LONG-TIME STABILITY OF LARGE-AMPLITUDE
NONCHARACTERISTIC BOUNDARY LAYERS FOR
HYPERBOLIC-PARABOLIC SYSTEMS

TOAN NGUYEN AND KEVIN ZUMBRUN

ABSTRACT. Extending investigations of Yarahmadian and Zumbrun in
the strictly parabolic case, we study time-asymptotic stability of arbi-
trary (possibly large) amplitude noncharacteristic boundary layers of a
class of hyperbolic-parabolic systems including the Navier—Stokes equa-
tions of compressible gas- and magnetohydrodynamics, establishing that
linear and nonlinear stability are both equivalent to an Evans function,
or generalized spectral stability, condition. The latter is readily check-
able numerically, and analytically verifiable in certain favorable cases; in
particular, it has been shown by Costanzino, Humpherys, Nguyen, and
Zumbrun to hold for sufficiently large-amplitude layers for isentropic
ideal gas dynamics, with general adiabiatic index v > 1. Together with
these previous results, our results thus give nonlinear stability of large-
amplitude isentropic boundary layers, the first such result for compres-
sive (“shock-type”) layers in other than the nearly-constant case. The
analysis, as in the strictly parabolic case, proceeds by derivation of de-
tailed pointwise Green function bounds, with substantial new technical
difficulties associated with the more singular, hyperbolic behavior in the
high-frequency/short time regime.
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1. INTRODUCTION

In this paper, we study the stability of boundary layers assuming that
the boundary layer solution is noncharacteristic, which means, roughly, that
signals are transmitted into or out of but not along the boundary. In the
context of gas dynamics or magnetohydrodynamics (MHD), this corresponds
to the situation of a porous boundary with prescribed inflow or outflow
conditions accomplished by suction or blowing, a scenario that has been
suggested as a means to reduce drag along an airfoil by stabilizing laminar
flow; see Example 1.1 below.

We consider a boundary layer, or stationary solution,

(1.1) U=0U(z), lin U(z)=Uy, U(0) =0,
of a system of conservation laws on the quarter-plane
(1.2) Ui+ F(U)y = (BO)Uy)y, x,t>0,

U,F € R", B € R™"_ with initial data (7(33, 0) = ﬁo(ac) and Dirichlet type
boundary conditions specified in (1.5), (1.6) below. A fundamental question
connected to the physical motivations from aerodynamics is whether or not
such boundary layer solutions are stable in the sense of PDE, i.e., whether
or not a sufficiently small perturbation of U remains close to U, or converges
time-asymptotically to U, under the evolution of (1.2). That is the question
we address here.

Our main result, in the general spirit of [ZH, MaZ3, MaZ4, Z3, HZ, YZ],
is to reduce the questions of linear and nonlinear stability to verification of
a simple and numerically well-posed Fvans function, or generalized spectral
stability, condition, which can then be checked either numerically or by the
variety of methods available for study of eigenvalue ODE; see, for example,
[Brl, Br2, BrZ, BDG, HuZ2, PZ, FS, BHRZ, HLZ, HLyZ1, HLyZ2, CHNZ].
Together with the results of [CHNZ], this yields in particular nonlinear sta-
bility of sufficiently large-amplitude boundary-layers of the compressible
Navier—Stokes equations of isentropic ideal gas dynamics, with adiabatic
index v > 1, the first such result for a large compressive, or “shock-type”,
boundary layers. The main new difficulty beyond the strictly parabolic
case of [YZ] is to treat the more singular, hyperbolic behavior in the high-
frequency regime, both in obtaining pointwise Green function bounds, and
in deriving energy estimates by which the nonlinear analysis is closed.
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1.1. Equations and assumptions. We consider the general hyperbolic-
parabolic system of conservation laws (1.2) in conserved variable U, with

~ (] 0 O
U: <2~}>, B: <b1 b2>, 0'(62)20>0,

@ € R, and o € R !, where, here and elsewhere, o denotes spectrum of
a linearized operator or matrix. Here for simplicity, we have restricted to
the case (as in standard gas dynamics and MHD) that the hyperbolic part
(equation for @) consists of a single scalar equation. Asin [MaZ3], the results
extend in straightforward fashion to the case @ € R¥, k > 1, with o(A')
strictly positive or strictly negative.

Following [MaZ4, Z3], we assume that equations (1.2) can be written,
alternatively, after a triangular change of coordinates

(1.3) W e W(0) = ( @' (@) )

@' (@, D)
in the quasilinear, partially symmetric hyperbolic-parabolic form

where, defining W, := W (U,),
(A1) A(W,), A%, A'! are symmetric, A° block diagonal, A% > 6y > 0,
(A2) no eigenvector of A(A%)~1(W,) lies in the kernel of B(A%)~*(W,),
0

(43 5= () 7):520>0.an0 G = () with 507, 1,) = O ),

Along with the above structural assumptions, we make the following tech-
nical hypotheses:
(HO) F,B, A% A, B,W(-),4(-,-) € C*.

(H1) AN (scalar) is either strictly positive or strictly negative, that is,
either A > 6; >0, or A'' < —6; < 0. (We shall call these cases the inflow
case or the outflow case, correspondingly.)

(H2) The eigenvalues of dF'(Uy) are real, distinct, and nonzero.

Condition (H1) corresponds to noncharacteristicity, while (H2) is the condi-
tion for the hyperbolicity of Uy. The assumptions (Al)-(A3) and (HO)-(H2)
are satisfied for gas dynamics and MHD with van der Waals equation of
state under inflow or outflow conditions; see discussions in [MaZ4, CHNZ,
GMWZ5, GMWZ6].

We also assume:

(B) Dirichlet boundary conditions in W-coordinates:

(1.5) (@', @) (0,t) = h(t) := (hn, ha)(?)
for the inflow case, and

(1.6) w1 (0,t) = h(t)
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for the outflow case.

This is sufficient for the main physical applications; the situation of more
general, Neumann- and mixed-type boundary conditions on the parabolic
variable v can be treated as discussed in [GMWZ5, GMWZ6].

Example 1.1. The main example we have in mind consists of laminar
solutions (p,u,e)(x1,t) of the compressible Navier—Stokes equations

Op + div(pu) =0

O(pu) + div(pu'u) + Vp = epAu + (p + n)Vdivu

O (pE) + div((pE + p)u) = erAT + epdiv((u - V)u)
+e(pn+n)V(u - divu),

(1.7)

z € R?% on a half-space x; > 0, where p denotes density, u € R? velocity,
e specific internal energy, £ = e + g specific total energy, p = p(p,e)
pressure, T' = T'(p,e) temperature, ;1 > 0 and |n| < p first and second
coefficients of viscosity, k > 0 the coefficient of heat conduction, and € > 0
(typically small) the reciprocal of the Reynolds number, with no-slip suction-

type boundary conditions on the velocity,
uj(0,22,...,24) =0,7#1 and u1(0,22,...,24) =V (z) <0,

and prescribed temperature, 7'(0, z2, . . ., 24) = Tywa(z). Under the standard
assumptions p,, T, > 0, this can be seen to satisfy all of the hypotheses
(A1)-(A3), (HO)—(H2); indeed these are satisfied also under much weaker
van der Waals gas assumptions [MaZ4, Z3, CHNZ, GMWZ5, GMWZ6]. In
particular, boundary-layer solutions are of noncharacteristic type, scaling as
(p,u,e) = (p,u,e)(x1/e), with layer thickness ~ € as compared to the ~ /&
thickness of the characteristic type found for an impermeable boundary.

This corresponds to the situation of an airfoil with microscopic holes
through which gas is pumped from the surrounding flow, the microscopic
suction imposing a fixed normal velocity while the macroscopic surface im-
poses standard temperature conditions as in flow past a (nonporous) plate.
This configuration was suggested by Prandtl and tested experimentally by
G.I. Taylor as a means to reduce drag by stabilizing laminar flow; see [S, Bra].
It was implemented in the NASA F-16XL experimental aircraft program in
the 1990’s with reported 25% reduction in drag at supersonic speeds [Bra].!
Possible mechanisms for this reduction are smaller thickness ~ ¢ << /e of
noncharacteristic boundary layers as compared to characteristic type, and
greater stability, delaying the transition from laminar to turbulent flow. In
particular, stability properties appear to be quite important for the under-
standing of this phenomenon. For further discussion, including the related
issues of matched asymptotic expansion, multi-dimensional effects, and more
general boundary configurations, see [GMWZ5].

ISee also NASA site http://www.dfrc.nasa.gov/Gallery /photo/F-16XL2/index.html
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Example 1.2. For (1.7), or the general (1.2), a large class of boundary-
layer solutions, sufficient for the present purposes, may be generated as
truncations u*°(x) := u(x — xg) of standing shock solutions

(1.8) u=u(z), lim a(r)=us

xr—+00

on the whole line x € R, with boundary conditions 3,,(t) = u(0) (inflow)
or B, (t) = w! (0) (outflow) chosen to match. However, there are also many
other boundary-layer solutions not connected with any shock. For more
general catalogs of boundary-layer solutions of (1.7), see, e.g., [MN, SZ,
CHNZ, GMWZ5].

Lemma 1.3 ([MaZ3, Z3, GMWZ5|). Given (A1)-(A3) and (H0)-(H2), a
standing wave solution (1.1) of (1.2), (B) satisfies

(1.9) (d/dx)*(U —U)| < Ce ™, k=0,..,4,

as x — 400. Moreover, a solution, if it exists, is in the inflow or strictly
parabolic case unique; in the outflow case it is locally unique.

Proof. As in the shock case [MaZ4, Z3|, (1.9) follows by the observation
that, under hypotheses (A1)-(A3) and (HO0)-(H2), Uy is a hyperbolic rest
point of the layer profile ODE; see also [GMWZ5].

Uniqueness follows by the observation [MaZ3] that the standing-wave
ODE may be integrated from x to +0co and rearranged to yield

FU(U) = F\(US),
(b1, b2)(U)U" = C(U, Uy),
and thereby the first-order ODE

. G- 5 (cwhw)

In the strictly parabolic or inflow case, U(0) is specified by the boundary
conditions at x = 0, thus determining a unique solution for all z > 0 through
(1.11). In the outflow case, we observe, comparing U and W equations, that
(1.10) can be rewritten alternatively as

FY W) = FY(W,),
(wII)/ — D(wl,wn),

where the first equation may by the Implicit Function Theorem be locally
solved for w! as a function of w!/. Substituting in the second equation,
and noting that w!!(0) is specified by the boundary conditions at z = 0, we
again obtain uniqueness, this time only local, by uniqueness of solutions of
the initial-value problem for ODE (w!!) = D(w!, w'). We omit the details.
(Local uniqueness is here essentially a remark, as it is a consequence, by
Rousset’s Lemma [R2, MZ1, GMWZ5, GMWZ6], of our later assumption
(D) of Evans stability.) O

(1.10)

(1.12)
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1.2. Main results. Linearizing the equations (1.2), (B) about the bound-
ary layer U, we obtain the linearized equation

(1.13) Up = LU := —(AU)y + (BUy)a,
where

B:=B(U), AU :=dFU)U — (dB(U)U)U,,
with boundary conditions (now expressed in U-coordinates)

(1.14) (@1 /o0 @0, = 1t = (j1) 0

for the inflow case, and

(1.15) (00! /00 (Uo)U(0,1) = h(t)
for the outflow case, where (9W /0U)(Up) is constant and invertible,
(1.16) (3@11/3ﬁ)(Ug) m (bl bQ) (Uo),

(by (A1) and triangular structure (1.3)) is constant with m € R(—Dx(n=1)
invertible, and h := h — h.

Definition 1.4. The boundary layer U is said to be linearly X — Y stable
if, for some C > 0, the problem (1.13) with initial data Uy in X and homo-
geneous boundary data h = 0 has a unique global solution U(-,t) such that
|U(-,t)|y < C|Uo|x for all t; it is said to be linearly asymptotically X —'Y
stable if also |U(-,t)|ly — 0 ast — oo.

We define the following stability criterion, where D()) described below,
denotes the Evans function associated with the linearized operator L about
the layer, an analytic function analogous to the characteristic polynomial of
a finite-dimensional operator, whose zeroes away from the essential spectrum
agree in location and multiplicity with the eigenvalues of L:

(D) There exist no zeroes of D(-) in the nonstable half-plane Re\ > 0.

As discussed, e.g., in [R2, MZ1, GMWZ5, GMWZ6|, under assumptions
(HO)-(H2), this is equivalent to strong spectral stability, o(L) C {Re\ <
0}, (ii) transversality of U as a solution of the connection problem in the
associated standing-wave ODE, and hyperbolic stability of an associated

boundary value problem obtained by formal matched asymptotics. See
[GMWZ5, GMWZ6] for further discussions.

Definition 1.5. The boundary layer U is said to be nonlinearly X — Y
stable if, for each & > 0, the problem (1.2) with initial data Uy sufficiently
close to the profile U in | - |x has a unique global solution U(-,t) such that
|U(-,t) = Uy < e for all t; it is said to be nonlinearly asymptotically
X — Y stable if also |U(-,t) — U(-)]ly — 0 ast — co. We shall sometimes
not explicitly define the norm X, speaking instead of stability or asymptotic
stability in Y under perturbations satisfying specified smallness conditions.
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Our first main result is as follows.

Theorem 1.6 (Linearized stability). Assume (A1)-(A8), (H0)-(H2), and
(B) with |h(t)] < Eo(1+t)717¢, W (t)| < Eo(1+1t)~1, for arbitrary fived
€ > 0. Let U be a boundary layer Then linearized L' N LP — L' N LP
stability, 1 < p < oo, is equivalent to (D). In the case of stability, there
holds also linearized asymptotic Ly N LP — LP stability, p > 1, with rate

(117) UG, )|er < C(1L+8) 207D | pan + CEo(1 + ¢)72071/P),

To state the pointwise nonlinear stability result, we need some notations.
Denoting by

(1.18) al <aj <---<af

the eigenvalues of of the limiting convection matrix A4 = dF (U ), define

(119) 0((E,t) = Z (1+t)—1/26—|r—a;"t|2/Mt’

+
a; >0

120 D@D =@t 30l 07 a2

+
a; >0

and
(1.21) Yo, t) = (1= x(z, ) (1 + | — bt + /%) 73/,

where x(z,t) = 1 for z € [0,a,}t] and x(z,t) = 0 otherwise and M > 0 is a
sufficiently large constant.
For simplicity, we measure the boundary data by function

2
(1.22) = |(d/dt)"h
r=0

for the outflow case, and

4
(1.23) =Y |(d/dt) h1]+2| (d/dt)" hs|
r=0 r=0

for the inflow case.
Then, our next result is as follows.

Theorem 1.7 (Nonlinear stability). Assuming (A1)-(A3), (H0)-(H2), (B),
and the linear stability condition (D), the profile U is nonlinearly asymp-
totically stable in LP N H*, p > 1, with respect to perturbations Uy € H*,
h € C* in initial and boundary data satisfying: |h(t)] < Eo(1 + t)~17¢
|n'(t)| < Eo(1 +t)~1, for arbitrary fived e > 0, and

1L+ [/ *Usll s < Bo and By (t)] < Eo(1+6)""/*
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for Ey sufficiently small. More precisely,
U (x,t) — U()| < CEo(0 + 1 + o) (, 1),
U (2,1) — Up(z)| < CE(0 + th1 + o) (2, 1),

where Ul(z,t) denotes the solution of (1.2) with initial and boundary data
U(z,0) = U(x) + Uy(x) and U(0,t) = Uy + h(t), yielding the sharp rates

(1.25) |0 (2, t) — U(a)||r < CE(1+1)207%), 1<p< oo,
(1.26) 1T (z,t) — U(z)|| s < CEo(1+1)"1.

