inequality.

O
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With the damping nonlinear energy estimates in hands, we immediately

obtain the following estimates for high-frequency part of the solution operator
ct
e*t:

1 —601+1ic0 B
Salt) = / iitm oz (A — £) 1A, (106)

21 — 0y —ico

for small positive numbers 61,02; see (18). Here, X{jimx>,} equals to 1 for
[Im A| > 65 and zero otherwise.

Proposition 5.2 (High-frequency estimate). Under the assumptions of Theo-
rem 1.4,
[1S2(8) flle < Ce™ |||l 2,

_ (107)
10982(t) fll 2 < Ce™ || fl| et

for some 61 > 0.

Proof of the proposition follows exactly in a same way as done in our com-
panion paper [16] for the scalar case. We recall it here for sake of completeness.
The first step is to estimate the solution of the resolvent system

A+ (Au)y + Lg, = o,
—Qrx +q+ (Bu)z = 1/}5

where A(z) = Df(U) and B(x) = Dg(U) as before.

Proposition 5.3 (High-frequency bounds). Under the assumptions of Theorem
1.4, for some R,C sufficiently large and v > 0 sufficiently small, we obtain

= £)7 o = Lon())lan < C (Il + 1013z ),
C
(0= £)7 (= L0 00D <y (Ieas + 1012,

for all |\| > R and Re X\ > —v, where K := (=02 + 1)1,

Proof. A Laplace transformed version of the nonlinear energy estimates (94) in
Section 5 with k = 1 (see [41], pp. 272273, proof of Proposition 4.7 for further
details) yields

N
(ReA+ T )uldn < C(lulfe + el + 6132 )- (108)

On the other hand, taking the imaginary part of the L? inner product of U
against Au = Lu + 0,LKh + f and applying the Young’s inequality, we also
obtain the standard estimate

Im Afjulzs < [(Lu,u)| + (LK, ua)| + (g, u)]

(109)
< C(Julfp + [ + Iol22 ),
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noting the fact that £ is a bounded operator from H' to L? and K is bounded
from L? to H'.
Therefore, taking v = 71/4, we obtain from (108) and (109)

Alfuffe + [l < C(julf + 1613 + Lol ),

for any Re A > —v. Now take R sufficiently large such that |u|2L2 on the right
hand side of the above can be absorbed into the left hand side for |A| > R, thus
yielding

Alfuf3a + [uf < C(19f3s + lol3n ),
for some large C' > 0, which gives the result as claimed. O

Next, we have the following

Proposition 5.4 (Mid-frequency bounds). Under the assumptions of Theorem
1.4,

(A=L) Yol < Clolgr for 7P <A < R and Re X > —v,
for any R and C = C(R) sufficiently large and v = v(R) > 0 sufficiently small.

Proof. Immediate, by compactness of the set of frequency under consideration
together with the fact that the resolvent (A — £)~! is analytic with respect to
H' in )\; see, for instance, [40]. O

With Propositions 5.3 and 5.4 in hand, we are now ready to give:

Proof of Proposition 5.2. The proof starts with the following resolvent identity,
using analyticity on the resolvent set p(L) of the resolvent (A — £)~1, for all
¢ € D(L),

A=L)to=XA"TA=L0) Lo+ 2 Lo

Using this identity and (106), we estimate

1o Aty—1 1
Salt)p= 5 X @A £) T L d
—7Y1—100
1 —1+i00 N1
2mi ) X(jimazrgy € A PAA
—Y1—100
=: 51 + Sa,

where, by Propositions 5.2 and 5.4, we have

—7v1+i00
Si2 < O / LR (A = £) 7 Lop| 2]

—7y1—100
—7y1+ico
S
—7Y1—100

< Ce "ol
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and

—~14ico —Y1tir

1 —1 Mt 1 —1_At
1S5 12 g%‘cp/ Ale d)\‘w—i-%‘cp/ ANy

—y1—ico —y1—ir

S Ce—V1t|S0|L27

by direct computations, noting that the integral in A in the first term is iden-
tically zero. This completes the proof of the bound for the term involving ¢
as stated in the proposition. The estimate involving 1 follows by observing
that L 0,K is bounded from H?® to H®. Derivative bounds can be obtained
similarly. O

Remark 5.5. We note that in our treating the high-frequency terms by energy
estimates (as also done in [15, 31, 16]), we are ignoring the pointwise contribution
there, which would also be convected time-decaying delta functions. To see these
features, a simple exercise is to do the Fourier transform of the equations about
a constant state.

