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62 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

Part 1. Introduction

In this paper we study the long time stability of multidimensional planar viscous
shocks with energy estimates. We introduce degenerate symmetrizers as the main
new tool for proving the estimates.

1. GUIDE TO THE PAPER

1.1. Ideal shocks and viscous shocks. Consider a system of conservation laws
d
(1.1) ue+ Y (u)e; =0,
j=1

where u, f/ € R™, and a planar (ideal) shock (Ug, Uy, s) moving in the z; direction
with speed s. This means that the triple (Ug, UL, s) is constant and satisfies

(1.2) sU] = [f1(U)] =0,

where [U] = Ugr — Uy,. Condition (2], known as the Rankine-Hugoniot condition,
is necessary and sufficient for the function v defined by

Ug, > st,
(1.3) w={ "o
Uy, T, < st

to be a weak solution of in ]Rf;l.

Redefining z1, f' as @1 = @1 — st and f'(u) = f'(u) — su, we can and will
henceforth assume s = 0.

Consider also a corresponding system of viscous conservation laws

d
(1.4) ue+ > f ()., = A,
j=1
where
d
Ay = Z (ﬁju,
j=1

and a steady state solution ¢(z1) connecting the endstates Ug, UL:

(1.5) lim ¢ (1) = Un, lim (z1) =UL.

1

Note that v satisfies the travelling wave ODE
(1.6) o' = 1) = fH(UL).

It is easy to check that the Rankine-Hugoniot condition is a necessary condition
for the existence of such a ¥. We refer to ¢ variously as a connection, a profile, and
a viscous shock.

1.2. Nonlinear stability. We wish to understand the stability of the profile (1)

under multidimensional perturbations. Let A denote some set of admissible per-
turbations to be specified later.
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MULTIDIMENSIONAL VISCOUS SHOCKS I 63

Definition 1.1. For vy € A let u(x,t) be the solution to the system ([4) with
initial data at t = 0 given by

(1.7 uo(z) = ¥(z1) + evo(x).
We say that v is nonlinearly stable with respect to perturbations in A if there exists

an €g > 0 (depending on |vg|4) such that for e < €, the solution u(z,t) exists for
all time and

(1.8) |u(z,t) — h(21)|poe(z) — 0 as t — oo.

1.3. The eigenvalue equation. Let A;(x1) = df’(¢(z1)) and 2’ = (22,...,24q).
(Later, we will switch to a more convenient (x,y) = (x1,2') notation.) After a
transfer of initial data to forcing carried out in Section 2, the key step turns out to
be the proof of good estimates for the linear problem
d

(1.9) (a) w4+ (A(x1)u)y, + Z;Aj(xl)aju - Au=f,

i=
(b)  wlt=0 =0.

Because of the initial condition, if we extend u and f by zero into ¢ < 0, the
extensions satisfy (L) on R!*4. We may take the Fourier transform in (¢,2') to
obtain the eigenvalue equation for @(z1, A, &'):

(110) ﬁwﬂ:l - (Al(xl)fl‘)wl - s(xlv Aagl)ﬁ = f(xlv )\’5/)
where (7,&’) is dual to (¢,2'), A = i7 + v with v > 0 and
d
s A €) =D Aj(@)i; + AL+ [T
j=2

The existence of “eigenvalues” A in the unstable half-space A > 0, that is, values
of \ for which there exist nontrivial solutions @(z1, A, &') of (LI0) (with f = 0)
decaying at both oo , is easily seen to rule out any useful stability estimate for
(T9) (see Remark[24). In Section 2 we recall the definition of the Fvans function
D(A, &) corresponding to the viscous profile ¢. This function is a Wronskian of
solutions to the homogeneous version of (I.I0) with the property that eigenvalues
of (LI0) in RA > 0 correspond to zeros of D(A, ).

It is easy to check that ¢’ (x1) itself is a solution of the eigenvalue equation when
(A, &) = (0,0) (differentiate (0] twice), so the Evans function (suitably extended)
vanishes at (A, &) = (0,0). One of the main hypotheses of this paper is that D
vanishes to precisely first order at (0,0) and has no other zeros in 8\ > 0. This is
stated precisely as assumption (H4) in Section 2.