(1.24)

Remark 1.8. By the one dimensional Sobolev embedding, from the hypoth-
esis on Uy, we automatically assume that

1Uollgre < Eo,  |Uo(2)| + [Uj(z)] < Eo(1+ |z|)~3/2.

A crucial step in establishing Theorems 1.6 and 1.7 is to obtain pointwise
bounds on the Green function G(z, t;y) of the linearized evolution equations
(1.13) (more properly speaking, a distribution), which we now describe. Let
a;’,j =1, ....,n denote the eigenvalues of A(+o0), and lj, 7“;7 associated left
and right eigenvectors, respectively, normalized so that ljﬂ",j = 5;“. Eigenval-
ues a;j(z), and eigenvectors j(x),r;(x) correspond to large-time convection
rates and modes of propagation of the linearized model (1.13).

Define time-asymptotic, scalar diffusion rates

(1.27) B = Brj)y, j=1,...,m,
and local dissipation coefficient

(1.28) Ny = —Dy(x)

where

D.(z) = A1zby? [A21 — Aoaby by + by tby A, + bydy (b3 by)] (2)
is an effective dissipation analogous to the effective diffusion predicted by
formal, Chapman-Enskog expansion in the (dual) relaxation case,
A, = Ag — Araby by
Note that as a consequence of dissipativity, (A2), we obtain
(1.29) ny >0, ﬁ;-r >0, forallj.

We also define modes of propagation for the reduced, hyperbolic part of
system (1.13) as

1 1
a0 (L) me ()

We define the Green function G(z,t;y) of the linearized evolution equa-
tions (1.13) with homogeneous boundary conditions (more properly speak-
ing, a distribution), by
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(i) (0 — Ly)G = 0 in the distributional sense, for all x,y,t > 0;
(ii) G(z,t;y) — 0(z — y) as t — 0;
%ll* l_)O2> G(0,t;y) = <S) where * = 0 for the inflow
case A, > 0 and * is arbitrary for the outflow case 4, < 0, noting that no
boundary condition is needed to be prescribed on the hyperbolic part.

By standard arguments as in [MaZ3], we have the spectral resolution, or

inverse Laplace transform formulae

(iii) for all y,t > 0, (

1 n+1i00
(1.31) eLtf:2m,P.V./ A= L) rdA
n—100
and
1 n+1i00 A\
(1.32) G(z,ty) = 27rZ,P.V./ ~ €G(r,y) dA
n—100

for any large positive 7.
We prove the following pointwise bounds on the Green function G(x, t;y).

Proposition 1.9. Under assumptions (A1)-(A3), (H0)-(H2), (B), and (D),
we obtain

(1.33) Gz, tiy) = H(z, ty) + G(z, 8 y),

where

H(@.t:9) = o) A)daaly)e /A R L
= 076, —a.i(y) R LY,

(1.34)

and
(1.35) )
205G )| < Celevl+)

+ O UelHhD/2 o)l 4 Me*nlml)(Zfl/?e*(w*y*aﬁ)?/m
k=1
—1/2 ,~(e—a} (t=|y/af])* /Mt
X Xqapuzpyt e T DA,

+ +
a; <0, a; >0

0 <lal,|v| <1, for somen, C, M > 0, where indicator function X{jar t|>y]}

is 1 for |aft| > |y| and O otherwise.

Here, the averaged convection rate a.(xz,t) in (1.34) denotes the time-
averages over [0,t] of A.(z) along backward characteristic paths z, = z.(x,t)
defined by
dzy
dt

In all equations, a;r, A, Ly, R, are as defined just above.

(1.36) = Ai(zi(x,t)), 24(t) = .
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1.3. Discussion and open problems. The stability of noncharacteristic
boundary layers in gas dynamics has been treated using energy estimates
in, e.g., [MN, KNZ, R3], for both “compressive” boundary layers including
the truncated shock-solutions (1.8), and for “expansive” solutions analogous
to rarefaction waves. However, in the case of compressive waves, these and
most subsequent analyses were restricted to the small-amplitude case

(1.37) |@ — w1 (m+y sufficiently small.

Examining this condition even for the special class (1.8) of truncated shock
solutions, we find that it is extremely restrictive.

For, consider the one-parameter family 4*°(x) = u(x — x¢) of boundary-
layers associated with a standing shock @ of amplitude 6 := |uy —u_| << 1.
By center manifold analysis [Pe], @ — uy ~ de~“%, hence

cox ~ ‘u+ B U(O)|

@ —utllpr ey ~ €
=0 uy — |

in fact measures relative amplitude with respect to the amplitude |uy —u_| of
the background shock solution @. Thus, smallness condition (1.37) requires
that the boundary layer consist of a small, nearly-constant piece of the
original shock.

The present results, extending results of [YZ] in the strictly parabolic
case, remove this restriction, allowing applications in principle to shocks
of any amplitude. In particular, in combination with the spectral stability
results obtained in [CHNZ] by asymptotic Evans function analysis, they yield
stability of noncharacteristic isentropic gas-dynamical layers of sufficiently
large amplitude. Together with further, numerical, investigations of [CHNZ]
give strong evidence that in fact all noncharacteristic isentropic gas layers
are spectrally stable, independent of amplitude, which would together with
our results yield nonlinear stability.

Spectral stability of full (nonisentropic) gas layers may be investigated
numerically as for shocks in [HLyZ1, HLyZ2|, in both one- and multi-
dimensions. However, analytical results of [SZ] show that in this case in-
stability is possible, even for ideal gas equation of state. The numerical
classification of stability for full gas dynamics, and the extension of our
present nonlinear stability results to multi-dimensions, are two interesting
direction for further investigation.

Finally, we comment briefly on the difference between our analysis and
the earlier analysis [YZ] carried out by similar techniques based on the Evans
function and stationary phase estimates on the inverse Laplace transform
formula. Our analysis is in the same spirit as, and borrows heavily from this
earlier work. The main new issues are technical ones connected with the
more singular high-frequency /short-time behavior of hyperbolic-parabolic
equations as compared to the strictly parabolic equations considered in [YZ].
In particular, linearized behavior in the u coordinate, U = (u,v), is essen-
tially hyperbolic, governed for short times approximately by the principle
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part
(1.38) v+ Au(@)vy =0, A, = (Agh)tAY

Thus, we may expect as in the whole-line analysis of hyperbolic-parabolic
equations in [MaZ3] that the associated Green function contain a delta-
function component transported along the hyperbolic characteristic

dz/dt = A.(x),

with the difference that now we must consider also a possibly-complicated
interaction with the boundary.

A key point is that in fact this potential complication does not occur.
For, in the special case occurring in continuum-mechanical systems [Z3]
that all hyperbolic signals either enter or leave the boundary, there is no
such boundary interaction and no reflected signal. For example, in the
simple scalar example (1.38), the Green function on the half-line with either
homogeneous inflow (A > 0) boundary condition v(0) = 0 or outflow
(A < 0) condition v(0) arbitrary, is by inspection exactly the whole-line
Green function

9(z,t;y) = 6z—at(y)/As(x)

restricted to the half-line z,y > 0, where a is the average over [0,t] of
Ay (z4(t)) along the backward characteristic path

dzs

dt
Indeed, comparing the description of the homogeneous boundary-value Green
function in Proposition 1.9 with that of the whole-line Green function in
[MaZ3], we see that they are identical. However, to prove this simple obser-
vation costs us considerable care in the high-frequency analysis.

A further issue at the nonlinear level is to obtain nonlinear damping esti-
mates using energy estimates as in [MaZ4|, which are somewhat complicated
by the presence of a boundary. This is necessary to prevent a loss of deriva-
tives in the nonlinear iteration.

As in [YZ], we get stability also with respect to perturbations in boundary
data, something that was not accounted for in earlier works on long-time
stability. We mention, finally, the works [GR, MZ1, GMWZ5, GMWZ6| in
one- and multi-dimensions of a similar spirit but somewhat different tech-
nical flavor on the related small viscosity problem— for example, ¢ — 0 in
(1.7)— which establish that the Evans condition (or its multi-dimensional
analog) is also sufficient for existence and stability of matched asymptotic
solution as viscosity goes to zero.

= A (z4(x,t)), 24(t) = x.

2. POINTWISE BOUNDS ON RESOLVENT KERNEL G)\
In this section, we shall establish estimates on resolvent kernel G(z,y).

2.1. Evans function framework. Before starting the analysis, we review
the basic Evans function methods and gap/conjugation lemma.
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2.1.1. The gap/conjugation lemma. Consider a family of first order ODE
systems on the half-line:

W' = Az, )W, A€ and z >0,

2.1
21) BAW =0, A€ and z=0.

These systems of ODEs should be considered as a generalized eigenvalue
equation, with A\ representing frequency. We assume that the boundary
matrix B is analytic in A and that the coefficient matrix A is analytic in A
as a function from €2 into L>(x), C¥ in , and approaches exponentially to
a limit Ay (\) as x — oo, with uniform exponentially decay estimates

(2.2) 1(0/0x)F (A — AL)| < Cre™ V2 for £ >0,0< k<K,

Cj, 8 > 0, on compact subsets of 2. Now we can state a refinement of
the “Gap Lemma” of [GZ, KS], relating solutions of the variable-coefficient
ODE to the solutions of its constant-coefficient limiting equations

(2.3) Z'=A,(\N)Z
as r — +o00.

Lemma 2.1 (Conjugation Lemma [MZ1]). Under assumption (2.2), there
exists locally to any given Ay € Q a linear transformation Py(x,\) = I +
O4(x,\) onxz > 0, D4 analytic in A as functions from Q to L]0, +00),
such that:

(i) |Py| and their inverses are uniformly bounded, with
(2.4)
1(0/ON)(8/03)FO | < C()C1Coe™ /2 for 2 >0,0< k < K +1,

j >0, where 0 < 0 < 1 is an arbitrary fived parameter, and C > 0 and the
size of the neighborhood of definition depend only on 6, j, the modulus of the
entries of A at \g, and the modulus of continuity of A on some neighborhood
of Ao € Q.

(ii) The change of coordinates W := PyZ reduces (2.1) on x > 0 to the
asymptotic constant-coefficient equations (2.3). Equivalently, solutions of
(2.1) may be conveniently factorized as

(2.5) W=(I+6,)7Z,,

where Z are solutions of the constant-coefficient equations, and © 4 satisfy
bounds.

Proof. As described in [MaZ3|, for j = k = 0 this is a straightforward
corollary of the gap lemma as stated in [Z.3], applied to the “lifted” matrix-
valued ODE
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for the conjugating matrices Py. The z-derivative bounds 0 < £k < K + 1
then follow from the ODE and its first K derivatives. Finally, the A-
derivative bounds follow from standard interior estimates for analytic func-
tions. [l

Definition 2.2. Following [AGJ], we define the domain of consistent split-
ting for the ODE system W' = A(x, \)W as the (open) set of A such that the
limiting matriz Ay is hyperbolic (has no center subspace) and the boundary
matrix B is full rank, with dim S4 = rank B.

Lemma 2.3. On any simply connected subset of the domain of consistent
splitting, there exist analytic bases {vi,..., v} and {vki1,...,on}T for
the subspaces S+ and U, defined in Definition 2.2.

Proof. By spectral separation of Uy, S, the associated (group) eigenprojec-
tions are analytic. The existence of analytic bases then follows by a standard
result of Kato; see [Kat], pp. 99-102. O

Corollary 2.4. By the Conjugation Lemma , on the domain of consistent
splitting, the stable manifold of solutions decaying as x — 400 of (2.1) is

(2.6) St =span{Prof,..., Pivi},
where Wi = ijj are analytic in X and CE+1 in x for A € CK.

2.1.2. Definition of the Evans Function. On any simply connected subset of
the domain of consistent splitting, let Wfr, . ,W,j = P+vfr, . ,Pij/,;F be
the analytic basis described in Corollary 2.4 of the subspace S of solutions
W of (2.1) satisfying the boundary condition W — 0 at +o0o. Then, the
Evans function for the ODE systems W' = A(z, \)IWW associated with this
choice of limiting bases is defined as the k x k Gramian determinant

D)) := det (Bwf, . ,BW,j)
(27) |z=0,A

— det (IB%P+UI”, . ,IB%RJ;Z{)‘ =
=,

Remark 2.5. Note that D is independent of the choice of Py as, by unique-
ness of stable manifolds, the exterior products (minors) PJrvl+ A A PJrvk,+
are uniquely determined by their behavior as x — —+oo0.

Proposition 2.6. Both the Evans function and the subspace ST are analytic
on the entire simply connected subset of the domain of consistent splitting
on which they are defined. Moreover, for A within this region, equation (2.1)
admits a nontrivial solution W € L?(z > 0) if and only if D(\) = 0.

Proof. Analyticity follows by uniqueness, and local analyticity of Py, Ulj.
Noting that the first P+U;-r are a basis for the stable manifold of (2.1) at
x — 00, we find that the determinant of IB%P+1);F vanishes if and only if B())
has nontrivial kernel on S4 (), 0), whence the second assertion follows. [
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Remark 2.7. In the case (as here) that the ODE system describes an eigen-
value equation associated with an ordinary differential operator L, Proposi-
tion 2.6 implies that eigenvalues of L agree in location with zeroes of D.
(Indeed, they agree also in multiplicity; see [GJ1, GJ2]; Lemma 6.1, [ZH];
or Proposition 6.15 of [MaZ3].)

When ker B has an analytic basis vg 1 ,v?\,, for example, in the com-
monly occurring case, as here, that B = constant, we have the following
useful alternative formulation. This is the version that we will use in our
analysis of the Green function and Resolvent kernel.

Proposition 2.8. Let v2+1, . ,’U?V be an analytic basis of ker B, normal-
ized so that det (B*,U2+1,...1)9V) = 1. Then, the solutions W]Q of (2.1)
determined by initial data W]Q()\,O) = v? are analytic in X and CK*! in z,
and

(2.8) D()) := det (Wﬁ,...,W,j,W,?H, N "WJOV>|x:ox

Proof. Analyticity /smoothness follow by analytic/smooth dependence on
initial data/parameters. By the chosen normalization, and standard prop-
erties of Grammian determinants,

D()\) = det <W1+,---7W1:r77)2+17""v?\7>|z:0/\’

yielding (2.8). O

2.1.3. The tracking/reduction lemma. Next, consider a family of systems
W' =A(z,p,e)W, peP,ecRT and z >0,

B(p,e)W =0, Ae€Q and =0

parametrized by p, €, with ¢ — 0. The main example we have in mind is

(2.1) with p = A/|A| and ¢ := |A|7!, in the high-frequency regime |\| — oco.
We assume further that by some coordinate change we can arrange that

(2.9)

(2.10) A= (%* J\3> + 0,

with

(2.11) O] <d(e), R(M; — M_) > 2n(e) + a(x),
||l 1 (m+) uniformly bounded for all e sufficiently small, and
(2.12) (0/m)(e) =0 as e&—0,

where R(Q) := (1/2)(Q + Q*) denotes the symmetric part of a matrix Q.

Then, we have the following analog of Lemma 2.1.1, asserting that the
approximately block-diagonalized equations (2.9) may be converted by a
smooth coordinate transformation

1
(@I2 G})—>I as €—0
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to exactly diagonalized form with the same leading part M.