6. Nonlinear analysis

In this section, we shall prove the main nonlinear stability theorem. The
proof follows exactly word by word as in the scalar case [16]. We present its
sketch here for sake of completeness. Define the nonlinear perturbation

(Z) (z,1) := (Z) (z + a(t), t) — (g) (z), (110)

where the shock location a(t) is to be determined later.
Plugging (110) into (1), we obtain the perturbation equation

ur + (Au)e + Lge = Ni(w)z + G(t)(ua + Us),

111
where N;(u) = O(Ju|?) so long as u stays uniformly bounded.
We recall the Green function decomposition
Gz, ty) = Gz, ty) + G (2,45 y) (112)

where G (z, ;%) is the low-frequency part. We further define as in Proposition
4.1,
Gl(xv t; y) = GI(‘T7 t; y) - E(‘Tu t; y) - R(l’, t; y)

and B
G(z,t;y) = G (2, t;y) + R(z, t;y).

Then, we immediately obtain the following from Lemmas 4.2, 4.4 and Propo-
sition 5.2:
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Lemma 6.1. We obtain
+oo .
\/’ 05! (tiy)f()dy| < C(L+ ) B mBR ()

forall1<q<p,=0,1, and

+oo
[ @ snswdy,, < ool (114)

for all 2 <p < 0.

Proof. (113) is precisely the estimate (89) in Lemma 4.2, recalled here for our
convenience. (114) is a straightforward combination of Lemma 4.4 and Propo-
sition 5.2, followed by a use of the interpolation inequality between L? and L™
and an application of the standard Sobolev imbedding. O

We next show that by Duhamel’s principle we have:

Lemma 6.2. We obtain the reduced integral representation:
400
uet)= [ (@4 G a ()
,Oot .
— /0 /_OO Gé(x, t—s;y) (8yLICN2(u) + Ni(u) + o'c(t)u) (y,s)dyds
+00

+ /0 N G (z,t — ;) (8yLICN2(u) + Ni(u) + d(t)u) (y,s)dyds,

q(z,t) = (K0 )(N2(u) — Bu)(z,1),
(115)
and

—+oo
sz—l ey, D)o (y)dy

t +oo
+/O /700 ey(y,t — ) (ByLICNz(u) + N1(u) + d(t)u) (y, s) dy ds.
(116)
“+00
aft) =— /_ er(y, t)uo(y)dy

t “+o00
+ / / eyt(y,t —s) (8yLICN2(u) + Ny(u) + d(t)u) (y,s)dyds.
0 J—o0
(117)
Proof. By Duhamel’s principle and the fact that
—+o0

G(l‘,t; y)Um(y)dy = eﬁtUw(x) = Um(w)a

— 00
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we obtain

+oo
(1) = [ Gt y)uo(y)dy

t +oo
+ / / G(z,t — s;9y) (ByLICNg(u) + Ni(u) + d(t)u) (y,s)dyds
0 J—oo Y
+ a(t)U.
(118)
Thus, by defining the instantaneous shock location:

—+oo
alt) = — / eo(y, tyuo(y)dy

+ /Of /_:O ey(y,t —s) (8yLICN2(u) + Ni(u) + a(t)u) (y, s)dyds

and using the Green function decomposition (112), we easily obtain the integral
representation as claimed in the lemma. O

With these preparations, we are now ready to prove the main theorem,
following the standard stability analysis of [25, 39, 40]:

Proof of Theorem 1.4. Define

0= s sl + )20 ()] +als)| (1 +5)).
o (119)

We shall prove here that for all ¢ > 0 for which a solution exists with ((t)
uniformly bounded by some fixed, sufficiently small constant, there holds

¢(t) < C(luolprnms +¢(8)?). (120)
This bound together with continuity of (¢) implies that
¢(t) < 2Cuolrrnm- (121)

for t > 0, provided that |ug|p1~gs < 1/4C?. This would complete the proof of
the bounds as claimed in the theorem, and thus give the main theorem.