The same Evans assumption has already been shown to imply long time stability
of viscous profiles in the 1D case in [KK] for zero mass perturbations and [Z2]
MaZ1, MaZ2, MaZ3, MaZ4l IMaZ5| [Z3 HZ, Ra)] for general perturbations, and in
the multidimensional case in [Z1} [Z3, Z4] (for general perturbations); see also the
important groundwork of [GZ, [ZH| [ZS] and [K1}[K2,[KS, [LZd, HI,[H2]. A treatment
of the scalar multidimensional case (for which the Evans assumption always holds,
by the maximum principle) may be found in [HoZ2, [HoZ3|. We say more about the
relation of and to this work below.

We also mention the earlier works [Goll[Go2] in which stability under
zero mass perturbations was proved for sufficiently weak (i.e., small amplitude)
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64 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

shocks in 1D, [SX] in which stability under general perturbations was proved for
weak shocks in 1D, and [Go3l [IGM]| in which the stability of weak planar shock
solutions for viscous scalar multidimensional conservation laws was demonstrated.
See also the important partial results of [L1] and [L2] for weak shocks in 1D, in
which the modern picture of 1D asymptotic behavior of a perturbed shock profile
(verified for strong shocks in [Ra]) was first set out, and the treatment of special non-
Lax shocks in [LX], [FLL [LZ1] [LZ2] (extended to general strong shocks in [HZ| Ral).
There is little contact either in techniques or ideas between the 1D weak shock
theory and our present analysis, which is closer to the inviscid theory of Kreiss
and Majda [Kl M1, M2]. Our treatment of stability in 2D has some conceptual
roots in [Go3| [GM], as described further in [Z1], but at a technical level it is again
essentially unrelated.

Remark 1.1. Recent work by Freistiihler and Szmolyan [FS] and independently by
Plaza and Zumbrun [PZ] shows that Evans condition (H4) holds for sufficiently
small amplitude Lax shocks, under the mild structural assumptions of symmetriz-
ability plus strict concavity/convexity of the characteristic associated with the
shock; see [EM), Metdl, Mef2] for the analogous study of small-amplitude invis-
cid stability. In general, (H4) may fail for large-amplitude or non-Lax shocks; see
1S, |GZL [FZ).

1.4. Reformulation as a doubled boundary problem. Rewrite the second
order n x n eigenvalue equation as a 2n x 2n first order system on R,, depending
on frequency (A, ¢'):

(1.11) <u> N (sé‘i,(i,%') é) (u> " <f<xho MU) ’
(()I.u) Uy, =GU+F
for short.

Notation 1.1. If f(x1) is any function defined on R, define fi for z; > 0 by

f+(x1) = f(z1),
(113) f- (1) = f—a).
Now on x1 > 0 let

U((E, )‘75,) = (UJHU*)?

(1.14)
F = (_‘C}"_) , and
TU =U, —U_.
Note that U(x1, A, &) satisfies (LI2) on R if and only if U satisfies the 4n x 4n
first order system on x; > 0:
U, — G(z1,\, &)U =F on z1 >0,

1.15
( ) I'U=0onz; =0.
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MULTIDIMENSIONAL VISCOUS SHOCKS I 65

The boundary condition in (IIH]) just expresses the continuity of ¢ (in (ILIZ))) at
21 = 0. Usually, we will drop the script notation and write U = (U, U_).

Having rewritten the eigenvalue equation as a boundary problem on half-space,
we are now in a position to use the machinery of Kreiss symmetrizers to prove
energy estimates. But the most serious obstacle remains, namely, the dependence
of G on z1. Trouble is caused, for example, by the fact that as x; varies from —oo
to 400, one of the eigenvalues of Aj(z1) changes sign (the kth eigenvalue if the
inviscid shock is a k shock).

1.5. Conjugation. To deal with the x; dependence, we use a tool introduced in
IMZ1]. Observe that since the z; dependence of G enters only through the profile
(1), there is a well-defined limiting problem corresponding to ([15) which is
obtained simply by letting 1 — 400 in G. Call the limit matrix G(oo, A,&’). One
can replace ([LI5) with a constant coefficient problem by constructing a matrix
W(x1, A, &) with the properties

Wiz, \, &) =140 %), 6>0,

(1.16) O, W = G(21)W (21) — W (21)G(c0).