Lemma 2.9 ([MaZ3]). Consider a system (2.10), with F = 0 and 6/n —
0 as € — 0. Then, (i) for all 0 < € < ey, there exist (unique) linear
transformations ®(z,p) and ®5(z,p), possessing the same regularity with
respect to the various parameters z, p, € as do coefficients My and ©, for
which the graphs {(Z1,9521)} and {(®{Z2,Z2)} are invariant under the
flow of (2.10), and satisfying

|DS|, |P5] < Co(e)/n(e) for all z.

In particular, (ii) the subspace E_ of data at z = 0 for which the solution
decays as z — +00, given by span {(®5(0,p)v,v)}, converges as ¢ — 0 to
E_ :=span{(0,v)}.

Proof. Standard contraction mapping argument carried out on the “lifted”
equations governing the flow of the conjugating matrices P3; see Appendix
C, [MaZ3].

Remark 2.10. In practice, we usually have a® = 0, as can be obtained
in general by a change of coordinates multiplying the first coordinate by
exponential weight el ofdz

2.2. Construction of the resolvent kernel. In this section we construct
the explicit form of the resolvent kernel, which is nothing more than the
Green function G (z,y) associated with the elliptic operator (L —\I), where

(2.13) (L = ADGA(y) = byl <§1* 1?2) Gr(0y) = (z;)

where x = 0 for the inflow case and is arbitrary for the outflow case.

Let A be the region of consistent splitting for L. It is a standard fact (see,
e.g., [He]) that the resolvent (L —AI)~! and the Green function G (z,y) are
meromorphic in A on A, with isolated poles of finite order.

Writing the associated eigenvalue equation LU — AU = 0 in the form
of a first-order system (2.1) as follows: W := (u,v,z) € C?"~! with 2 :=
biu’ + bov', and

u' = AT (= Anby 'z — (A} + Au — Afyv),
(2.14) v =byte — byt

2= (A21 — Angglbl)ul + Aggbz_lz + A/21u + (A/22 + )\)'U.
2.2.1. Domain of consistent splitting. Define
(2.15) A= mA;L, j=1,2,...n

where Aj denote the open sets bounded on the left by the algebraic curves
)\;r(ﬁ) determined by the eigenvalues of the symbols —¢2B, — i€ A, of the
limiting constant-coefficient operators

(2.16) Liw:=Byw" — Ajw'
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as & is varied along the real axis. The curves )\j comprise the essential
spectrum of operators L .

Lemma 2.11 ([MaZ3|). The set A is equal to the component containing
real +00 of the domain of consistent splitting for (2.14). Moreover, under

(A1)~(A3), (HO)-(H2),
(2.17) AC{X 1 Red > —n|SmA|/(1+ |SmA]), n>0.

2.2.2. Basic construction. We first recall the following duality relation de-
rived for the degenerate viscosity case in [MaZ3].

Lemma 2.12 ([ZH, MaZ3]). The function W = (U,Z) is a solution of

(2.14) if and only if W*SW = constant for any solution W = (U, Z) of the

adjoint eigenvalue equation, where

) —An —Ap 0
(2.18) S=| -4 —Axn I,
~by'by I, 0
and
(2.19) Z = (b, b)U’,  Z=(0,b5)U".
For future reference, we note the representation
. -A7Y 0 A7Aq
(2.20) St= bl A7 0 —by'b AT A — 1,

—AA7Y I, —Ap 4+ AAT'Ap

where A 1= Ag; — Agob_1by, A, := Ay — Ajaby by, obtained by direct
computation in [MaZ3].

Denote by
(2.21) 0 = (O (@A), Oy (a3 N),
(222) ot = (QS;F(ZL‘, )‘)7 e 7¢Zr($, >\) = (PJrva e >P+U]j)a
and
(2.23) o= (T, 0",

the matrices whose columns span the subspaces of solutions of (2.1) that,
respectively, decay at z = +oo, and satisfy the prescribed boundary con-
ditions at = = 0, denoting (analytically chosen) complementary subspaces

by

(2.24) U0 = (P (a3 N), - Rl ),
(225) vt = (7/1121(90; )‘)7 T J/):;rr(x; )‘))
and

(2.26) U= (V0 ¢t).
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As described in the previous subsection, eigenfunctions decaying at +oo
and satisfying the prescribed boundary conditions at 0 occur precisely when
the subspaces span ®° and span ®* intersect, i.e., at zeros of the Evans
function defined in (2.8):

(2.27) Dr(A) := det(®°, &), 0.
Define the solution operator from y to = of (L — A\)U = 0, denoted by
FY7T as
FI = (2, )7 (1, M)
and the projections Hg, H; on the stable manifolds at 0, 400 as
Iy = (2%(y) 0)@ '(y), M= (0 () e '(y).

With these preparations, the construction of the Resolvent kernel goes
exactly as in the construction performed in [ZH, MaZ3] on the whole line.

Lemma 2.13. We have the the representation

Cria.y) {ummf%ﬂyé*@thWy for @ >y,
ALY = —z170 §— r
_(In7 O)fy Hgs 1(y)(1n70)t ) fOT T <y.

Moreover, on any compact subset K of p(L) N A,
(2.29) Gl )] < Cerel,
where C > 0 and n > 0 depend only on K, L.

(2.28)

We define also the dual subspaces of solutions of (L* — A\*)WW = 0. We
denote growing solutions

(230) 0= ((z ) - BN,
(231) ot = (éz_+1(x; )\) T &:Jrr(x; )‘)) )
P := (0%, &) and decaying solutions

(2.32) V= (90 0) - g (N),

(2.33) Ut = (12’1;:1(1'3 A) e &Er(w;h),)
and ¥ := (U0, Ut), satisfying the relations
(UD)5  S(¥D)o 4 = 1.
Then, we have

Proposition 2.14. The resolvent kernel may alternatively be expressed as
L, 0)® (2 ) M (AT (y: \) (1, 0)!" T >,

230 ooy = [IOP GOV T (107 2>y
—(In; 0) 2% (z; A)ME(N) U (y; A) (In, 0)" @ <,

where

(2.35)  M(\) :=diag(MT(\), M°(\) = 7Lz NS L) T (2 \).
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From Proposition 2.14, we obtain the following scattering decomposition,
generalizing the Fourier transform representation in the constant-coefficient
case

Corollary 2.15. On AN p(L),
(2.36)  Ga(z,y) Zd RO @ NG N+ b (@ N (5 N
k
for0<y <z, and
(237)  Gala,y) Z MO (@5 MO (3 A"+ D (2 VO (93 1)
k
for 0 < x <y, where d?}:r()\) = O(A\E) are scalar meromorphic functions

with pole of order K less than or equal to the order to which the Evans
function D(X\) vanishes at A =0 (note that K = 0 under assumption (D)).

Proof. Matrix manipulation of expression (2.35), Kramer’s rule, and the
definition of the Evans function; see [MaZ3]. O

Remark 2.16. In the constant-coefficient case, with a choice of common
bases WO+ = &0 at 0, +o0, the above representation (2.15) reduces to the
simple formula

(2.38) Gr(z,y) = {Zéviﬁ-l S5 (1 N0 (A = >y,

k 7%
— 2 -1 wj_(l"? /\)lbj'— (13 A) =<y
2.3. High frequency estimates. We now turn to the crucial estimation

of the resolvent kernel in the high-frequency regime |\| — +oo, following
the general approach of [MaZ3]. Define sectors

(2.39) Qp :={X : ReX > —61|SmA| + 62}, 6; > 0.
and
(2.40) Q:={\ : =1 < Rel}

with 7; sufficiently small such that Q\ B(0,r) is compactly contained in the
set of consistent splitting A, for some small r to be chosen later. Then, we
have the following crucial result analogous to the estimates on the whole
line performed in [MaZ3].

Proposition 2.17. Assume that (A1)-(A3), (H0)-(H2), and (B) hold. Then
for any r > 0 and n1 = ni(r) > 0 chosen sufficiently small such that
Q\ B(0,7) c AN p(L). Moreover for R > 0 sufficiently large, the following
decomposition holds on Q \ B(0, R):

where
x>y,

) a0 As()”
2.42) Hy(z,y) = @
( ) A(2,9) {X{A*<0}A*($)_lefy (—A/A*—m/A*)(z)dzR*Lir T <y,

lefyz(_)\/A* —n*/A*)(z)dzR*Lir
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and

(2.43) 0 (z,y) = X' Baz, 4; ) + A7 (z — y)Ca(w, 33 M),
O} (z,y) = A2 Da(x, y; \)

where

— [ZX/As(2)dz
e bi(x, x>y,
(2.44)  Bi(z,y) = Ci(z,y) = {X{A*>0} (z,y) y

Xaocope A OE (2y) @ <y,
with
(2.45) by = ey (CM/ANEE _ o =Ola-ly
due to (1.29), and
(2.46) Di(z, 3 \) = O(e QTR z=yl | =0\ 2le—y]y

for some uniform 68 > 0 independent of x,y, z, each described term separately
analytic in X, and Py is analytic in X on a (larger) sector Qp as in (2.39),
with 01 sufficiently small, and 02 sufficiently large, satisfying uniform bounds

(2.47) (9/02)*(0/0y)’ P(w,y) = O(|A|IHHIFI=D/2) =0 Zle—yl =g 5 ¢

for |al + 8] <2 and 0 < |a|, |B] < 1.
Likewise, the following derivative bounds also hold:

(0/0)Ox(x. ) =(Blw,y: M) + (= y)C2w,y: 2) ) + A7 (Bl yi A)
+ (& = y)Ch@,y: \) + (z — ) Dh(w,y: ) )
+ )\73/2Ex(x, y; A)
and

(0/0y)Ox(x.y) =By, 33 X) + (x = 9) O, y: 1) ) + A7 (B (w33 )
+ (@ = y)CY (.93 \) + (2 — ) Dy (w4 ) )
FAT2E, (2,45 M)

where B3, C’g‘, and Dé satisfy bounds of the form (2.44), and Eg satisfies
a bound of the form (2.46).

Proof. We shall follow closely the argument in [MaZ3|, with the new feature
of boundary treatments, or estimates of ®° W0, Writing the associated
eigenvalue equation LU — AU = 0 in the form of a first-order system as
follows: W := (u,v,2) € C?"~! with z := byu’ + bov’, and

u' = A7 (= Awby 'z — (A} + Nu — Afpv),
(2.48) v = byt — by b,
2\ = (Ag1 — Aoaby by’ + Agoby 'z + Abyu+ (Ahy + A)v
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or
(2.49) W' = AW.
Recall from Lemma 2.13 that we have the the representation

(Ina O)f%/ﬁxn—v?(y)g_l(y)(]na O)tr? for x>y,

(250) Gm’y):{(zn,o>f%7"’*“ﬂev<y>5—1<y><fmow, for @<y

We shall find it more convenient to use the “local” coordinates @ :=
Asu, U := bju + byv. yielding from (2.14):

Uy = —AAZ G — (A2by '9),
(2.51) (ﬁx)m = [((Am — AQQbQ_Ibl + bz@x(bglbl))Aglﬂ)w
+ ((Agg + 0z (b2)by D) + Aby Ty A M+ )\62_117] .

Following standard procedure (e.g., [AGJ, GZ, ZH, MaZ3]), performing
the rescaling

(2.52) =Nz, A= M|A,
and changing coordinates W — Y = QW where
(2.53) Y = (@,9,7,)" = (Asu, biu + bov, (byu + bov),)",

A 0 0
(2.54) Q= b1 bo 0

IA|710ub1 [N T1Oube  [NTML,
and
A 0 0

(2.55) o l= —by th A by ! 0

~A[b20 (b 01 AT = |NDa(b2)by " ALy,

we obtain the first order equations

(2.56) Y =A@z, N\7YY, Y= (a,0,0)", =0
where
(2.57) A(E, N7 = Ao(E) + AT AL (E) + O(IAI7?),
with
—S\A;l 0 —A12b2_1
Ag(z) = 0 0 I,
0 0 0
(2.58) /]
0 —05(A12b; ) 0
Ay (2) = 0 0 0

M A2 by ! exby !
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dy = A21 — Angglbl - b;lblA* + bZa:v(b;lbl)a

(2.59) 2
ex 1= Agg + d A" Ara + 0z(b2).

We will carry out the details of the lower-order estimates in Proposition
2.17, leaving high-order estimates and derivative bounds as brief remarks at
the end. First, observe that the representation (2.50) becomes
(2.60)

Gi(z,y) = (Im0)Qilfxg—}zn}t(y)ggil(y)(lmO)tra for x>y,
MOVZN (1,000 ALY () Q5 () (1, 00, for z <y

where Hgﬁ and Fy. " denote projections and flows in Y —coordinates.

2.3.1. Initial diagonalization. Applying the formal iterative diagonalization
procedure described in [MaZ3, Proposition 3.12], one obtains the approxi-
mately block-diagonalized system

(2.61) 7' =D&, N2z, TZ:=Y, D:=T'AT,
(2.62) T(z, A1) = To(z) + A 71TL(E) + --- + [N >T3(2)
(2.63) D(Z, A1) = Do(&) + |\ 71D1(&) 4 - - + D3(2) |\ 2 + O(IN| 7Y,

where without loss of generality (since Tj is uniquely determined up to a
constant linear coordinate change)

(2.64) i )
1 0 *A_lA*Algbgl 1 0 )\_IA*Algbgl
To:=|0 I, 0 , Tyt=1|0 1, 0
0 0 I 0 0 I,
and
M1 00 —nAZL 000
(265) DQ = 0 0 Ir s D1 = 0 ~O 0
0 00 0 byt

with 7, as defined in (1.28); see Proposition 3.12 [MaZ3]. (Here, the simple
block upper-triangular form of Ay has been used to deduce the above simple
form of Dy, D;.)

2.3.2. The parabolic block. At this point, we have approximately diagonal-
ized our system into a 1 x 1 hyperbolic block with eigenvalue i = —\/A, of
Ag, and a 2r x 2r parabolic block

(2.66) Z,=NZ,

with

(2.67) N (8 {)) IV <Xz?2—1 i’) +O(N).
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Balancing this matrix N by transformations B := diag{I,, |\ =1} we
get

(2.68) M :=B'NB=|A"Y2M, +O(A7Y), M, = (;\bo_l g)
2

Observe that o(M;) = +4/c(\by ') has a uniform spectral gap of order

one. Thus, there is a well-conditioned transformation S = S(M;) depending
continuously on M; such that

(2.69) M, := S~ S = diag{M~, M*}

with Mli uniformly positive/negative definite, respectively. Applying this
coordinate change, and noting that the “dynamic error” S —19;8 is of order
0z My = O(|A\|71), we obtain the formal expansion

(2.70) M(&, [N 71) = [\ diag{M, M} + O(A 7).