By standard short-time theory /local well-posedness in H*, and the standard
principle of continuation, there exists a solution v € H?® on the open time-
interval for which |u|gs remains bounded, and on this interval ((t) is well-
defined and continuous. Now, let [0,7") be the maximal interval on which |u] g
remains strictly bounded by some fixed, sufficiently small constant 6 > 0. By
Proposition 5.1, and the Sobolev embeding inequality |u|y 2.~ < Clu|gs, s > 3,
we have

t
t23<c—9t 2S+C/ —0(t—T) 2 +2d
u(®fiy. < Ce luoliy. +C | e (u(nfi + laf)ar

< OfuolFrs + <) (X +1)712,
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and so the solution continues so long as ¢ remains small, with bound (121),
yielding existence and the claimed bounds.

Thus, it remains to prove the claim (120). First by representation (115) for
u, for any 2 < p < 0o, we obtain

+oo .
@ <] [ @+ et

+ /0 /m Gl (.t — ) (0, LKNa(w) + Ni(w) + a(s)u) (9, 5)dy| | ds

o0

. /Ot /+oo é”(x,t sy (ayL/CNQ(U) + Ni(u) + d(t)u)y(y, s) dy}Lpds

o0

=L + I+ I,
(123)
where estimates (113) and (114) yield

+oo -
n=|[ @+ ]

< O+ )20V gy + Ce™ ug| s
<O +6) 2P ug | pan g,

and, with noting that 8, LK is bounded from L? to L2,

I, = /Ot /+°° Gl(z,t - s;y) (ayL/CNQ(u) + Ni(u) + a(t)u) (. s) dy}”ds

o0

t
¢ / (t — 8)"32=D=V2 (|| oo ()l g2 (s)ds
0

t
< CC(t)?/ (1 — )~ 30/2=Un=1/2(1 4 5y=3/44,
0
< CC(H)2(1+¢) =201/,

and, together with (122), s > 4,

t
- |
0

t
< C/ e =99, LK Ny (u) + Ny (u) 4 cu(t)u| s (s)ds
0

—+o0

éll(x, t—s;y) (ByLICNg(u) + Ny (u) + d(s)u)y(y, s) dy‘Lpds

—0oQ

t
= O/ ™) (ul e + |a])|ulze (s)ds
0

t

< C(luoly + <(t)2)/0 e =9 (1 4 )~ 1ds

< Cfuolys + ¢ +1)7"
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Thus, we have proved
()| o (1 + )2 Y < Clug|pinme + C(1)?). (124)

Similarly, using representations (116) and (117) and the estimates in Lemma
4.3 on the kernel e(y, t), we can estimate (see, e.g., [25, 40]),

@I+ )2 + Ja(t)] < C(juolzr +¢(1)?). (125)

This completes the proof of the claim (120), and thus the result for u as
claimed. To prove the result for ¢, we observe that K0, is bounded from L? —
WP for all 1 < p < oo, and thus from the representation (115) for ¢, we

estimate
lglwre (1) < C(IN2(u)[ze + [ulLe)(2)

126
< Clule(t) < Cluo|prnps(1+1) 727D (120
and
lalsze+1(8) < Cluliz=(8) < Clug| s (1 4+, (127)
which complete the proof of the main theorem. O

Appendix A. Spectral stability in the small-amplitude regime

In this section we verify the spectral stability condition for small-amplitude
profiles. Denoting A = A(U(z)), B = B(U(z)) we have the associated linearized
spectral problem

M+ (Au)y + Lgy = 0,

Using the zero-mass conditions

/udsz, /qu:O,

we recast system (A.1) in terms of the integrated coordinates, which we denote,
again, as u and q. The resulting system reads

(A.1)

A+ Aug + Lg, = 0, (A.2)
~Qgz +q+ Bu, = 0. (A?))