The substitution U = WV then transforms the problem (LI5) into

Vi, — G(oo, \, €YV =WIF,

(1.17) .
T(z1, A\, &)W =0o0nz; =0,

where I'(z1,\, &)V = TW (21, \,&)V. Thus, estimates for (IL17) imply estimates
for (CIH).

1.6. Degenerate symmetrizers. Kreiss symmetrizers have long [K] been used to
obtain L? estimates for hyperbolic boundary problems with nonvanishing Lopatin-
ski determinants. In [MZI] the use of such symmetrizers was extended to the
Dirichlet problem for “hyperbolic + viscosity” operators and applied to study the
stability of multidimensional viscous Dirichlet boundary layers, a situation where
the Lopatinski determinant is nonvanishing. Standard symmetrizers adapted to
hyperbolic-parabolic operators are recalled in Section 5.

The linear algebraic preparation needed for the construction of both standard
and degenerate symmetrizers is given in Part 2.

As we have seen, the Evans function in the viscous shock problem vanishes for
zero frequency. When the eigenvalue problem on the whole space is reformulated as
a doubled boundary problem on a half space, the vanishing of the Evans function
translates into vanishing of the Lopatinski determinant for the boundary problem
i)

In Section 7 of this paper we construct degenerate symmetrizers to cope with
the degeneracy of the Lopatinski determinant in the viscous shock problem. The
Lopatinski determinant is nonvanishing for frequencies bounded away from zero, so
most of our efforts are focused on the small frequency region. The critical estimate
for (ILIT) is the small frequency estimate (8IZ), where the norm is an L?(x1) norm,
the functions U, F depend on (z1, A, £’), and p = |\, &’|. Note that the estimate is
quite singular at p = 0.
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66 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

1.7. Zero mass perturbations. Our first application of this estimate is a proof
of the long time stability of multidimensional planar shocks under zero mass per-
turbations in dimensions > 3. This means we take vg(x) in (7)) of the form

(1.18) vo = div V

for sufficiently well-behaved V' (see assumption (H5)).

There is no restriction on the size of the shocks, but they are required to satisfy
the Evans assumption (H4). To deal with the singularity at p = 0 in the main
estimate ([8I2), we are led to introduce mixed norms corresponding to the space
L?(z1, L' (t,2")) (x1 = 0 is the boundary). We are then able to carry out in higher
dimensions the strategy used in [KK] for handling zero mass perturbations in 1D,
with our mixed norm playing the role of their L' norm. The strategy uses the
zero mass assumption to write the forcing in divergence form (Remark 22). First
one solves an auxiliary problem (II.3) and then reduces to considering a problem
with pF forcing (ITH). Clearly, such forcing is advantageous in the region where
p is small. A more detailed description of this strategy is given at the beginning
of Section 9. The full linear stability estimate for (CH) in this case is (taking
f=divF)

(1.19) [, Uty Ugr |12 (4,2) + Uy |2 (0,2) < CUF 1200, 00 (1,27)) + [ FlL2(t,2))-
This is (I0LT). The zero mass result is Theorem 1

1.8. Nonzero mass perturbations. Let |7,£'| = r < p. Since Lebesgue measure
in d-dimensional (7,&’) space is

drd¢’ = ri tdrdw,

the mixed norm argument used to prove (8:22) works more easily in higher dimen-
sions: 7971 cancels the singularity at p = 0 in the main estimate (812). In fact,
for d > 5 more general perturbations not in divergence form can be handled by an
argument that is simpler than the one just described. There is no need to consider
an auxiliary problem. In place of (ILTJ)) the estimate for ([CY) is now

(1.20) [, e, Ugr | L2(8,2) F [Uay [ L2(0,2) < CUFlL2(@r, 010 + | flL20,2))-

Observe that there is a gain of two derivatives in (L.I9) but a gain of only one in
(I20). The result for nonzero mass perturbations in d > 5 is Theorem [4.3]