Finally, on sector Qp, blocks |X\|"Y/2M;" are exponentially separated to
order |\|~/2. Thus, by the reduction lemma, Lemma 2.9, there is a further
transformation S := Iy, +O(|\|~/2) converting M to the fully diagonalized
form

M (&, \[71) = 72871 (1 + O(A7/%))
— O(A"Y2)diag{M;, M;'}

where M = M+ O(|A|=/2) are still uniformly positive/negative definite.
In summary, changing coordinates

(2.71) BSSZ, = Z,,
(2.66) yields

A —1y2y (M 0 5 —3/2
(2.72) Z,= (A7) ( ! Mr) Zy+ O(N?)
Therefore the transformation
1 0
o -1 X
(2.73) T :=(To+|A""Th) <0 BSS>

converts equations (2.56) to the following:

¢'= QAT+ T ATDC+ O(IA7)
(2.74) / —1/2 7% —3/2
Py = NTV2MEps + O(N )
by relation

(2.75) TZ=Y, Z=((p,p)"
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Then, we have the the representation

(2.76)
Ga(z,y) = ([mO)QflT}"%_mH}(y)Tflngl(y)(fn,O)t’”, for x>y,
AL, Y) = —(InaO)Q_leg,ﬂxHOZ(y)T_ng_l(y)([n,O)tr, for x<uy,

thanks to the fact that
(2.77) Ft=TFTT, Of = THET
Computing, we have

LA L0 A Al
T=|0 om o | Th=|0 0w 2
0 01

0 |)\|_1/2 |)\|—1/2 () ‘)\’1/2
and
A 0 0
_1_ *
(2.78) (1n,0)Q —<—b2—1b1A;1 by 0)
) ATV O oY)
1 o *
(2.79) (1n,0)Q T_<_b21b1A*_1 O(1) o)
and
-1 0
(2.80) Q5 (I, 0)"=| 0 0
ATE AT

1+ O(IATh)
O(AI71/2) O(A”Z))

(2.81) 77105 41,,0)" = (oul/?) O(IN~?)

Therefore now we are ready to estimate F% “II; and F% “II%.

2.3.3. Estimates on projections and solution operators. We shall give esti-
mates on the projections:

(2.82) I =(@*,0)(@", 2%, Tf = (0,%)(@", 2"
and the solution operators:
(283) FE = (8 (1), 8°(2)) (8 (), ().

First, let ®PT /WPT be the decaying/growing basis solutions of
(2.84) Pl = \"Y2Mpo and  pl = |ATVEM
and ¢ /4" be the decaying/growing basis solutions of

(2.85) (= —(A + AT ATNC
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Lemma 2.18. [Inflow case] For the inflow case A, > 0, we obtain

1 0 —|A"V2¢hte(n)urt!

(2.86) ni=10 1, —errp\)Tr+ !
0 0 0
0 0 |A"Y2¢hte(n)wrt !

(2.87) n2=10 o q)erE()\)\IﬂH*l
0 0 I,

with bounded functions e(\), E(\), and

Pt (x)p"t (y) 0 0
(2.88) Fy " = 0 PPt (2)PPF(y)~! 0
( 0 0 xpp+(g;)\1/p+(y)1)

Proof. We have the decaying basis solution in Z-coordinates of the first
order equations (2.74)

¢h+ 0
(2.89) et=1[ 0 o | +O(NY.
0 0

Since @1 and U (exactly ¥PT) form a basis solution, we can write

¢h+ 0 0
(2.90) ®Y(z) = e(N) ( 0 ) + (@p+(x)E(A)) + ( 0 )
0 0 WPt (z)F(\)

Now since {w§?+}j forms a basis, we can take {w§+(0)} to be the analytic
basis for Y at = 0. Also as we recall that Z =7 'Y, we compute

0 O(1)
(2.91) o =T 0 | =[N0
Y(0) IA[Y/298%(0)
This and (2.90) yield
e(N)o" (x)
(2.92) (x) = | [A'20PH(2)E(N) | + O(]A[71/?)
V20t ()

where
(2:93) B = (Bi(A),- -, E:()7,  Ej(A) = ¢(0,)@*(0,0)!
and e(X), E;(\) € R" are bounded functions in A. Therefore computing, we
get
e B DY S VERIOWE 7t
(2.94) (@F, %)~ = 0 ort ! —E\) P!
0 0 IA|7 /2Pt
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and hence straightforward computations give the lemma. ([

Lemma 2.19. [Outflow case] For the outflow case A, < 0, we obtain

0 0 0 10 0
(295) M= (0 I, —orrEwr+ |, 1% =0 0 orrEpwr+!
0 0 0 00 I,

where E(X) is a bounded function in X determined below. Moreover,

Y (@) (y) 0 0
(2.96) FL* = 0 O () P (1)L 0
0 0 WP () WPt (y)

Proof. Similarly, we have ®+ = &P+ and ®° = (¢"0, ®70) where we can write

0 Pt 0
(297)  ®%z)=[®PH(@)EN) | +eN) | 0 | + 0
0 0 TPt (z)F(N)

As before, using the form of the linearized boundary conditions (1.15),
we can take

0 O(1)
(2.98) qs;?l(lﬂ o 0 _ |>\’1/2¢§+(0)
: ¥y (0) A2 (0)
and thus
e(A)pht (z)
(299) (I)po(w) _ ‘)\‘1/2(I)p+(.%')E()\)

IAM20P ()

with bounded functions e(\) and E;(X\) = z/1§7+(0, A)®PT(0,\) L.
Similarly, we take

1 1
h0 —1
¢|w:0 — 0 — 0
0 0
and thus
h+ (x)
(2.100) " () = 0
0

Putting together and computing, we obtain
0 wh—l— e()\)wh-ﬁ-
(2.101) (@, 0% = [@rt 0 |\V2PTE(N)
0 0 |\[L/2wrt
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and
0 ort Tt _EO)wr!
(2.102) @H, 0% =yttt 0 AV 2e(N) TPt !
0 0 IA|7V/2gp !
Direct computations yield the lemma. ([

2.3.4. Estimates on Gy: Inflow case A, > 0. Now we are ready to combine
all above estimates to give the bounds on resolvent kernel G). We shall
work in detail for the case > y. Similar estimates can be easily obtained
for x < y. First decompose the projection as HJZC = Hlé+ + Hz; where

1 0 —|A\"Y2¢hte(n)wrt—t
mir={o0 o 0
0 0 0
(2.103)
0 0 0
% =0 1, —ertE\)DPT!
0 0 I,
Hence
Hy(z,y) = (I,,0)Q ' T FL % ()T ' Q5™ (y) (1, 0)'"
bt ponahtpoa—1 [ (CTHO(AT)) A O(IA["H A
= @00 (4 oy Dt oA At

A Y
=" @) (it o) + O @6 )

= " (@)¢"F (1) T RLY + O(N " ()" ()

recalling that ¢ (x)¢"*(y)~! is the solution operator of hyperbolic equa-
tion in (2.85) and thus satisfies
(2.104)

d)h—l—(x)QSh-i-(y)—l _ ef;(—l/A*—\)\|*177*/A*)(z)dz _ ef;(—)\/A*—n*/A*)(z)dz.
At the same time, computing Py(z,y), we obtain
Pa(z,y) = (1,,0)Q ' TFL 1L (y)T Q5™ (y)(1n, 0)""
= O(A|7/2)aP* ()27 () !

recalling that ®P* (z)®P* (y)~! is the (stable) solution operator of parabolic
equation (2.84), with M, uniformly negative definite, and thus we have an
obvious estimate

(2.105) 1P (2)®PF (y) 71| < Ce INT2@-0) < 0N ?(@-y).
We therefore obtain
(2.106) Pi(z,y) = O(\|"Y/2)e 02 (@=y)
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2.3.5. Estimates on Gy: Outflow case A, < 0. Again as above, we shall
work in detail for the case x > y. Similar estimates can be easily obtained
for x < y. Estimates in Lemma 2.19 yield

0 0 0
(2107) FLE(y) = [0 @PF(2)@Pt(y)~t —OPT(z)E(N) WP (y) !
0 0 0

where ®PF (z) BE(A\) TP (y)~! < CPPF(2)®PF(y)~. Observe that %" = 0.
Therefore, Hy(x,y) = 0 and

Px(2,y) = (In, 0)Q ' TFL "I (1) T QS (y) (£n, 0)"

4 { O(N! O(A~!
=@ 0™ (oarh o)

< QA2 N2 )

We thus complete the proof of estimates Hy and of Py appearing in Propo-
sition 2.17.

2.3.6. Derivative estimates. Derivative estimates now follow in a straight-
forward fashion, by differentiation of (2.76), noting from the approximately
decoupled equations that differentiation of the flow brings down a factor (to
absorbable error) of A in hyperbolic modes, A/2 in parabolic modes. This
completes the proof of Proposition 2.17. O

2.4. Low frequency estimates. Our goal in this section is the estimation
of the resolvent kernel in the critical regime |A| — 0, i.e., the large time
behavior of the Green function G, or global behavior in space and time. We
are basically following the same treatment as that carried out for viscous
shock waves of strictly parabolic conservation laws in [ZH, MaZ3]; we refer
to those references for details. In the low frequency case the behavior is
essentially governed by the limiting far-field equation

(2108) Ut = L+U = —A+Uag + B+Uxx
Lemma 2.20 ([MaZ3]). Assuming (A1)-(A3), (HO0)-(H2), for || suffi-
ciently small, the eigenvalue equation (Ly — \)W = 0 associated with the
limiting, constant-coefficient operator L., considered as a first-order sys-
tem W' = AW, W = (u,v,v'), has a basis of 2n — 1 solutions I/Vj+ =
6A+(’\)ij()\), consisting of n — 1 “fast” modes (not necessarily eigenmodes)
(2.109) A+ Ney| < b7l g > 0,
and n analytic “slow” (eigen-)modes

€A+(>\)IV]. — euj()\)rvj7

3

(2.110) p 14, (N) == =Ml + XBf fal + OV,

Vi) =1l 00,
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where a] , lj, j,ﬁ;r are defined as in Proposition 1.9. The same is true

for the adjoint eigenvalue equation
(Ly —N)*Z =0,

i.e, it has a basis of solutions V:VjJr = e BTV with n—1 analytic “fast”
modes

(2.111) e~ N2y < cefl7l g >0,
and n analytic “slow” (eigen-)modes
(2.112) Vi ) =1+ 00,

Proof. Standard matrix perturbation theory; see [MaZ3], Appendix B. O
Also we recall from the representation of G in Corollary 2.15:

Proposition 2.21. Assuming (A1)-(A3), (HO)-(H2), let K be the order of
the pole of Gy at A = 0 and r be sufficiently small that there are no other
poles in B(0,r). Then for A € Qp such that || < r and we have

(2.113) Gi(z,y) Z @) () + > 6 ()65 ()
k

forx >y >0, and

(2.114) Ga(z,y) Z +Zwk

for 0 < x <y, where dj;C ()\) = O(AK) are scalar meromorphic functions,
moreover K < order of vanishing of the Evans function D(\) at A = 0.

Proof. See [ZH, Proposition 7.1] for the first statement and theorem 6.3 for
the second statement linking order K of the pole to multiplicity of the zero
of the Evans Function. O

Our main result of this section is then:

Proposition 2.22. Assume (A1)-(A3), (H0)-(H2), and (D). Then, for
r > 0 sufficiently small, the resolvent kernel Gy associated with the linearized
evolution equation (2.108) satisfies, for 0 <y < x:

(2.115)

0705 Gz, 5 y)
< C(IA[ + e fhy(A) +e—9|y\)< Z ‘e(—/\/aﬁh\?ﬁi/aﬁ?’)(:c—y)}
az>0
n Z ’6(—A/a?+)\25j‘/aj3)$+(>\/a2'—/\262'/112'3)14D7
a:<0,aj+>0
0 <lal,|v| <1, 0 >0, with similar bounds for 0 < z < y. Moreover, each

term in the summation on the righthand side of (2.115) bounds a separately
analytic function.
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Proof. By condition (D), D(A) does not vanish on Re(\) > 0, hence, by
continuity, on |A| < r. Thus, according to Proposition 2.21, all |d;;(\)| are
uniformly bounded on |A| < r, and thus it is enough to find estimates for
fast and slow modes gb;r, ~j+, w;f and 1/~JJ+ By applying Lemma 2.20 and
using (2.22) we find:

oF ) ) +< Vj > Ar(d vj
2.116 At rp J = +(N)z I+6 J
(2:110) <a:¢+ pos) =IO e,

and similarly for qﬁj , 7,/1;' and 1[1;' Now using (2.4) and the fact, by Lemma

+ + 43
2.20, that e is of order e~ % FAPB a7 O fo1 slow modes and
order e~?I*l for fast modes, so by substituting this and corresponding dual

estimates in (2.116) and grouping terms, we obtain the result.
O

3. POINTWISE BOUNDS ON GREEN FUNCTION G(z,t;y)

In this section, we prove the pointwise bounds on the Green function G
following the general approach of [MaZ3] in the whole-line, shock, case. Our
starting point is the representation

n-+100
(3.1) G(z,t;y) PV/ MG (z,y) dA
where 7 is any sufficiently large positive real number.

Case I. |z — y|/t large. We first treat the simple case that |z — y|/t > 5,
S sufficiently large. Fixing x,y,t, set A = n+ &, for n > 0 sufficiently large.
Applying Proposition 2.17, we obtain the decomposition
1 n+1i00 N - P
G(x,t;y) = —PV e t[H,\—I—@)\ + Py + 0, | (z,y)d\
211 N—1i00
=14+ I114+1IT+1V.

For definiteness considering the inflow case A, > 0 and taking x > y, we

estimate each term in turn.

Term I. Computing,
1 n+ioco \
I= ﬁP.V e Hy(w,y)dA
n—1i00
_ iA* (x)flen(t—f; 1/A*(z)dz)€— f;(n*/A*)(z)dzPV /+OO ei{(t—f; 1/A*(z)dz)d§

=3 A( )~ 16(75/ 1/ A (2)dz)e Iy (1/A)(2)dz
T

Y
- %A* (:L')_lA* (Y)0z—a.t(y)e” Jy (ne/As)(2)dz
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where a, is defined as in Proposition 1.9. Noting that a, > inf, A,(z) > 0
and 77" > 0, we get e~ Jy (/A @)z O(e~?=v)) and thus

(3.2) I=0(e")6p—a.t(y),

vanishing for |z — y|/t large.

Term II. Similar calculations show that the “hyperbolic error term” I1 also
vanishes. For example, the term eMA~'B(z,y; \) contributes

%en(t—j; 1/A*(z)dz)€—j;(n*/A*)(z)dzP.V/+oo(77_"_ig)—leif(t—fyz 1/A4.(:)d) g
s

—0o0

The integral though not absolutely convergent, is integrable and uniformly
bounded as a principal value integral, for all real n bounded away from zero,
by explicit computation. On the other hand

= 1/Ax(2)d2) - on(t—|z—y|/min: Au(2)) < pnt(1—S/min: Au(z)) _, 0,
as n — +oo, for S sufficiently large. Thus, we find that the above integral
term goes to zero. Likewise, the result applies for the term of e C(z, y; \),
since (z—y)e v M/A)EE < 05— y)e=0@=Y) s also bounded. Thus, each
term of II vanishes as n — +o0.