In what follows we assume that the shocks are weak, that is, u+ € N (u.),
being N a neighborhood of a certain state u,, for which

0 < max|u — u.| <e<1,
ueN

with € > 0 sufficiently small; clearly,

e — s, [u_ = uy] = O(e)
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and the shock profile for U is approximately scalar, satisfying,

Uy = O(e2)e "1 (ry (u,) + O(e)),

Uz = 0(63)6796‘1‘7 (A4)

for some 6,1 > 0. For the principal characteristic field a, := a,(U(z)) we have

(ap)z = O(Ug) <0, (monotonicity), (A.5)
(ap)az = O(Uzaz).
We shall make use of the following

Lemma Appendix A.1. Under (SO) - (S2), there exists a scalar function
B = B(u) >0, such that
(AoL)" = BB, (A.6)

for allu e U.

Proof. Follows by elementary linear algebra facts, since Ao LB is positive semi-
definite with rank one and can be written as z ® w, for some vectors z and w. It
follows the existence of a scalar 5, such that z = Sw; it is clearly nonzero and
positive because of positive semi-definiteness of AqLB. O

We start by providing some basic Friedrichs-type energy estimates.
Lemma Appendix A.2. Assume u,q and ReX > 0 solve (A.2) - (A.3). If
€ > 0 is sufficiently small, then there hold the estimates

(Re Mlule + lal2s + g < C / Ul uf? do (A7)

|Im)\|/|UI||u|2d:c < C/|UI|(6|u|2+6_1|q|2) do (A8)
for some C > 0 and any § > 0.

Proof. Multiply (A.2) by Ay := A¢(U(z)) and take the complex L? product
against u; taking its real part and denoting

A= (AA(U@),  L=AU))L,

we obtain

(Re \)(u, Agu) + Re (u, Au,) + Re (u, Lg,) = 0.
Using symmetry of A and integrating by parts we get

(Re M) (u, Agu) — Re (u, Agu) + Re (u, Lqz) = 0. (A.9)

Multiply (A.3) by 3 := B(U(x)), use (A.6), take the L? product against g,
integrate by parts and take its real part. This yields

Cil|q1|%2 + Cil|q|%2 + Re <q7 ﬂzq> —Re <’LL, Eqm> — Re <Ezg, u> = 05 (Alo)
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because > ¢~ > 0. Since the error terms can be absorbed
ﬁzviz = O(|Us|) = 0(52)a

for e sufficiently small, and since Aj is positive definite, we obtain inequality
(A.7). Inequality (A.8) follows in a similar fashion, with the parameter ¢ arising
after application of Young’s inequality. O

Corollary Appendix A.3. There hold the estimates
0 <Re\ < Cé?, (A.11)

[Im Al < Ce, (A.12)
for some C > 0.

Proof. Estimate (A.11) follows immediately from (A.7). Taking § = ¢ > 0 in
(A.8), and using (A.7) to control |g|2. we can easily obtain

([Tm A| — Ce)/|Um||u|2 <0,
yielding (A.12). O

Appendiz A.1. Kawashima-type estimate

Next we carry out an energy estimate for u,, of Kawashima-type (see [8, 27]).

Lemma Appendix A.4. For each Re A > 0, A # 0, there holds
o2 < C((Re Aluf2 +/|Um||u|2dx), (A.13)

for some C > 0 and n > 0 with €2/n sufficiently small.

Proof. Denote K = K(U(x)), and take the real part of the L? product of Ku,
against (A.2). Since K is skew-symmetric, the result is

Re (ugz, K Aug) = Re (M Kug,u)) + Re (Kug, Lq,). (A.14)

Noticing also that Im (Kug,, u) = —3(K,u, u), we obtain the bound
Re (M (Kug,u)) < C(Re)\)(n’1|um|i2+17|u|2L2)+C|Im)\|/|U1||u|2dx, (A.15)

for any 1 > 0 and some C' > 0. We also have the estimate
<KUCE7LQCE> < C((Slluwl%? + 6;1|qw|%2)7 (A-16)

for any §; > 0, where we have used Young’s inequality in both estimates.
To estimate Re (uy, K Auy), observe that from (6), there holds

Re (ugz, K Aug) + (uz, LBug) > cfl|uz|iz, (A.17)
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for some ¢ > 0. (Notice that (u,, LBu,) € R because LB is symmetric, positive
semi-definite.)