1.9. L' — LP estimates. Of course, one wants to prove nonlinear stability for
nonzero mass perturbations in all dimensions d > 2. However, the small frequency
estimate of Part 3, (BIJ), does not appear adequate to handle the problem of long
time stability under nonzero mass perturbations in space dimensions 2, 3, and 4.
Thus, we are led in Part 3 to prove more refined L! — LP estimates (p > 2) by a
combination of degenerate symmetrizer and duality arguments. These are crucial
for the treatment of long time stability, and as far as we know are the first such
multidimensional symmetrizer estimates between norms other than L?. Previous
attempts had been foiled by the presence of glancing modes. Indeed, such modes
present the main obstacle to be overcome in Section 11. The bounds we obtain
by our symmetrizer estimates match those obtained by direct integration of the
pointwise resolvent kernel bounds obtained by explicit computation in [Z1].
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MULTIDIMENSIONAL VISCOUS SHOCKS I 67

In Section 11 we define an adjoint doubled boundary problem dual to the original
forward problem and observe that L? — L™ estimates for the dual problem are
equivalent to L' — L? estimates for the forward problem. Section 11 is devoted
to the proof of L? — L™ estimates for the dual problem. In order to obtain these
estimates we must add the structural assumption (H6) of [Z1] that the glancing set
associated with the shock have constant rank; see our (H6) below.

In place of (L20) we obtain for nonzero mass perturbations in dimensions d > 3:

(121) |u7uta uz’|L2(t,x) + |uz1|L2(t,x) < C(|f|L1(t,x) + |f|L2(t,;c))~

The corresponding nonlinear stability result in d > 3 is Theorem [4.41

The passage from the linear stability estimates (LI9), (L20), (I21) to the corre-
sponding nonlinear stability results in Theorems 1] .3, and[£.4]is in each case by
an argument similar to the scheme in [KK]. These arguments are given in Sections
9 and 10.

The endgame in dimension two seems to require a special argument similar to the
one in |ZI]. This is given in Section 12. The corresponding nonlinear stability result
is Theorem Here, the inverse Laplace transform is estimated on a parabolic
contour R\ = —C~1(]¢'|2+|SA|?), rather than the flat contour R\ = 0 considered in
IKK], to take into account the additional decay due to diffusion in the parabolic case.
By contrast, the [KK] endgame takes into account (and requires) only estimates
like those in the hyperbolic case, which for general (nonzero mass) perturbations
are sufficient in large enough dimension, but fail in dimensions one and two.

1.10. Assessment. The stability of multidimensional planar shocks has already
been carefully studied in |ZI] by construction of Green’s functions. [Z1] proves
long time stability under nonzero mass perturbations and gives rates of decay in
time. Apart from the fact that in Theorems 1] and [£.3] we are able to do without
the structural assumption (H6) of [Z1], we believe that the main interest of the
long time stability results here lies in the new methods used to obtain them, which
apart from their independent interest also illuminate and unify previous theory. In
particular, Theorem F.2] gives a natural extension to multidimensions of the zero
mass approach of [KK] and, in combination with Theorem 45 clarifies the relation
of this approach to the one used in [Z1] to treat general perturbations; Theorem
K4 shows that the approach of [KK] can succeed also for general perturbations in
sufficiently high dimensions d > 3. Moreover, in contrast to the Green’s function
methods of [Z1], the conjugation and degenerate symmetrizer arguments can be
readily extended to curved shocks with the aid of pseudodifferential operators.
Indeed, in the sequels [GMWZT] [GMWZ2], (GMWZ3] we apply such arguments to
give a rigorous justification of the small viscosity limit for curved multidimensional
shocks.

2. ASSUMPTIONS

2.1. Assumptions on the equations.

(H1): f7 € C>*(R",R").

(H2): Z?zl df?(Ug,1)¢; has simple real eigenvalues for £ € R%\ 0
(strict hyperbolicity of Ug. ).
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68 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

Observe that (H2) implies
d
(2.1) the eigenvalues 3 of — ZZ dff(Ur.p)&; — |€)? satisfy RB = —|¢]2.
j=1
2.2. Assumption on the shock.
(H3) (Ug, U, s) satisfies the Lax shock inequalities [Lal.

Remark 2.1. (1) (H3) implies the eigenvalues of df!(Ug,1) are nonzero, so 1 = 0
is noncharacteristic. Let &k (resp. I) be the number of positive (resp. negative)
eigenvalues of df!(Ug) (resp. df'(UL)). Then (H3) implies

(2.2) k+l=n-—1.