Term I11. The parabolic term 1] may be treated exactly as in the strictly
parabolic case [ZH]. Precisely, we may first deform the contour in the prin-
ciple value integral to

(3.3) / NPy (2, y) dA,
' ul'y

where I'y := dB(0, R)NQp and Ty := 0Qp \ B(0, R), recalling the parabolic
sector Qp defined in (2.39). Choose

5. 12—yl
Co20t
where 0 is as in (2.47). Note that the intersection of I" with the real axis is

Amin = R = 0a%. By the large |\| estimates of Proposition 2.17, we have for
all A €e I'y UT'y that

(3.4) R :=#a?,

|P\(z, )| < CA|Y/2e 02 lz=yl,
Further, we have
(3.5) ReA < R(1—nw?), Aely,
ReX < Rehg — n([ImA| — [ImXo]), M €Ty

for R sufficiently large, where w is the argument of A and A\g and Aj are the
two points of intersection of I'y and I'y, for some n > 0 independent of a.
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Combining these estimates, we obtain

‘/ )\tPAd)\‘ <C |)\‘ 1/2 ReXt—0|\|Y/2|z—y| d\
ry

+arg(X
(36) < Ce—9a2t/ 9(%) R_1/2€_9R77W2t Rdw
—arg(o)

Likewise,

|/ CAtP)\d)\| < C’)\|_1/2 CeRe)\t—9|)\‘l/2|x—y‘d>\
FQ 1—‘2

< CeRe(Ao)t—9|>\o|l/2|m—y| |)\|—1/26(R6)\—Re>\0)t Id)|
(3.7) Iy
< Ce™t | [Im [T 2emnlImA=ImMolt | [ |
I
< Ct71/26796¢2t_
Combining these last two estimates, we have

(38) III < Ct—1/26—964215/26—(3:—7;)2/8915 < Ct_1/26_77t6_(x_y)2/86t,

for n > 0 independent of @&. Observing that |z — at|/2t < |z —y|/t <
2|z — at|/t for any bounded a, for |z — y|/t sufficiently large, we find that
111 may be absorbed in any summand t=1/2e=(a—y—at)*/ Mt

Term IV . Similarly, as in the treatment of the term 171, the principle value
integral for the “parabolic error term IV may be shifted to n = R = a2, &
as above. This yields an estimate

_ +oo _
IV] < Ce0a / Ino + i€| 2de < Ce %,

—0o0

absorbed in O(e e~ |7=vI*/Mty for all ¢.

Case II. |z — y|/t bounded. We now turn to the critical case where
|x —y|/t < S, for some fixed S.

Decomposition of the contour: We begin by converting the contour inte-
gral (3.1) into a more convenient form decomposing high, intermediate, and
low frequency contributions.

We first observe that L has no spectrum on the portion of {2 lying outside
the rectangle

(3.9) R={\: -m <RA<n,—-R<SAN< R}
for n > 0, R > 0 sufficiently large, hence G, is analytic on this region.

Since, also, H) is analytic on the whole complex plane, contours involving
either one of these contributions may be arbitrarily deformed within 2\ R
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without affecting the result, by Cauchy’s theorem. Likewise, Py is analytic
on Qp \ R, and so contours involving this contribution may be arbitrarily
deformed within this region. Thus, we obtain

Observation 3.1 ([MaZ3]). Assume (A1)-(A3), (H0)-(H2), and (D). Then,
the principle value integral (3.1) may be replaced by

(3.10) G, tyy)=Io+ Iy + 1o+ 11, + 11, + 111

where

n-+i00
I, = P.V./ M Hy (z,y)dA
n

—100

—m—iR —n1+i00
I = P.v(/ +/ )e”(GA ~ Hy — P\)(z,y)d)
—n1—100 —m+iR

I.: :/ M Py (2, y)dA
s

—n1—ir/2 —n1+iR
11, := </ +/ )eAtGA(x,y)d)\

—m—iR —n1+ir/2
—m-+iR
IT = — / eMHy (x,y)d\
—n—iR

111 := / MGy (z,y)dX
]
with
Ty i=[—m —ir/2,n —ir/2]U[n —ir/2,n+ir/2] U [n + ir/2, = +ir/2]
Fg ::aﬂp \ Q,

for any n,r > 0, R sufficiently large, and 11 sufficiently small with respect
to r.

Using the above decomposition (3.10), we shall estimate in turn the high-
frequency contributions I, I, and I., the intermediate-frequency contribu-
tions 11, and I[, and the low-frequency contributions I111.

High-frequency contribution. We first carry out the straightforward esti-
mation of the high-frequency terms I, I, and I.. The principal term I, has
already been computed in (3.2) to be H(z,t;y). Likewise, calculations sim-
ilar to those of Term II show that the term I is time-exponentially small.
For example, the term eMA\~1B(z,y; \) contributes

—R +oo . )
P.V.(/ _|_/R )(_771+i§)_1615(t_fy l/A*(z)dz)dg

(3.11) « e~ Mt=[ 1/A(2)dz) = [ (n:/As) (2)dz
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where
—R +o0 . >

(312) PV(/ +/ >(_171 4 ig)flelf(t—fy 1/A*(Z)dz)d§ < 00
—00 R

and

(3.13) &M Iy ANz = [0/ ADENz < o it o~0lr—l < Crp—fla—vl/2

for 1y sufficiently small. This contributes in the term O(e~(+H2=yD) of R,
Likewise, the contributions of terms eN A~ (z—y)C(x, y; A) and eMA™2D(z,y; \)
split into the product of a convergent, uniformly bounded integral in £, a
bounded factor analogous to (3.13), and the factor e~  giving the result.

The term I, may be estimated exactly as was term I17 in the large |[x—y|/t
case, to obtain contribution O(t~1/2¢~™) absorbable again in the resid-
ual term O(e‘"te_m_y‘Q/Mt) for t > €, any € > 0, and by any summand
Ot 121 + t)_1/26_(””_3/_“@2/Mt)6_77(1’“'9) for ¢ small.

Intermediate-frequency contribution. Error term I, is time-exponentially
small for n; sufficiently small, by the same calculation as in (3.11)-(3.13),
hence negligible. Likewise, term I, by the basic estimate (2.29) is seen
to be time-exponentially small of order O(e~?%) for any n; > 0 sufficiently
small that the associated contour lies in the resolvent set of L.

Low-frequency contribution. It remains to estimate the low-frequency term
111, which is of essentially the same form as the low-frequency contribution
analyzed in [ZH, YZ] in the strictly parabolic case, in that the contour is the
same and the resolvent kernel G satisfies same bounds (with no E term)
in this regime. Thus, we may conclude from these previous analyses that
1171 gives contribution as claimed, exactly as in the strictly parabolic case.
For completeness, we indicate the main features of the argument here.

Bounded time. For ¢t bounded, we can use the medium-\ bounds |G|,
|G|, |GA,| < C to obtain | [i.. eMG\d\| < Co|T'y|. This contribution is
order Ce~" for bounded time, hence can be absorbed.

Large time. For t large, we must instead estimate fF1 eMGy\d\ using the
small-|\| expansions. First, observe that, all coefficient functions d;;(\) are

uniformly bounded (since |A| is bounded in this case).

Case II(i). (0 <y < x). By our low-frequency estimates in Proposition
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2.21, we have

/ MG\ (xz,y) dA = / Z Mdjrgt(x)
F1 I‘1
(3.14)

Lk
where each d; is analytic, hence bounded. We estimate separately each of
the terms

/F Mt (2)37 (v)

dA
on the righthand side of (3.14). Estimates for terms

[ M@ wan
I
go similarly.

Case II(ia). First, consider the critical case a’ > 0, a;” < 0 . For this
case,

dudf (@)} (y)] < Oy,
where

{u,_;:w = —Maf + NG/ (af)?
Set

+0O(\3)
py(N) = =Aal + N7 /(a])? + O(\?).
afzfaf —y—aft  Brafe/(af)? - Bly/(af)?
“= ot P t
Define I}
(3.15)

< 0.
to be the portion contained in {2y of the hyperbola
Re(pfx —viy) + OA) (|2 + Jy|)

(1/a} )Re[)\(—al,j;zc/a;r + ) + \( ﬁ*’oz,j/(a;F 3
= constant

)> =y /(af)?)]

where

= (1/a)[Amin(=aif z/a] +y) + Xon (28] 0 /(]

+e if

Denoting by A1, A, the intersections of this hyperbola with 0y, define
I} to be the union of A\; Ao and A\jA}, and define T

P =B (@)
(3.16)

=3 Q

<e

€

i~ Q\%‘

1 =TI, UuT,. Note that
A = @/p minimizes the left hand side of (3.15) for A real. Note also that
that p is bounded for & sufficiently small, since & < € implies that

(lafz/af| + |y /t < 2la]] + 2
(|z] + |y|)/t is controlled by &
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With these definitions, we readily obtain that

Re(M\t + pfa —viy) < —(t/a;)(a® /4p) — nIm(\)*t

3.17
(3.17) < —a’t/M — nIm(\)*t,

for A € T (note: here, we have used the crucial fact that a controls
(|z| + |y|)/t, in bounding the error term O(A)(|z| + |y|)/t arising from
expansion Likewise, we obtain for any ¢ that

B18) [ s < ot
Flla

for suitably large C, M > 0 (depending on ¢). Observing that
a = (af /o] )(x —af (t = |y/af])/2t,

we find that the contribution of (3.18) can be absorbed in the described
bounds for ¢t > |y/a,|. At the same time, we find that @ > = > 0 for
t <l|y/a;|, whence

a> (z—y—ajt)/Mt+|z|/M,

for some € > 0 sufficiently small and M > 0 sufficiently large.
This gives
e~/ < g=(@—y—at)?/Mt ,—n|c|
provided |z|/t > a}', a contribution which can again be absorbed. On the
other hand, if ¢t < |z/ aj], we can use the dual estimate

(—y —af (t = |z/a]]))/2t
> (z—y—aft)/Mt+|y|/M,

Q

(3.19)

together with |y| > |a, t|, to obtain
e~ /IPl < ef(w*y*aft)z/Mtefnly\’

a contribution that can likewise be absorbed.

Case II(ib). In case a;r < 0or af > 0, terms |<p;L| < Ce "l and
|7,/~J]+‘ < Ce~ Ml are strictly smaller than those already treated in Case II(ia),
so may be absorbed in previous terms.

Case II(ii) (0 < 2 < y). The case 0 < z < y can be treated very similarly
to the previous one; see [ZH]| for details. This completes the proof of Case
II, and the theorem.
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4. ENERGY ESTIMATES

4.1. Energy estimate I. We shall require the following energy estimate
adapted from [MaZ4, Z2]. Define the nonlinear perturbation variables U =

(u,v) by

(4.1) Ulx,t) := Uz, t) — Ulx).

Proposition 4.1. Under the hypotheses of Theorem 1.7, let Uy € H* and
U = (u,v)" be a solution of (1.2) and (4.1). Suppose that, for 0 <t < T,

the W2 norm of the solution U remains bounded by a sufficiently small
constant ¢ > 0. Then

t
@2) @B < Ce Ul +C [ D (U@ + Bu(r)?)dr
0

for all 0 < t < T, where the boundary operator By, is defined in Theorem
1.7.

Proof. Observe that a straightforward calculation shows that |U|gr ~ |W|gr,
(4.3) W=W-W:=WQU)-W(Q),
for 0 < r < 4, provided |U|yy 2,0 remains bounded, hence it is sufficient to
prove a corresponding bound in the special variable W. We first carry out a
complete proof in the more straightforward case with conditions (A1)-(A3)
replaced by the following global versions, indicating afterward by a few brief
remarks the changes needed to carry out the proof in the general case.
(A1) A(W), A, A are symmetric, A° > 6y > 0,
(A2’) no eigenvector of A(A%)~1 (1) lies in the kernel of B(A%)~Y(W),
=1
= w ~ 0 0\ = ~
’ = = ~ > = U.
(A3) W <1I)H)’B (O b),b_9>0,andG 0
Substituting (4.3) into (1.4), we obtain the quasilinear perturbation equa-
tion
(4.4) AW, + AW, = (BW,), + MiW, + (MaW,),
where AY := AY(W + W) is positive definite symmetric, A := A(W + W) is
symmetric,

1
My = AW + W)~ AGW) = ( / dA(W + 0V7)de ) 7,
0
My = BOW + W) — BOV) = (° 0
2T —\0 (f) db(W + oW)de)yw ) -
As shown in [MaZ4], we have bounds
(45) A% <O A < COW| < C(IWe + lwig]) < C,

2
(4.6) 0, A°| +1054%) < C(Y_05W | + [Wal) < C(C+ [Wa).
k=1
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We have the same bounds for A, B, K, and also due to the form of My, Mo,
(4.7) [ My, [Ma] < C(C + [Wal)|W].

Note that thanks to Lemma 1.3 we have the bound on the profile: |W,| <
Ce 1l as 2 — +o0.
The following results assert that hyperbolic effects can compensate for de-

generate viscosity B, as revealed by the existence of a compensating matrix
K.

Lemma 4.2 ([KSh]). Assuming (A1), condition (A2’) is equivalent to the
following:
(K1) There ezists a smooth skew-symmetric matrizc K (W) such that

(4.8) Re(K(A") A+ B)(W) > 63 > 0.
Define o by the ODE
(4.9) oy = —sign(AN e, [Wela, a(0) =1
where ¢, > 0 is a large constant to be chosen later. Note that we have
(4.10) (00 /@)A1 < —.0y[ W] = —w(z)
and
(4.11) o/l < | Wa| = 07 w(x).

In what follows, we shall use (-,-) as the a-weighted L? inner product
defined as

(f:9) = (af,9)r

and || f]|s = Zfzo(i(;; , ZZE f)1/2 as the norm in weighted H® space. Note

that for any symmetric operator S,

(Sf2, f) = —5{(Se + (0w /0)S), ) ~ 3 oo fo.

Note that in what follows, we shall pay attention to keeping track of c,.
For constants independent of ¢, we simply write them as C.

4.1.1. Zeroth order “Friedrichs-type” estimate. First employing integration
by parts yields, and using estimates (4.5), (4.6), and then (4.10), we obtain

_<AW$7 W)
— %((Am + (o Q) AW, W) + %AOW(O) - W(0)
(

< 5 {(as/@) A w! w) + (¢ + W)W+ w(@) ||, W) + Jy

—~

N =

< —S{w@)w! wh) + OCw’[[§ + ((Walw', w')) + Cles) [lw 1§ + Ty

N[ =
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where JJ denotes the boundary term AW (0)-W (0). The term (|W|w!, w?)
may be easily absorbed into the first term of the right-hand side, since for
¢, sufficiently large,

(4.12) (IWelw!, wh) < (eby) Hw(z)w!,w!) <

Also, integration by parts yields

(BW,)o, W) = —(BW,, W) — (0 /@) BWy, W) — BoW,,(0) - W(0)
—0llwy 1§ + Clw(z)wg, w!') — bowg! (0) - w'(0)
< =0lwy![I§ + Clea)lw 1§ — bows" (0) - w'! (0).

IN

where we used the fact that BW,.- W = bw!!-w'! noting that B has block-
diagonal form with the first block identical to zero. Similarly, recalling that
My = B(W + W) — B(W), we have
<(M2Wr)w7 W>
~ (MW, Wy) — <(am/0‘)M2WamW> M>(0)W(0) - W(O)

< CWe|[W, fwg!|) + Clw (@)W, w'!) - (O)Waz( ) (0)

< w3 + O (elw@pw’ w') + Clen)ljw'|F) = ma(0)Wa(0) - w' (0
for any small &, e. Note that C' is independent of ¢,. Therefore, for £ = 6/2
and ¢, sufficiently large, combining all above estimates, we obtain

1d<
2dt

1
= ("W, W) + S (AJW, W)

AW, W)

(4.13)
_ - 1
= (=AW, + (BWy)y + MW, + (MoW,) o, W) + 5<A§W, W)

1
< = llw@w’, w') + 0w [[§] + CCllw I + Clen) [ [+ 1)

where the boundary term
1 -
(4.14) I .= 5 AW (0) - W(0) — bow (0)w!?(0) — My(0)W,(0) - W(0)

which, in the outflow case (thanks to the negative definiteness of Ajq), is
estimated as

(4.15) Iy < —%\wI(O)I2 + O ([ (O + |wy' (0)[[w! (0)]),

and similarly in the inflow case, estimated as

(4.16) Iy < C(W(0)* + |wg! (0)[[w! (0)]).
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Therefore together with these boundary treatments, (4.13) yields

1d
2dt

1
(417) < =S llw@w’,w’) + 0w |5 + CCllw’[§ + Cle) w5 + 13-

— (AW, W)

4.1.2. First order “Friedrichs-type” estimate. Similarly as above, we need
the following key estimate, computing by the use of integration by parts,
(4.12), and ¢, being sufficiently large,

(W AWa) = S(Wa, (A + (0 @) )W) + S A0V (0) - W (0)

1
(4.18) < —ZW(?U)UJ wy) + C¢llwgllg + Oz wy! |13

+ éAon(O) W, (0).