Multiply equation (A.3) by L, take the L? product with u, and integarte by
parts. This yields,

(U, LBUz) = —(Usz, Lqz) — (Ug, Loqs) — (uz, Lq). (A.18)

To estimate the first term, take the real part of the L? product of u,, against

Ap times (A.2), use A symmetric, Ay positive definite, and integrate by parts
to obtain
—Re (Uze, Lqz) < —Re (Mug, (Ag)zu)) + %(uz, Agug) — Re (ug, Azu)

—(ReMRe (ug, (Ag)zu) + (ImA)Im (ug, (Ao)gu)+  (A.19)

+ %(um, Ayug) — Re (ug, Agu).

<
<

Using (A.7) and (A.8), and bounding the error terms (Ag)., 4, = O(|U,|) =
O(€?), we get

—Re (Uyy, Lg,) < Oe/ |Us||ul? dz 4 Celug|? ., (A.20)

where the term (u,, A,u) has been bounded by

[ 1sltellualde < S ([P PaP de o+ [ 002 o)
C
< Z

C
< 2e/|Ugg||u|2 dx+5e|um|%2.

We also estimate
Re (uz, Lyq,) < Ce2|uw|%2 + C|qm|%2, (A.21)
Re (ug, Lq) < C(82]us|7> + 65 al32), (A.22)

for any 02 > 0, using Young’s inequality. Putting all together back into (A.18)
we get

{1y, LBuy) < Celuy|2s + c/ U Juf? da, (A.23)

after using (A.7).

Finally, since Re A = O(€?), taking 62 = € and €2 /7 sufficiently small, we can
substitute (A.23), (A.15) and (A.16) back into (A.17), absorb the small terms
into the left hand side to obtain (A.13). This proves the result. O

Corollary Appendix A.5. For all e > 0 sufficiently small and Re A > 0, there
holds the estimate

(ReN)[ul2s + us22 < C / Uy uf? do, (A.24)

for some C > 0.
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Proof. Take C times estimate (A.7) and add to (A.13) to obtain
C(ReN)|ults + |ug|7. <C(1+C) / g |[ul? dz + C(Re \)n|ul3.2.

Take 7 sufficiently small, say n = O(€) so that ¢2/n remains small, and after
absorbing into the left hand side we obtain the result. O

Appendiz A.2. Goodman-type estimate

Finally, we control the term [ |U,||lu|> by performing a weighted energy
estimate in the spirit of Goodman [4, 5] (see also [8, 27]).

Lemma Appendix A.6. Under (S0) - (S2), (HO) - (H3), for all ReA > 0
there holds the estimate

Re)\(|u|iz + |um|iz> + C’/ U, |ul? dz < Celug|?s, (A.25)

for some C>0andalle>0 sufficiently small.

We first recall that there are matrices Ly, R, diagonalizing matrix A such
that
A7 0
A:=L,AR, = ap (A.26)
0 AT

where A;t are symmetric and positive/negative definite, and a, is scalar satis-
tying (A.5) and a, = O(¢). Defining v := L,u, we rewrite (A.1) as

M + Av, + Lq, = A(Ly)2Rpv,

- (A.27)
_wa + q + BULE = _B(RP)CEU7
where ~ ~ ~
A=L,AR,, L=L,L, B = BR,,.
Define
p_Ip_1 0
S = 1 (A.28)
0 G4 In—p

where block diagonal form is in the same way as of (A.26) and ¢ are scalar
functions of € R which are bounded away from zero and satisfying

¢ = FeulUslor,  ¢+(0) =1

for some sufficiently large constant c,. to be determined later. Once again, we
alternatively write ’ or (-), as derivative with respect to z.
In what follows, we shall use (-, -) as a weighted norm defined by

(f: ) = (SF, F)re-
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With this inner product, we note that for any symmetric matrix A,

(Afer ) = 3 ((Ax + (Se/S) AV f)

where S,/S should be understood as ¢/, /¢4 or 0 in each corresponding block.
By our choice of S and ¢, we observe that