(2) The hyperbolicity hypothesis can be weakened, and more general viscosities
and types of shocks can be handled by the methods here. In particular, (H2) may
be weakened to allow the case of nonstrictly hyperbolic but constant multiplicity
systems with stable viscosity matrices treated in [MZ2]; extensions to the variable-
multiplicity case are discussed in [MZ2] [GMWZ4]. Also, (H3) may be weakened to
allow overcompressive shocks as in [Z1]; see Remark [[0l below. (As described in
[Z1], undercompressive shocks require a slightly different treatment.) Since most
of the difficulties are already present under the above simple assumptions, we will
work with these in order to lighten the exposition. We plan to treat more general
situations in a future work.

An important consequence of (H3) is:

Proposition 2.1. ¢ decays at exponential rate to its endstates. There exist positive

constants C, B such that
(2:3) |(z1) — Ugr| < Ce P%1 for x> 0,
. |t(z1) — UL < Ceb for x1 < 0.

Proof. Since the eigenvalues of df'(Ug, 1) are nonzero, the center manifold of ([.G)
at the rest points Ug,f, is trivial. O

2.3. Reduction to a forward problem. Consider the problem
d
ug + Z (W), = Du,
(2.4) =
ult=0 = Y(z1) + evo(x),

and look for u(x,t) of the form

(2.5) u(z,t) = P(x1) + ev(z, ).
Write
(26)  fI(+ev) = fI () + eAj(z1)v + g (¥, v,€), forj=1,....d,
where
(2.7) Aj(21) = df? (¢ (1)),
and note that g; is a smooth function of its arguments satisfying
(2.8) lgi (¥, v,€)| < Caslv|? for [v] < M.
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MULTIDIMENSIONAL VISCOUS SHOCKS I 69

Usually, we will set A(xz1) = A1 (z1). In view of Proposition P the matrices A;(x1)
decay exponentially to their limiting values at d-oco.
The problem satisfied by v(z,t) is then

d d

v+ (A)o)e, + 3 40050+ €3 (g5(,v.6))a, = Av,

(2.9) = i=1

’U|t:0 = 9.

Next, as in [KK] to obtain a problem with zero initial data we look for v(z,t) =
@+ e 'vg(x). Drop the tilde on u, suppress the harmless e dependence in g;, and

write
(210) 9](1/)7 u—+ eitUO) = g](wv eitUO) + B] (QC, t)u + hj (LL', ta U),
where
B’xat :au j aeitv )
(2.11) (@, t) 9; (¢ 0)

|hj(z,t,u)| < Carlul® when |vg,u| < M.

The problem satisfied by u can now be written

ut + (A(z1)u) 5, + zd: Aj(x1)0ju + edivy (B(z, t)u) + edivg (h(z, t,u))
(2.12) =2
= Au+ e g — div, Az, t) — edive (g(v, e vg)) + dive (e Vi),
ut—o =0
where
(2.13) A(z,t) = (Ar(z1)e Mg, - . ., Aa(z1)e b)),

B(z,t)u = (Bi(z, t)u, ..., Bi(z, t)u), ete.

Remark 2.2. Note that if vg = div,V for some V = (V4,..., Vy), the problem (2:12)
takes the following form with conservative forcing:

ut + (A(z1)u)z, + zd: Aj(x1)0ju + edivy(B(z, t)u) + edivg(h(z, t,u))
(2.14) =2
= Au+ divy F(z,t),
ult=o = 0,
where
(2.15) F=eV—A—eg(th,e 'vg) + e "Vyup.

In Part 2 we obtain energy estimates for the following linear problem correspond-
ing to (2.12):
d
(a)  wr+ (Alw)u)e, + Y Aj(x1)05u — Au= f,

Jj=2

(2.16)
(b)  uleeo = 0.
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2.4. Evans function. We will work mostly in frequency variables so we change

notation, replacing (z1, z2,...,24) by (z,92,...,y4) and letting (7,7) be dual to

(t,y). We will take the Laplace transform in ¢ and set A = i7 + -, where v > 0.
Extend u and f in (2.16) by zero in ¢ < 0 and take Fourier-Laplace transforms

in (t,y) to get the eigenvalue equation:

(2.17) lze — (A(2)0)z — s(z, A, n)a = fx,\,n)

where .
sz, \m) =Y Aj(@)ing + A+ [n°T.
=2

Next rewrite this as a 2n x 2n first order system on R depending on frequency

N R R T RPN
(();19) Uy =GU + F

for short.