We deal with the boundary term later. Now let us compute

1d 1
(4.19) §%<A0Wx,W> (W, (A°W,),) — (Wx,AQWt>+§<A?Wx,WI>.

We control each term in turn. By (4.5) and (4.6), we first have
(AP Wa, W) < CC|[Wel[3
and by multiplying (A%)~! into (4.4),
[(Wa, AGWi| SC((C A+ Wl )IWal, (IWe |+ izl + W)
<Elwggll§ + CUC + [WalJwy, wy)
+ O+ W', wh) + CHwHHf,

where the term (|W,|wl, wl) may be treated in the same way as was (|W,|w?, w’)
n (4.12). Using (4.4), we write the first term in the right-hand side of (4.19)
as

- <Wx’AW1’x> <W90’ —AWo + ( >
- <me + (ax/a) [(BW ) ( I

(Wa, (A'W2)z) =(Wo, [~ AW, + (BW,), + MW, + (M Wa)ole)
z)a
Vo)a

1 I
s—;[«u(w)w wh) + 0wl
+C [l I3 + Clea) [l I3 + (Walw!wh)] + 1}

where [, g denotes the boundary terms

(120) I} = L AGWL(0) - We(0) ~ Wa(0) - [(BWa)e + (MoT2)e](0),
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and we have used estimates (4.18),(4.12) for w!,wZ, and Young’s inequality
to obtain:
(Wa, —AgWo + (MiW,) )
—(Waw + (aa/ )W, (BWe)e)
—O|lwgg I + C(wag| + w(@)wg[, (€ + [Wal)ws'])
—(Waz + (/) W, (MaW,),) <
C(lwgg| + w(@)wi], (C+ [Wa)(IWal + [W))).
Putting these estimates together into (4.19), we have obtained

< C{(C+ [Wa)[Wal, [Wa | + [W]).
<

1d 0 1 112 1 1 .1
5 (A Wa, Wa) + £0]wlh]3 + 3 (w(@)wl, wh)
(4.21) < C[Clw I+ (Walw!,wh) + Cle) 5] + 1.

Let us now treat the boundary term. First observe that using the parabolic
equations, noting that A is the diagonal-block form, we can estimate

Wa(0) - [(BW. ) + (MaTV:),) 0)
= Wl (0) - [(bwl") + (MFW2)] 0)]
- ‘wf(O) [AQwi’ + Asywg + Azpwg” — MyW,](0)

< efwy (O) + C(IW () + fwz! (0)] + [wf " (0) ).

For the first term in I}, we consider each inflow/outflow case separately.
For the outflow case, since A < —6; < 0, we get

A (0) - T(0) < ~ Dl O)F + Chul! ()
Therefore
(4.22) Iy < —%hvi(())l2 + (WO + g (0) + |wf(0)[%).
Meanwhile, for the inflow case, since A > #; > 0, we have

| AW (0) - Wo(0)] < CIW,(0)[.

In this case, the invertibility of A! allows us to use the hyperbolic equation
to derive

wz(0)] < C(Jwi (0)] + [wz! (0)]).
Therefore we get
(4.23) Iy < C(W(0)* + Wi (0)]* + |wg (0)).

Now applying the standard Sobolev inequality (applies for a—weighted
norms as long as |a,/c/ is uniformly bounded):

(4.24) [w(0)* < Cllwl g2 (lwall 2 + wl2)
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to control the term |wl(0)? in I} in both cases. We get
(4.25) [z (0) < €llwizll + Cllwz"[13-
Using this with ¢ = 6/8, (4.20), and (4.22), the estimate (4.21) reads
5 SLAOW, W) 4 ¢ b3+ lolawd )
(4.26) < Ol + (Walw w!) + Cle) ' 7) + 1}
where the boundary term I l} is estimated as
(4.27) I < —%Iwgi(@)l2 +C(WO) + [wf' (0)1?)
for the outflow case, and similarly
(4.28) I < C(W(0)* + [W:(0)*)
for the inflow case.

4.1.3. Higher order “Friedrichs-type” estimate. Similarly as above, we shall
now derive an estimate for (A°0FW, 0FW), k = 2,3, 4. We need the following
key estimate. Integration by parts and (4.10) give

(W, ADETW) = (DR, (s + (/) A)OEW) + L AW (0) - G4V (0)
<~ Jlw(@akol obu'y + O¢okul 3
ookl [3 + 5 AdkW (0) - 05w (0).

We compute
%% AR, W) :%(A?@’;W, RW) + (A0 W, D5 W)

= S (AP, R 4 (A°08TW, DB [(A%) !
(4.29) (=AW, + (BWy)z) + MiW, + (Mo W) ).

We shall estimate each term in turn. First, [(AY0XW, 05W)| < C¢||oXW |3,
and

(A%OEW, 05 [—(A°) L AW, ])

k
= (AW, Z B [ (A%) =L Algk—i+1yy)
i=0
k ‘ ‘
= (kWL AW 3 (AW, 0, [(A) 7 Aok W)
i=1
where we have
(4.30) -t <o I 1ewl,

E aj:i ISJS’L
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Using the hypothesis on the boundedness of solutions in W2 and weak
Moser inequality [Z4, Lemma 1.5], we get

(AW, 03[~ (A%) 1 AJo W) <

k
C ™I + ¢’ F + D (WO, ') ).
=1

This, (4.29), similar treatment (4.12) for (|W,|0kw!, 0%w’) with ¢, being
sufficiently large give

(AR W, D [—(AD) AW, < — (wb!, Obw) + %Aoé)ﬁW(O) - OyW (0)

4
k—1 - ‘ ‘
(4.31) + O I+ o' [F + D (W o’ O )
i=1

Next, similarly, we obtain

k
(AR, BE((A%) M) < O (Il Rl [+ (Wal i Oh) ).

i=1
Finally, we compute and
<A08’“W8k[(AO)’1(BW + MoWy)a])

Z (A%FW, 81 [(A%) Yok~ (BW, + MyW,))
=0
< I; 78’;+1<BW$ + M2Ww)>

+ Z<A°8§W 9 [(A%) Mo (BW, + MaWy))
=1
< — (MW + (ap /) OFW, 0% (BW, + MyW,))

— Ok b w! + MZ2W,)(0)0kw (0)
k
+¢llost w T + C(cin”lli + (w7 + Z<!Wx\3§;w5 aﬁ;wl>)
=1

0 .
< — SlIOF M |F = OF b + MW (005w (0)

k
+ O (I + Cllw I+ D (Weloh!, Ok )
=1
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where in the last inequality we used the special form of B and Ms to get
(MW + (/)XW 08 (BW,, + Mo W)
< (|05 ]+ w(@)|0Fw |, 10 (bwy + Ty Mo W)

)

k
005! |F + C(Clellw I + Clw'IF + Y- (Waldhw, ') ).
=1

IN

Note that in the last inequality, there is no term of (w(2)diw!, 9L w’) because
of the presence of |W,| in term of Iy Ms.
Put all these estimates into (4.29) together, we have obtained

1d

1 k. I ok, I

1
AATW, OEW ) + 2010y T |[§ + 5

k—1

(432) < C(Clelw™ R+l + Y (Waldhw”, ohu”)) + 1,
=1

where the boundary term

(4.33) I = %Aoa’;W(O) LOEW(0) — 08 bosw! ! + MZTW,](0)0kw! (0).

For this boundary term, we shall treat the same as we did before. First
using the parabolic equations with noting that A° is the diagonal-block
matrix diag(A?, A9), we can write

T, w' + MFW,)(0)
(4.34) = LAY (0)w (0, ) + Ap1wl(0) + Apow (0) — Iy M, (0)W,(0)].
Therefore we get

0% 60w + MPW,](0)0kw! (0)]

< Clokw"T(0)]] 195wl (0 \+Z|a’ 1(0)] + ok’ (0)])

k

(4.35) <e Z !2+C’Z\8’ (o
=0

(4.36) +CI3'£w”( oy~ 1wi”(O)l

for any € small. To deal with the term of w]!, for simplicity, assume k = 3.
By solving the parabolic-part equations and using the invertibility of b, we
obtain

03w | = |0vwiy| < O(lwy! |+ [Wel + Wl + W)

(4.37)
(Wat| < C(IW| + [Wa| + [Wag| + [whh

Txrxr )

Since for case k = 3 we have a good term ||diw!!||g (see (4.32)), the
term |wZl (0)| resulting from the boundary treatment is easily treated via
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Sobolev embedding inequality. Hence all terms in a form 0%w!!(0) are easily
estimated. Meanwhile, using the hyperbolic-part equations, we have

(4.38) [wi| < C(W| + [We)).
Employing Young’s inequality to the last term in (4.35), we obtain
|05 b0z w" + MZ*W,)(0)0Fw (0)]

k

(4.39) <ey |gw'(0f +0 Z!az O + |y (0) + [wif (0))

=0

To deal with the term of w!, we need to consider two cases separately. When
Al < -0 <0, we get

AgdE W (0) - W (0) < —%wjgwf(on? + Clokw (0)2.

Therefore

) - )
k Liak, T/ 2 i T2
Iy <— 5@:“1 0]+ C( 'E_ |0zw (0)

(4.40) +ZW O + w0 + [wif (0)).

Meanwhile, for the case A > 6; > 0, we have
| AW (0) - W (0)] < C(|05w! (0)[* + |5w! (0)]?).

The invertibility of A!! allows us to use the hyperbolic equation to derive

k
95T (0)] < C(> (10w O + 8w (0)2) + il O) + [l (0)?).

i=0

Therefore in the case of A > 6, > 0, we get
k

(441) Iy <O (10iw (0)F + [0fw! (0)*) + |wi! (0)]* + [wi{ (0)]).
i=0
Employing the boundary estimates into (4.32), we have obtained
d

£<Aoa’;w, OFWY + 0(|0F T w2 + .01 (W, |0Fw!, oFwT)

k—1
(442) < C(Cllwl I+ S I+ Y (Walddw!, odw!)) + If
=0

where, after absorbing the terms of |9%w!/(0)| via Sobolev embedding, the
boundary term If satisfies

o, k=1
(4.43) I < ——|05w! (0)] + C(Y_ 135w ()% + w/! (0) + [wff (0)[*)

=0
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for outflow case, and

k
(4.44) Iy < C(Y_ 107w (0) + |wi  (0)1* + i (0)[)
=0

for the inflow case.
We shall establish an Kawashima-type estimate to bound the term [|w!||3
appearing on the left hand side of the above.

4.1.4. “Kawashima-type” estimate. Let K be the skew-symmetry in (4.8).
Integration by parts and skew-symmetry property of K yield

(KW, W) = — (KW, Wy) — (Ky + (0 /o) K)Wy,, W) — KoWo - (Wo)s
= (KWa, W) + (Kz + (0 /) )W, Wy) — KoWo - (Wo)s.-
Using this, we compute
4 kW, wy =
dt X -
(KW + KWy, W) + (KW, Wy)
=(K Wy, W) + QKW, + (Kz + (0 /o) K)W, W)
— KoWo - (Wo):
=(KWe, W) + KW, + (Ky + (0 /a) K)W, —(A%) 7L AW,)
+ KW, + (K, + (o /o) K)W, (A°)~1(BW,),
+ MW, + (MaWe)o) — KoWo - (Wo)
< = 2K (A%) T AW, W) + Ellwl§ — KoWo - (Wo)s
+C(Clenllw™ 3+ Cllw I3 + (@’ wh) + (w(ehwh, wh).
Using (4.8), we get
(K (A°) T AW, Wa) > ba|wl[g — C(co)llwz" |13,
and thus obtain from the above estimate with { = 65/2

d 02
CAEWa, W) < = 2 [wdlf + C(Clen) w1 + o I3

(4.45) + (w(@)w!, wh) + ()l w;>) — KoWo - (Wo)s.
4.1.5. Higher order “Kawashima-type” estimate. With similar calculations,

we shall obtain an estimate for %(K OkW, 0E=1W), k > 1. We compute

(Kokw,, ok —tw) = (Kokw, &%~ tw,)
+ (K + (00 /) K)OE W, 00" W) — KO~ "Wy - 05w (0).
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and hence

d
@<K<9§W, Oy W) = (K 05w, 0 'W) + KOy W, 0y~ ' W)
+ ((Kz + (/) K)Oy "W, 05" Wy) — KOy ' Wy - 0 W (0)
= 2KOFW, 0F 1 [(=AY)"H AW, + (BW,)x + MW, + (MaWo),)])
+ (K, + (ax/a)K)ﬁf’ll/V,
(=AY AW, + (BW,) e + MiW, + (Mo W,),)])
— KR 1w, - ok tw(0)
< —2(K(AY)TTAGSW, O5W) + e||lw || + Cczllw |74
k
+C¢w |+ CD (w(@)dhw!, dhw’) — KO W, - 0~ W (0)
=1
for € small.

Using (4.8), we obtain from the above

d _ 0
(4.46) @<K85§W, o'W < - f!\aiwlllﬁ + O w71 + ellw |-
k
+ ¢l [I§+ O {w(@)dw!, dhw")
=1
(4.47) — Ko tw, - ok 1w (0).

4.1.6. Final estimates. We are ready to conclude our result. First combining
the estimate (4.26) with (4.17), we easily obtain
1d
2dt
0, 12, 1 I, 1
< — (Gl + @)l wh))

+ O (¢l 4+ (Walw!, ')+ Cle) Jw'IF) + 1
M

- 7 (@, 0" + 0wl |3) + Ml

+MO(c)llw'IF + M1

((AUWJ,,, W) + M (AW, W))

By choosing M sufficiently large such that M6 > C(c), and noting that
01 |[Wa| < w(z), we get

o 14 (<A0Wx, Wx> + M<AOVV7 W>>
(4.48) < — (B3 + (e’ w!) + (), ul))

+ (¢l + Cellw! ) + 1} + M.
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We shall treat the boundary terms later. Now we employ the estimate (4.45)
to absorb the term ||w!||; into the left hand side. Indeed, fixing c, large as
above, adding (4.48) with (4.45) times €, and choosing €, ¢ sufficiently small
such that eC(c,) < 0,e < 1 and < ez, we obtain

(<A0Wx, W) + M{AYW, W) + e(KW,, W>>

DN | =

d
it
< — (0w + (@’ 0’ + (w(z)ul,w))
Os¢

2
+ Ce(Clea) w3 + ¢l + (i@’ wh) + (w(z)ul,wl))

+ I} + MI) — eKoWo - (Wo)
1
< — 5 (Ol I + ellwl 1) + Ce) (Clleo’ I + o™ I) + 1y
where I, := I} + MI) — eKoWy - (Wo):.
By a view of boundary terms I,?,Ig, we treat the term I in each in-
flow/outflow case separately. Recalling the inequality (4.25), |wl(0)| <
C||w!!||2. Thus, using this, for the inflow case we have

Iy < MIW(0)* + C|W4(0)* + Mw, (0)||w! (0)]

+ C (¢’ + Cen) [w'I3)

w13

0
< Sl + MW (O)* + CIWi(0) .