_ o [AD) + (9L /o) AL 0
Az + (Sz/S)A = ay,
0 AT 4 (& AT
( 2) (¢+/¢+) 2 (A.29)
—ci I 0
< —0 |Uz|
0 —ci I
Proposition Appendix A.7. Denoting v =: (v—,vp,v4) ", we obtain
1 1 -
(Re N){v,v) + Ec*<|Um|vi, ve) + §9<|U1|Up,vp> < —Re (Lgy,v). (A.30)

Proof. We take inner product in the weighted norm of the first equation of
(A.27) against v, take the real part of the resulting equation, and make use of
integration by parts, yielding

(Re \){v,v) — <(/~1w + (S’m/S)A)mv, v) = —Re <l~/qm,v> + Re (A(L;va,w.
) (A.31)
Noting that Lj, R, = O(|U,|) and the fact that A has the diagonal block (A.26),

we estimate
(AL, Ryv,0)] < C(U v, vs) + CllagllUslvgs vp)-

Using this, (A.29) and the fact that |a,| = O(e) is sufficiently small and e,
is sufficiently large, (A.31) immediately yields (A.30). O

Proposition Appendix A.8. We obtain
(Re A)(vz, vs) = Re (Lgz, v) < CLO(|Us|*)v, 0) + (v, v) (A.32)
for sufficiently small n > 0.

Proof. We now take the inner product of the derivative of the first equation of
(A.27) against v,. We thus obtain

/\<vza Uz> + <(sz)zvvr> + <(E%>ma Uz> = <(AL;va)mvvm> (A-?’?’)
where we estimate by integration by parts,

<(Avw)wavw> = <vawavw> - %«Aw + (Sﬂc/S)A)Uﬂchw> = <O(|Uw|)vwvvw>
<(AL;va)z,vz> = (O(|Uz|)vz, vz) + (O(|Ux|)v, vz)
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and by using the second equation and the semi-definite condition LB >0,

(Lqs)as ve) = (Lra; ve) + (Lo, v2)

(L(q + Bvy + BRv),vz) + (LoGq, va)

—(Lga,v) = ((La + (52/9)L)g,v) + (LBvy, ve) + (LBRyv, v2) + (Laga, va)
> —(Lqy,v) + <.EBR;’U,’Um> + (LoGe, v2) — (Ly + (S2/S)L)q, v).

Thus, (A.33) yields

(Re A\)(vg,vz) — Re (iqm, v)

< (O(U )0, 0) + 0z, v2) + (Lata, va) = (Lo + (S2/S)L)g, v).
(A.34)
By testing the second equation against g, it is easy to see that

(@ qz) + (0, @) < C(vg,vz).

Thus, we have

- - - 1/2
(Late,ve) = (L + (S2/9)D)a,v) € Clo, va) V2 ((O(UI2)vz, ve) HO(Us o, v) )

Using the standard Young’s inequality and absorbing all necessary terms
into the right hand side of (A.34), we thus obtain from (A.34) the important
estimate, (A.32), which proves the proposition. O

Combining Propositions Appendix A.7 and Appendix A.8, we are now ready
to give:

Proof of Lemma Appendiz A.6. Adding (A.32) with (A.30), noting that the
“bad” term Re (Lg.,v) gets canceled out, and using the fact that |U,| = O(e)
is sufficiently small, we easily obtain

Re A((v,v) + (vg, v5)) + 0{|Uz v, v) < n{vg,vs) (A.35)
which by changing v to the original coordinate u yields the lemma. O

Proof of Theorem 1.6
Add Ce times (A.24) to (A.25) to get

Re A)(1+ COuls + (C + CCe) / U ul? d <0,

which readily implies Re A < 0, yielding the result. O
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Remark Appendix A.9. Theorem 1.6 can be extended to the non-convex
case, that is, when the principal characteristic mode is no longer genuinely non-
linear (hypothesis (H2) does not hold). For that purpose, it is possible to mod-
ify the Goodman-type weighted energy estimate by means of the Matsumura-
Nishihara weight function w [29] (introduced to compensate for the loss of mono-
tonicity), satisfying
_%(wap +wy) = |Uw|7

which replaces the 1 in the weight matrix function S in (A.28). This procedure
was carried out for the viscous systems case by Fries [2] and it can be done in
the present case as well at the expense of further book-keeping. Note that the
existence result of [17, 18] includes non-convex systems, a feature that might be
useful in applications.