Notation 2.1. (1) Set ¢ = (7,7,n). We will sometimes write (with slight abuse)
¢ = (An) and f(A,n) = £(C)-
(2) Introduce polar coordinates
(2.20) ¢ = pC, where ¢ = (7,4,7) and ¢ € §<.
We will always take v > 0, so define Si =8N {¥>0}.

Remark 2.3. Observe that smooth functions f(¢) of ¢ € R4 can be rewritten
as smooth functions f((,p) with (¢,p) € S¢ x R,. However, when f(,0) is not
constant on S¢, the function f(¢) corresponding to f((,p) is not continuous at
¢=0.

In order to define the Evans function we recall the following lemma from [ZS]:

Lemma 2.1. Forn € R4™1, R\ > 0, there exist bases of solutions

(2.:21) Ul Uy Ul Uy

of 2I9) with F = 0, spanning the stable/unstable manifolds at x = 400/ — 00,
respectively, such that

(2.22) D(\,n) =detUf, - . UR UL, - U)o

is analytic in (\,n) and continuously extendible to RA = 0.

Definition 2.1. D is called the Evans-Lopatinski determinant (or Evans function
for short) for the problem (ZI9). Here and henceforth we always normalize the
columns appearing in ([2:22)) so that they of are of size ~ 1 for p near 0.

Remark 2.4. (1) Note that nonvanishing of D in A > 0 is necessary even for
linearized stability. Linear dependence implies existence of a solution Y = (i, )
to the homogeneous problem decaying at both oo, and thus of an exponentially
unstable solution w(x,t,n) = eMi(z, A, n) of (2.16)(a) with f = 0.

(2) In p > 0 we may write D(¢) = D(C,p). In Lemma 5.1 in [Z9] it is shown
that D(C, p) is analytic in {4 > 0, p > 0}. In view of Remark [Z1] below, D and D,
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MULTIDIMENSIONAL VISCOUS SHOCKS I 71

are continuously extendible to {§ > 0,p > 0}. In addition, Proposition 5.3 of [ZS]
implies

(2.23) D(C,p) = CBA()p+ olp)

as p — 0, for some C' # 0. Here [ is nonvanishing if and only if the stable/unstable
manifolds for Ur /Uy, of the travelling wave ODE ([LG) are transverse at the connec-

tion v, while A(() is the Lopatinski-Kreiss-Majda determinant for the ideal shock
problem linearized at (Ug, Uy, s).
The computation giving (2.23) shows that

(2.24) D(.p) € C(S.CM(R)).

(3) The vanishing of D(C,0) reflects the fact that at p = 0 the homogeneous
version of (ZI9) has the solution U = (¢,0), where ¢ = ¢’ (differentiate (L)
twice). This solution is fast decaying at both +oo. It will be convenient later to
normalize

(2.25) Uft(2,{,0) = Uz (2,(,0) = (4(x),0).
(4) Lemma 2Tl follows from the Gap Lemma of [GZ] and Proposition Bl below.

2.5. Assumption on the viscous profile.
(H4) D(C, p) vanishes to precisely first order at p = 0 (where it must vanish) for all
¢ € S¢ and has no other zeros in S¢ x Ry.

Remark 2.5. In view of the above remarks D(CA , p) vanishes to precisely first order
at p = 0 if and only if both g # 0 and A(CA) # 0 on Sff_, i.e., the viscous profile is a
transversal connection of the travelling-wave ODE and the ideal shock (Ug, Uy, s)
satisfies Majda’s uniform Lopatinski condition.

2.6. Admissible perturbations.

Notation 2.2. Consider v(z,y) defined for (z,y) € R%

(1) <U>§?P - Z\alﬁp |8&’y)v(a:, y)&z(;,y)'

(2) )1y = Ljalp 100, V(@ W12, 010y

(3) (W) = ngp |a&,y)v(xa YL@y
Remark 2.6. We caution the reader not to confuse the above notation with the com-
monly used W¥P notation for Sobolev spaces, where k is an order of differentiation

and p is an LP exponent.