Meanwhile, for the outflow case, with M6 > 1 and KoWy-(Wy); ~ w{)[w{)t+

whwll, we have I, is bounded by

(O + ' O))
+ C(lwf (0)* + [w! (0)%) + e(jw" (0)* + [y (0)]*)
which, together with € being sufficiently small and the facts that
[wi (0)] < C(Jwy(0)] + [wy" (0)] + [W(0)])
obtained from solving the hyperbolic equation and the embedding inequality
;" (0)] < Cllw! |2,
yields

0 0
I < _51(|w£(0)‘2 + 1w (0)) + Sllw I3 + C(lw () + wi" (0)]?)

for the outflow case. Now by Cauchy-Schwarz’s inequality and by positivity
definite of AY, it is easy to see that

(4.49) & = (A°Wy, W) + M{A"W, W) + (KW, W) ~ W[50 ~ [W][7:.

The last equivalence is due to the fact that « is bounded above and below
away from zero. Thus the above derives
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Lew)(t) < 06 W) (1) + Cle) (IW DI + Bu0)?).

for some positive constant 63, which by the Gronwall inequality yields
(4.50)

t
W@ < Ce I Wols +Cle) [ e (IWIR: + Bilr ) )ar,
0

where W (x,0) = Wy(z) and

(4.51) Bi(r)? := O(IW(0,7)]” + [W4(0,7)*) = O(|(h, ha)[* + [ (ha, h2).]?)
for the inflow case, and

(4.52) Bi(r)? == O(lw" (0, 7)]” + [w{" (0, 7)[*) = O(h[* + |he|?)

for the outflow case.
Similarly, by induction, we shall derive the same estimates for W in H?.
To do that, let us define

E\(W) = (AW, W) + M (AW, W) + (KW, W)
Ee(W) := (A28 W, 05 W) + ME,_1 (W) + e(KOEW, 851 W/).

Then by Cauchy-Schwarz inequality, it is easy to see that Ep(W) ~
W /|2, and by induction, we obtain
H

4

dt
for some positive constant €3, which by the Gronwall inequality yields
(4.53)

t
W Oz < Ce|[Woll7s + C(C*)/ e I(W ()17 + Bi(r)?)dr,
0

Es(W)(t) < —03E(W)(t) + Ce)(IW (1|72 + Bu(t)?),

where W (x,0) = Wy(z) and By, is defined as in (1.22) and (1.23).

4.1.7. The general case. Following [MaZ4|, the general case that hypothe-
ses (A1)-(A3) hold can easily be covered via following simple observations.
First, we may express matrix A in (4.4) as

(4.54) AW +W)=A+ (C+ W) <O(()1) gg%)

where A is a symmetric matrix obeying the same derivative bounds as de-
scribed for A, identical to A in the 11 block and obtained in other blocks jk
by

ATR(W + W) = ATFW) 4+ AR (W 4+ W) — ATR(W)
(4.55) = AMWL) + O(IWo| + (W) = ATF(Wy) + O(C + [Wal).
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Replacing A by A in the k" order Friedrichs-type bounds above, we find
that the resulting error terms may be expressed as
(7O + [Wa) W, 05w,

plus lower order terms, easily absorbed using Young’s inequality, and bound-
ary terms

k
O 8;w' (0)]|95" (0)])
=0

resulting from the use of integration by parts as we deal with the 12—block.
However these boundary terms were already treated somewhere as before
(see (4.35)). Hence we can recover the same Friedrichs-type estimates ob-
tained above. Thus we may relax (A1") to (Al).

The second observation is that, because of the favorable terms

cx01 (W, |0k w!, ok wT)
occurring in the lefthand sides of the Friedrichs-type estimates (4.42), we
need the Kawashima-type bound only to control the contribution to |9Fw?|?
coming from x near +o0o; more precisely, we require from this estimate only
a favorable term
—02((1 = O(C + [Wa ), ')

rather than 65||0Fw’||2 as in (4.46). But, this may easily be obtained by
substituting for K a skew-symmetric matrix-valued function K := K (W),
and using the fact that
Re(K (A LA+ B)Y(W,) > 6y >0,
and same as (4.55), K = K + O(C + |W,|), we have
Re(K(A%) ' A+ B)(W) = b2(1 — O(¢ + [Wal)) > 0.

Thus we may relax (A2') to (A2).

Finally, notice that the term g(W,) — g(W,) in the perturbation equation
may be Taylor expanded as

(ot v ) = (o)
G (Wa, W) + g1(Wa, We) O(|WI|2)

The first term, since it vanishes in the first component and since |[W,| decays
at plus spatial infinity, yields by Young’s inequality the estimate

< <gl<v~vx,wx> igawx, v‘m) ! (ﬁ,”z]f) ) < O((C+ IWalyuwl,wh)+w)! 1)

which can be treated in the Friedrichs-type estimates. The (0, O(|W,|*)”
nonlinear term may be treated as other source terms in the energy estimates.
Specifically, the worst-case term

041905 (o ) = — 05t 040, ) -oku )0 O, )0
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may be bounded by
105w | 2 Wz [W | g — B3 (0)05 O(IW ) (0).

The boundary term will contribute to energy estimates in the form (4.33)
of I, and thus we may use the parabolic equations to get rid of this term as
we did in (4.34). Thus, we may relax (A3') to (A3), completing the proof of
the general case (A1) — (A3) and the proposition. O

4.2. Energy estimate II. We require also the following estimate:

Lemma 4.3 ([HR]). Under the hypotheses of Theorem 1.7, let Ey := ||(1 +
|22)3/4Us || ga, and suppose that, for 0 < t < T, the W norm of the
solution U of (5.2) remains bounded by some constant C > 0. Then, for all
0<t<T,

(4.56) 11+ 2240 (2, 0) 3 < MEge.

Proof. This follows by standard Friedrichs symmetrizer estimates carried
out in the weighted H* norm. ([

Remark 4.4. An immediate consequence of Lemma 4.3, by Sobolev embed-
ding: W3 C H* and equation (5.2), is that, if Ey and ||U|| ga are uniformly
bounded on [0,T], then

(4.57) (14 2> ||U] + U] + |Us| + |Ust| | (2, 1)

is uniformly bounded on [0,T] as well.

5. STABILITY ANALYSIS

In this section, we shall prove Theorems 1.6 and 1.7. Following [HZ,
MaZ3], define the nonlinear perturbation U = (u,v) by

(5.1) Uz, t) = Uz, t) — Uz),
we obtain

(5.2) U — LU = Q(U, Uz)a;
where linearized operator

(5.3) LU := —(AU); + (BUy) s
where

AU = dF(U)U — (dB(U)U)U,, B = B(U)
and the second-order Taylor remainder:

QU,U,) = F(U +U) — F(U) + A(U)U + (B(U + U) — B(U))U,
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satisfying
QU U)| < C(IU||Us| + |UJ?)
(5.4 QU Us)a| < C(U|U| + |U?)
QU Up)o| < C(|U||Use| + U] + |U|Us])

QU Us)ao| < C(IUN|Usal + |U||Usaz| + |Usl Uzl +1Us?)

so long as |U| remains bounded.

For boundary conditions written in U—coordinates, (B) gives
55) h(t) = h(t) —h= (WU +U) - W(U0))(0,t)
. = (OW /0U)(T)U(0,t) + O(|U (0, 1)[?).

in inflow case and
h(t) = h(t) — h = (WU + T) — @' (0))(0,)
= (9w /oU ) (Uo)U (0, 1) + O(IU(0, 1))
=m (b1 b2) (Uo)U(0,t) +O(|U(0,¢
= mB(Up)U(0,t) + O(|U(0,1)|?).

(5.6)

5.1. Integral formulation. We obtain the following:

Lemma 5.1 (Integral formulation). We have
Uet) = [ Glati)Uin(w) dy
0
t
+ / (@y(x, t —s;0)BU(0,s) + G(x,t — s;0)AU(0, s)) ds
0
t o0
s [ [T Ht - s mQ.U,), ) dyds
0 Jo

t 00

— / / Gy(z,t — s;9)aQ(U, Uy)(y, s) dy ds
0o Jo

where U(y, 0) = Uo(y)

Proof. From the duality (see [ZH, Lemma 4.3]), we find that G(z,t — s;y)
considered as a function of y, s satisfies the adjoint equation

(5.8) (0 — L) G (.t — s39) = 0,
(5.9) -Gy — (GA)y + GA, = (GyB),.

in the distributional sense, for all x,¥y,t > s > 0, where the adjoint operator
of L, is defined by

(5.10) LIV == VA + (V;B),,
with V* = V.
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Likewise, for boundary conditions, we have, by duality

(iii’) for all x,t > 0, G(z,t;0) = 0 in the outflow case A, < 0; and
G(x,t;0)B = 0 in the inflow case A, > 0, noting that no boundary con-
dition need be applied on the hyperbolic part for the adjoint equations in
the inflow case.

Thus, integrating G against (5.2), we obtain for any classical solution that

// Gzt — s:9)Q(U, U,y (y, 5) dy ds =

(5.11) /0 /0 Gt — 519)(0s — L,)U(y, s) dy ds
=:1 + I

Integrating by parts and using the boundary conditions (iii’) on the
boundary y = 0, we get

t 00
I :/ / G(z,t — s;y)0sU(y, s) dy ds
0o Jo

t o0
:/ / 0sG(x,t —s;9)U(y, s)dy ds
o Jo
+/0 G(x,0;9)U(y,1) Ol:t/—/0 G(z,t;y)U(y,0) dy
where note that -
Ulet) = [ G000 dy
0

and also

I :/0 /000 G(z,t —s;y)(—Ly)U(y, s)dy ds
=[] Gt = sav), = (BU,),) . 5) dyds
:/ /OOO(G A—(GyB),)U(y,s)dyds

¢ t
- / Gy(z,t —5;0)BU(0, s)ds — / G(z,t —s5;0)AU(0, s)ds
0 0

Combining these estimates, and noting that G, B = @ B since HB = 0,
we obtain (5.7) by rearranging and integrating by parts the last term of

// NQU,U,), (y, s) dy ds
:/O/O (H + G)(x,t — 59)Q(U,Uy)y(y, s) dy ds

(5.12)
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As an expression for U,, we obtain the following.

Lemma 5.2 (Integral formulation for Ug). We have
(5.13)

U, (2, 1) :/OOO G, 45 9)Uo(y) dy — /OtH(ac,t s O)TLQ(U, U,), (0, ) ds
+ /Ot [ézy@,t — 5,0)BU(0, 8) + Gu(z,t — 5;0)AU(0, s)| ds
v t [t 1)t s )T Q. U, 09 dyds
[ G Q) s
- | Gstet = s aQUU U .5)dy s

t o]
+/ / Go(z,t — s;y)aQ(U,Uy)y(y, s) dy ds
t—1.Jo
where U(y,0) = Up(y)

Proof. Differentiating the formulation (5.7) for U(z,t) with respect to x and
noting that

/Ot/OOOHIquyds—/Ot/OOO(Hx—Hy)cbdyds

t o] t
— / / H(z,t— s;9)py(y, s) dyds — / H(z,t—s;0)¢(0,s)ds
0o Jo 0

nd
t oo t—1 oo
/ / G%ﬂbdyds:/ / Gy dyds
0 Jo 0 0

t 0 t
- / / Gathy dy ds — Gy(x,t — 5;0)1(0, 8)ds
t—1Jo t—1

a,

are valid for any smooth functions ¢, ¢, we obtain the lemma. (I

5.2. Convolution estimates. To establish stability, we use the following
lemmas proved in [HZ, HR, RZ].

Lemma 5.3 (Linear estimates I). Under the assumptions of Theorem 1.7,

+oo
/O Gl )| (14 )2 dy < C(0 + v + o) (@, ),

+oo
(Gaa, t:g)| (14 [y) =2 dy < OO+ 91 + ) (1),

(5.14)

0
and so the latter is dominated by 11 + 1o, for 0 <t < +o00, some C > 0.
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Lemma 5.4 (Linear estimates II). Under the assumptions of Theorem 1.7,
if |Uo(x)| + 10.Up ()| < Eo(1+ |])=3/2, Ey > 0, then, for some 6 > 0,
+o0
H(z,t;y)Uo(y) dy < CEoe (1 + |z]) /2,
(5.15) %
H,(w, t;9)Uo(y) dy < CEoe™ (1 + [a]) =%,
0

and so both are dominated by CEy(1)1 +12), for 0 <t < 400, some C > 0.

Lemma 5.5 (Nonlinear estimates I). Under the assumptions of Theorem
1.7,

t +oo
/ / |Gy(z,t —539)[¥(y,s) dyds < C(0 + b1 + 2)(w, 1),
(5.16) AT

+ ~
O /0 Gy (. — 559) [ W(y, 8) dyds < O + by + 1b2) (2, ),

for 0 <t < +o0, some C >0, where

(517) \Il(yas) = (9+¢1 +¢2)2(975)-
Lemma 5.6 (Nonlinear estimates II). Under the assumptions of Theorem
1.7,

t “+o0
| [ Ht = s 08 dyds < 0w + vt
t “+o0
G8) [ = )= s V0.8) dyds < O+ )t

t +oo
| [ Gt = s X dyds < Clun + v
t—1J0
for all 0 <t < 400, some C > 0, where

(519) T(ya S) = 8_1/4(9 + ’¢1 + ¢2)(y7 S)
We require also the following estimate accounting boundary effects.

Lemma 5.7 (Boundary estimates I). Under the assumptions of Theorem
L7, if |h(t)] + [ (8)] < Eo(1+1),

[ Gt 5 00h(5) ds < OB + 4,1
(5.20) 0

H,(x,t — s;0)h(s)ds < CEy(¢1 + ¢2)(z, ),
0

for 0 <t < +o0, some C' > 0.
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Proof. Note that H(x,t;0) = 0 for the outflow case A, < 0. Consider the
inflow case A, > 0 (and thus a, > 0). We have

‘ /t H(x,t _ 870)h(8) dS’
0
— 0T/ ax ‘h(_ai(x — L_z*t))‘
< e ™1 4 |z — @t)) Tt < OBo(y1 + ) (x, 1),

‘ /Ot H,(xz,t — s;0)h(s) ds’
< 0T/ (\h\ + \h’|> (_al*(a: — axt))]

< e (1 4 [ — a.t]) Tt < CEo(¢r + v2)(x, 1),
which completes the proof of the lemma. O

Lemma 5.8 (Boundary estimates II). Under the assumptions of Theorem
1.7, 4f |h(t)] < Eo(1+t)71¢ and |W ()| < Eo(1+1t)71,

‘ /Ot (éy(az,t — 5;0)Bh(s)+G(z,t — s; O)Ah(s)) ds‘
< CEp(0 + 11 + 92)(,t)

)/Ot (ny(a:,t — 5;0)Bh(s)+Gy(z,t — S;Q)Ah(s)) ds‘
< CEy(0 + Y1 + o) (z,1)

(5.21)

for 0 <t < 400, some C' > 0.

Proof. We first give the estimate on fot_l, where G (x,t—s5;0) and Gy (z, t—
s;0) are nonsingular. We have
(5.22

)
t—1 t L
(/0 Gy(wvt—s;O)Bh(s)ds( scfl Gy(x,7;0)|(1 4+t —7)" ' “dr.