Appendix B. Pointwise reduction lemma
Let us consider the situation of a system of equations of form
W, = A(z, )W, (B.1)

for which the coefficient A€ does not exhibit uniform exponential decay to its
asymptotic limits, but instead is slowly varying (uniformly on a e-neighborhood
V, being ¢ > 0 a parameter). This case occurs in different contexts for rescaled
equations, such as (36) in the present analysis.

In this situation, it frequently occurs that not only A€ but also certain of its
invariant eigenspaces are slowly varying with x, i.e., there exist matrices

€ LE € € €
L= (Lé) (‘T)v R = (Rl R2) (‘T)
for which L¢R¢(x) = I and |LR’| = |[L'R| < C§°(z), uniformly in €, where the

pointwise error bound 0¢ = 6¢(z) is small, relative to

M€ = LEAR () = <J‘gl 1\22> () (B.2)

and “” as usual denotes 9/0z. In this case, making the change of coordinates
We =R<Z, we may reduce (B.1) to the approximately block-diagonal equation
Z¢ = MCZ° + §6°0°Z°, (B.3)

where M€ is as in (B.2), ©¢(z) is a uniformly bounded matrix, and §¢(x) is
(relatively) small. Assume that such a procedure has been successfully carried
out, and, moreover, that there exists an approximate uniform spectral gap in
numerical range, in the strong sense that

min o(Re M;) — maxo(Re Ms) > n°(z), for all x,
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with pointwise gap n°(z) > 1o > 0 uniformly bounded in z and in €; here
and elsewhere Re N := %(N + N*) denotes the “real”, or symmetric part of
an operator N. Then, there holds the following pointwise reduction lemma, a
refinement of the reduction lemma of [24] (see the related “tracking lemma”
given in varying degrees of generality in [3, 23, 32, 42, 39]).

Proposition Appendix B.1. Consider a system (B.3) under the gap assump-
tion (Appendix B), with ©¢ uniformly bounded in € € V and for all x. If, for all
€ €V, sup,p(0°/n°) is sufficiently small (i.e., the ratio of pointwise gap n(x)
and pointwise error bound §°(x) is uniformly small), then there exist (unique)
linear transformations ®(x, \) and ®5(x, \), possessing the same regularity with
respect to the various parameters €, x, X as do coefficients M€ and 0¢(x)©¢(z),
for which the graphs {(Z1, ®5(Z1))} and {(P5(Z2), Z2)} are invariant under the
flow of (B.3), and satisfying

sup 5] < C'sup(6°/n°).
R R

Moreover, we have the pointwise bounds

5(x)| < C / e IO (y)dy, (B.4)

— 00

and symmetrically for ®f.

Proof. By a change of independent coordinates, we may arrange that n(z) =
constant, whereupon the first assertion reduces to the conclusion of the track-
ing/reduction lemma of [24]. Recall that this conclusion was obtained by seeking
®5 as the solution of a fixed-point equation

B5(a) = To5(0) = [ " () Q@) (y)dy.

Observe that in the present context we have allowed ¢ to vary with z, but
otherwise follow the proof of [24] word for word to obtain the conclusion (see
Appendix C of [24], proof of Proposition 3.9). Here, Q(®5) = O(1 + |®5|?)
by construction, and |F¥7%| < Ce~"(®=¥). Thus, using only the fact that |®|
is bounded, we obtain the bound (B.4) as claimed, in the new coordinates for
which 7€ is constant. Switching back to the old coordinates, we have instead
|Fv=* < Ce™ Jy (=)= vielding the result in the general case. O

Remark Appendix B.2. From Proposition Appendix B.1, we obtain reduced

flows
{ Z§' = M{Z{ + 6°(011 + ©5,95) 71,

75' = M5 Z5 + 5°(Os + 05, 85)Z5.

on the two invariant manifolds described.
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