In each of our three main theorems we will use perturbations from one of the
following admissible classes.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



72 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

Definition 2.2. For p € {0,1,2,...} define the sets of perturbations .AII), AZI,I,
AL ALV - AY by
AZI, = {vo(z,y) = div(y,,)V, where V = (V1,...,Va),
satisfies (V)o,p12 + (V) (2,1);2 < o0},
AT = {vo(z,y) = (v0)2ipr2 + (v0) (2,1):2 < o0},
(2.26) AN = {wo(m,y) : (v0)2spr2 + (vo)1,2 < 00},
AII)V = {vo(z,y) = div(z,)V, where V = (V1,...,Vy)
satisfies (V)a;p42 + (V)1;2 < o0},
AY = {uo(,y) : (v0)ocio + (vo)1:0 < 00}

2.7. Assumption on the perturbation vy. Each theorem will make one of the
following assumptions:

(H5)" v € Al for some p > 4.
(H5)'" vy € AlT for some p > 4.
(H5)T vy € AT for some p > 4.

d
(H5)"V  wo € ALV for some p > §.
(H5)

5)V ’U()G.AV.

3. AUXILIARY ASSUMPTION ON THE SHOCK

In parts of our treatment of nonzero mass perturbations, we shall have to aug-
ment the above assumptions with an additional structural assumption (H6) as in
|Z1] (also called (H6) there). Let (&, 7,n) denote (real) variables dual to (x,t,y).

Notation 3.1. Let A(+oo) = lim,_+ A(z) and define Aj(+o0), j = 2,...,d,

similarly. Let the matrix symbols of the linearized invisicid limiting operators be
d

(3.1) Ly (&, m.m) =ir] + A(Fo0)i€ + Y Aj(o0)in;

j=2
and the corresponding scalar symbols be

(32) p:l:(gv’rv 77) = det L:I:(Ea’ra 77)

Definition 3.1. Define the glancing set G to be the set of (r,7) € R%\ 0 such
that for at least one choice of sign the equation p4 (£, 7,17) = 0 has a real root £ of
multiplicity > 2.

Clearly, at any point (79,70) € G at least one real root £ of p+ (£, 7,77) = 0 has
a branch singularity. (The degree of singularity with respect to 7 (n held fixed) is
equal to the integer s in (B3) below.)

The hyperbolicity assumption (H2) implies there exist real functions Tli &mn),...,
(€, 7), smooth and homogeneous of degree one in (£,7) # 0, such that

<. <7 and

(3:3) pi(r Em) = "(r — 7€) - (7 — 7 (Em).
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If (10,m0) € G, there exist & and for at least one choice of sign a 7']»i (with j
uniquely determined by the choice of £+ and (&, 70,70)) such that (dropping +)
T0 = Tj(fo,?]o) and
9e7j (60, m0) = 0.
Moreover, the multiplicity of &y as a root of p(&p, 70,7m0) = 0, and thus the degree
of singularity (with respect to 7) of the associated branch point, is equal to s
(2 < s <n)if and only if
8?7']-(50,770) =0, fork=1,...,s—1, but
9¢7j(&05m0) # 0.

Note that this implies at the same time that 0¢7; (-, 70) has no roots nearby &, other
than & itself.

Clearly, (33 and the implicit function theorem imply that for any such (79, &0, 10)
and function 7;, there exists a function £(n) such that locally near (o, 70)

(3.6) 855717']» (&,m) = 0 precisely when & = £(n).

Note that £(n) is smooth and homogeneous of degree one away from n = 0. We can
now state the auxiliary assumption (H6):

(3.4)

(3.5)

(H6) For any (70,70) € G, corresponding root &, of multiplicity s, and functions
7; and £(n) as above, we have

(3.7) 8§Tj(§(77),’l7) =0fork=1,...,s—1 and 7 near np.
In other words &y persists as a root £(n) of multiplicity s of

p&m), 7 (€Mm),n),n) =0

for n near 19, and (by the remark below (BXH)) there are no other nearby roots of
multiplicity > 1.

A compactness argument using the fact that G is a closed conic set shows that
under the assumption (H6) all such branch singularities are confined to a finite
union of surfaces

T =75(n) = 7;(&(n),m)
on which the singularity (with respect to 7) has order equal to s;, the multiplicity
of the root &(n); this is the version of (H6) stated in [Z1]. We will usually relabel
and replace the double index j,! by a single index as in 7 = 7(n). Note that graphs
T, may well intersect.