We shall estimate the integral for each term (1 + T)_1/26_|x_““|2/MT, ap-

pearing in éy(l‘,T;O), and omit the O(e~"®+1)) term, which is negligible.
First, for a; < 0, using e~le—anTP/MT < o=a®/Mte=nT fo1 gome n > 0, we
have

t
/ (L+7) V24t — ) Lemlomar /M gy
1

t/2 t
(5.23) < e/ </ “‘/ )(1 + 1) V204t —1) e dr
1 t/2

S€_$2/Mt<(1+t)_1+(1+t)_1/26_nt),
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which is clearly bounded by C(6 + ¢1)(,t). For a; > 0, we consider three
distinct regions depending on z and t. First for x > at, we further divide
the estimates into two cases: (1,t/2) and (t/2,t). For 7 € (1,t/2), we
have e~ lT—arT?/M7 < o=a®/Mte=n7 for gome n > 0 and thus as above the
integral is bounded by C(6 + 91)(x,t). For 7 € (t/2,t), we write © — a7 =
x — agt + ap(t — 7) and thus

t
/ (1 + 7_)—1/2(1 +t— 7_)—1—66—|il'—(1k7'|2/M7' dr
t

/2
t
<e—@—%ﬂWMt/m(1+Wﬁ—ﬂ20_%t_TyJ—%—%@—ﬂWMde
B t/2
t
< C(14 ) V2 lrmart)?/M1 / (14t —71)"1dr < CO(x,t).
t/2

Next, consider the case: = < apt/2. Divide the analysis into cases:
(1,3t/4) and (3t/4,t). For 7 € (1,3t/4), use the change of variable s :=

(x — apT)/\/T to get

3t/4 )
/ (1 7) 21 4t — ) telemanrl/mir g
1

3t/4
(524) S (1+t)—1/ (1+T)—1/2€—|z—ak7|2/MTdT
1

+o0
<(1+ t)l/ e Mas < (1+14)71,

which is bounded by Ct1(z,t). For 7 € (3t/4,t), we have e |7=al?/Mr <
e~ 1" for some 1 > 0 and thus

t
/ (1+ 7')_1/2(1 +t— T)_le_|z_a”|2/MT dr
3t/4

(5.25) .

<1+ t)_l/z/ e dr < C(1+4)"V2e < CO(, 1).
3t/4

Finally, consider the case x € (apt/2,axt). We write x = aait with
a:= aikt We again divide the estimate into three regions: (1, at), (at, 1JrTat),
and (13%¢,t). For 7 € (1,at), we have (1+t—7)"' < C(1+t)~' < Coy(w,t)

and

at +o0o
(5.26) / (1 + )~ e lemarP/MT g7 < / e M s < C.
1 0
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For T € (at, 14%t), we have (1+¢t—17)"! < C(1+ |z —ayt|)~! and by change
of variable s := (x — ay7)/T,

14+a
5t

(1 + 7_)—1/26—|:r:—ak~r|2/M7' dr
(5.27) 7

1-a
< /1+a e M gr < C(1—a) < Ct Yz —agt].
0
Thus the integral is bounded by Ct=1 < Cuy(z,t). For r € (H4¢,t), we

have |z — ap7| > |2 — ap 22| = %[1 — alt = ‘x_zﬂ, and thus

t
/ (1 + 7_)—1/2(1 +t— 7_)—1—66—|I—ak7\2/M7' dr
1

t
(528) < (1 +t)—1/26—|1—akt2/2Mt/ (1 +t— 7_)—1—6 dr

14+a
5t

< C(1+4t)V2elemartlP/2ME < 0g(y 1),

Therefore, combining all these estimates, we obtain
t—1 _
(529 | / Gy (.t~ 5:0) Bh(s) ds| < C(6 + ) (a,1).
0

We also have similar estimates for G, on the nonsingular part fg -1

Next, to bound the singular part f;l, we integrate (5.9) in y from 0 to
400 to obtain

_ +o0 +oo
(5.30) GyB+GA=— G(z,t — s;y)Aydy + Gs(x,t — s;y) dy.
0 0

Substituting in the lefthand side of (5.21), and integrating by parts in s, we
obtain

(5.31)
1 +oo

/ttl(éyB + GA)h(s)ds = /0 ( ; Ay(y)G(x7 TiY) dy)h(t —7)dr

_/01< 0+00 G(x,T;y)dy)h'(t—T) dr

([ ane -,

which by [|G|dy < C' is bounded by maxo<,<1(|h| + |W|)(¢t — 7).
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Combining this with the following more straightforward estimate (for
large z, |z| > at)
(5.32)

t

1
’ Gy (z,t — 5,0)Bh(s) ds g/ |Gy (z, 73 0)|Bh(t — ) dr
t—1 0

1
< C max |h(t—7’)|/ 721/ gp
OSTSI 0

1
< C max |h(t—7’)|/ rle /O gr
OSTSI 0

= C|z| 2 Jnax |h(t — 7)]
_T_

1
X / (|z[2/m)e 1P /CT a7
0

< C max |h(t —7)||z| 72,
0<r<1

(5.33) t 1
‘/H G(z,t — s;0)Ah(s) ds’ g/o |G(x,7;0)|AR(t — 7) dT

1
< C max ]h(t—T)]/ 712 12l?/CT g

< C max |h(t —7)||z| 72,
0<r<1
and the estimate (5.20) for H term (thus together with (5.33) for G =
G + H), we find that the contribution from ftt—l has norm bounded by

max (|b] + ) (¢ = 7)(1+ [2]) 72 < CBo(1 +2)(2,0).

Combining this estimate with the one for fg _1, we obtain the first inequality
in (5.21). For second inequality, we first differentiate (5.31) with respect to
T to get

(5.34)
1 +o0

/ttl(ézyB + G A)h(s)ds = /0 ( ; Ay (y)Gy(z,73y) dy) h(t —7)dr

_/01< 0+0<> Gz(z,T;Y) dy)h’(t—T) dr

([T G-,

which, by [ [|Gu|dydr < C [ 771/2dr < C, is bounded by maxo<, <1 (|h|+
|W/|)(t — 7), similarly as above.
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For the large z, clearly we still have similar estimates as (5.32) and (5.33)

for Gy and G,. These, estimate (5.20) for H,, and (5.34) yield the con-

tribution from ftt,l as above, which together with the estimate for 5—1

completes the proof of (5.21). O

5.3. Linearized stability. In this subsection, we shall give the proof of
Theorem 1.6. We first need the following estimates:

Lemma 5.9 ([MaZ4]). Under the assumptions of Theorem 1.6,

+oo 1
[ Gense b, < o0+,
(5.35)

[ HC ) ], < Ce i,

for allt > 0, some C, n >0, forany1 < q <p and f € LYN LP, where
1/r+1/g=1+1/p.

Lemma 5.10. Under the assumptions of Theorem 1.6, if |h(t)] < Ep(1 +
t)_l_e,

‘ /Ot (Gy(x, t —s;0)Bh(s)+G(z,t — s; O)Ah(s)> ds

< CEo(1+ t)—%(l—l/p)

(5.36) L

for 0 <t < +o0, some C > 0.

Proof. This follows at once by the boundary estimate (5.21) and the fact
that [(0 4 ¥1 + 1) (-, )| 1» < C(1 + )~ 2(071/P), -

Proof of Theorem 1.6. Sufficiency of (D) for linearized stability (the main
point here) follows easily by applying the above lemmas to the following
representation for solution U(x,t) of the linearized equations (1.13)

Ulant) = [ Gt Ut dy
+ /0 (Gy(a:, t—s;0)BU(0,s) + G(z,t — s;0)AU(0, s)> ds

where U(y,0) = Uy(y) and |U(0,s)| < Clh(s)| < C(1 + 5)~17¢ by (1.14) in
the inflow case, and |BU(0,s)| < C|h(s)] < C(1 4 s)717¢ by (1.15) in the
outflow case, noting that G(z,¢;0) = 0 in this case. Necessity follows by a
much simpler argument, restricting =, y to a bounded set and letting ¢ — oo,
noting that G is given by the ODE evolution of the spectral projection onto
the finite set of zeros of D in RA > 0, necessarily nondecaying, plus an
O(e™™) error, n > 0, from which we find that asymptotic decay implies
nonexistence of any such zeros; see Proposition 7.7 and Corollary 7.8, [MaZ3]
for details. O
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5.4. Nonlinear argument. In this subsection, we shall give the proof of
Theorem 1.7. In fact, with the above preparations, the proof of nonlinear
stability is also straightforward.

Lemma 5.11 (H* local theory). Under the hypotheses of Theorem 1.7,
then, for T sufficiently small depending on the H*—norm of Uy, there exists
a unique solution U(z,t) € L>(0,T; H*(z)) of (5.2) satisfying

(5.37) U )| ga < C|Ug|ga
forall0 <t <T.
Proof. Short-time existence, uniqueness, and stability are described in [Z2,

Z4], using a standard (bounded high norm, contractive low norm) contrac-
tion mapping argument. We omit the details. U

Lemma 5.12. Under the hypotheses of Theorem 1.7, let U € L°°(0,T; H*(x))
satisfy (5.2) on [0,T], and define

(5.38) ()= s [(U]+ U0 + v+ w) " (1),

x,0<s<t

If {(T) and |Uy|ga are bounded by (o sufficiently small, then, for some
e > 0, (i) the solution U, and thus ¢ extends to [0,T + €|, and (ii) ¢ is
bounded and continuous on [0,T + €.

Proof. Boundedness and smallness of |U(t)| g4 on [0, T] follow by Proposition
4.1, provided smallness of ((T') and |Up|g+. By Lemma 5.11, this implies
the existence, boundedness of |U(t)|ga on [0,T + €], for some € > 0, and
thus, by Lemma 4.3, boundedness and continuity of ¢ on [0,7" + €]. U

Proof of Theorem 1.7. We shall establish:
Claim. For all t > 0 for which a solution exists with ¢ uniformly bounded
by some fixed, sufficiently small constant, there holds

(5.39) ((t) < Ca(Eo + (1))

From this result, provided Ey < 1/4C3, we have that by continuous induc-
tion

(5.40) ¢(t) < 2C2Ey

for all t > 0. From (5.40) and the definition of ¢ in (5.38) we then obtain
the bounds of (1.24). Thus, it remains only to establish the claim above.

Proof of Claim. We must show that (|U|+|Us|)(0+11+12) ! is bounded
by C(Eg + ((t)?), for some C > 0, all 0 < s < t, so long as ¢ remains
sufficiently small. First we need an estimate for U(0,s) and Us(0, s). For
the inflow case, by boundary condition estimate (5.5) and by the hypotheses
on h(s), we have

(5.41) U0, 5)] < Clh(s) + [U(0,5)2) < C(Eo(1+ )™~ + |U(0,5))
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from which by continuity of |U(0,t)| (Remark 4.4) and smallness of Ey, we
obtain a similar estimate to (5.40):

(5.42) |U(0,8)| < CEp(1+s)" 1.
Similarly for an estimate of U;(0, t), by taking the derivative of (5.5), we get
UL(0,5)] < CH(s) + [UIU](0,5))
(5.43) < C(Eo(1+ )" +1U(0,5)||Us(0, s)])
< C(Eo(1+9)7" +|Us(0,9)%)

which by the same argument as above yields
(5.44) |U(0, 5)] < CEy(1+ )"

Next, for the outflow case with boundary condition (5.6), we have
(5.45) |BU(0, s)] < CEo(1+s)" 174+ O(|U(0, 5)|?)
((BU)s(0,5)] < CEo(1+ )" + O(U[|Us[(0, 5)).

Now by (5.38), we have for all £ > 0 and some C' > 0 that
(5.46) U, 0] + Ul )] < SO0 + 1 + )z, ),
and therefore

QU.U)(y, s)| < C¢(1)*T(y, s)

ITLQU, Uy)y(y, s)| < CC(1)*U(y, 5)

with U = (6 + 11 + 102)? as defined in (5.17), for 0 < s < ¢.
As an estimate for U(z,t), we use the representation (5.7) of U(x,t):

(5.47)

Ut =| [ Glati oty dy

+ /t(éy(x,t —5,0)BU(0,s) + G(x,t — 5;0)AU(0, s)) ds‘
0

t 0o
+ /0/0 H(z,t —s;9)ILQU,Uy)y(y, s) dy ds

)

t 0o
+ /0/0 Gy(z,t — s;9)LQ(U,Uy)(y, s) dy ds

where by applying Lemmas 5.3-5.6 together with (5.47), we have

[ 6t nat i

(548) <%Aﬂ@muw+mu¢wm+mﬁﬂ@

< CEo(0 + 91 + ¥2)(x, 1)
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t oo
‘ / / Gy(x,t — s;9)Q(U, Uy)(y, s) dy ds
0 JO
(5.49) < o) / / Gt — 519 |U(y, 5) dy ds
< CC)* (0 + 1 + v2) (2, 1)

t 00
[ Het - s mQ.U,), () dy ds
0 JO

(5.50) = CC(t)Q/ /Oo H(z,t — 89)(0 + b1 + ¥2)* dy ds

< C(¢(t) / / H(x ;Y)Y (y,s)dy ds
< CC* (0 + Y1 + Yo) (1)
and, for the boundary term, we apply the estimate (5.42) and Lemma 5.8,
yielding
¢
‘ / (Gy(z,t —s5;0)BU(0,s) + G(x,t — 5;0)AU(0, s)) ds
0

< C(Eo + C()*)(0 + v + v2)(w,1)

for the inflow. Whereas, for the outflow case, noting that G(x,t — s5;0) =0
in the outflow case, we apply the estimate (5.45), (5.46) and Lemma 5.8 to
give the same estimate as above, yielding

(5.51)

L/G 0)BU(0, 5) ds| < C(Fy + C(12)(0 + 1 + ) (2 1)

where we used (5.46) for |U(0, s)| C(t)(1 + s)~1 and thus by (5.45),
[BU(0,5)| < C(Eo + C(H)*)(1+ )71
Therefore, combining the above estimates, we obtain

(5.52) |U (2, 1) (0 + 1 + o) Nz, t) < C(Eo + C(2)?).

To derive the same estimate for |Uy(x,t)|, we first obtain by using Propo-
sition 4.1,

U0 < Ce 0l +0 [ N[0+ B ar

< C(Eo + (0>,

where Bj, is the boundary function defined in Proposition 4.1, and thus by
the one dimensional Sobolev embedding: |U(t)|yys.« < C|U(t)| g4,

1Q(U,U,).| < C(C3(t) +4C?EF)Y
1Q(U, Uy)za| < C(C3(t) +4C*ESYT
where T = t=14(0 + 1 + 1b2).

(5.53)
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Now again applying Lemmas 5.3-5.8 together with (5.53), (5.44), and
(5.45), we have obtained the desired estimate, that is, bounded by (¢2(t) +
CEp)(0+11+12)(x,t), for most terms in the formulation (5.13) of U, (x,t),
except one boundary term:

[ et s 0mQw, v, 0,9) s,
0

which is bounded by CEy(¢1 + ¥2)(z,t) by using (5.4), (5.46), and Lemma
5.7, and noting that
TLQU, Uy)y(0,8)] < C(8)[A(s)[(6 + 1 + 12)(0,5) < CC(H)[(s)].
Therefore, together with (5.52), we have obtained
(5.54) (U )] + |Us(@, OO + 1 + 2) " (2, 8) < C(Eo + ((1)?)

as claimed, which completes the proof of Theorem 1.7. [l
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