Remark 3.1. (1) The statements of this subsection require only slight modification
when the assumption of strict hyperbolicity (H2) is relaxed to the following more
general hypothesis of [Z1], [MZ1]:

(H2): Z?zl df?(Ur,1)€; has semisimple real eigenvalues of constant multiplicity
for £ € R4\ 0 (nonstrict hyperbolicity with constant multiplicity).

In this case the multiplicity of & as a root of p(&o,70,70) = 0 is some integer
multiple of s as in ([B3).

(2) Condition (H6) is automatic in the cases d = 1,2 and also in any dimension
for rotationally invariant problems. In 1D the glancing set is empty. In the 2D case
the homogeneity of 7; and its derivatives implies that the ray through (&, n0) is
the graph of {(n) and that (H6) holds there. (H6) also clearly holds if no real root
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¢ of p(¢,7,m) = 0 has multiplicity > 2, in particular in the case that all eigenvalues
7;(&,n) are linear or convex/concave in their dependence on &.

(3) In the equations of gas- and magnetohydrodynamics (MHD), all character-
istics are linear combinations of (£,7) and |&, n|, hence the above results show that
(H6) is valid whenever the constant multiplicity assumption (H2') applies. Thus,
we see that (H6), though mathematically restrictive, nonetheless allows important
physical applications.

(4) The word glancing is used in Definition [31] since null bicharacteristics of p
through points (&, 7,7) with £ a root of multiplicity > 2 run parallel to = 0.

(5) In [Z1], there were made besides (H6) two additional auxiliary assumptions
(H5) (different from our (H5) here) and (HT7); however, these hold automatically
in the case of uniform stability considered here (uniform inviscid stability, in the
language of the reference). Thus, within the context under consideration, we make
here exactly the same assumptions as were made in [Z1], and we will obtain the
same results, though by quite different techniques.

4. MAIN RESULTS

Recall the definition of nonlinear stability of the viscous profile ¥ with respect
to a family of perturbations (Definition [[]).

Theorem 4.1 (Zero mass, d > 3). Assume (H1), (H2), (H3), (H4), and (H5),
where the number of space dimensions is d > 3. Then the viscous profile v is
nonlinearly stable with respect to AZI,.

Theorem 4.2 (Zero mass, d > 1). Assume (H1), (H2), (H3), (H4), (H5)'V, and
(H6), where the number of space dimensions is d > 1. Then the viscous profile 1
is nonlinearly stable with respect to .A{,V.

Theorem 4.3 (Nonzero mass, d > 5). Assume (H1), (H2), (H3), (H4), and
(H5)!, where the number of space dimensions is d > 5. Then the viscous pro-
file ¥ is nonlinearly stable with respect to A[I,I.

Theorem 4.4 (Nonzero mass, d > 3). Assume (H1), (H2), (H3), (H}), (H5)'11,
and (HG), where the number of space dimensions is d > 3. Then the viscous profile
1 is nonlinearly stable with respect to AII,H,

Theorem 4.5 (Nonzero mass, d > 2). Assume (H1), (H2), (H3), (H4), (H5)V,
and (HG), where the number of space dimensions is d > 2. Then the viscous profile
1 is nonlinearly stable with respect to AV . Moreover, the perturbation u decays in
LP, p > 2, at the rate |u|,(t) < C(p, d)(l—l—t)*%(l*%) of a (d—1)-dimensional heat
kernel, where C(p,d) is monotone increasing in p, finite for p < oo, and uniformly
bounded for d > 3.

Remark 4.1. (1) Clearly, Theorem HF] implies Theorem HE4; however, we shall
prove them by rather different arguments, and so we maintain the distinction for
easy referencing.

(2) The nonzero mass case for d = 1 is treated by estimation of Green’s functions
in [ZH], |Z2].

(3) We can drop (H6) in the above theorems when d =1 or 2 (Remark [B.1}(2)).

(4) (H1) can be weakened to f7 € C%+5(R”,R") for Theorems FIHZA] and
f7 € C? for Theorem F5]
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Part 2. Algebraic preparation
5. DOUBLING AND CONJUGATION

As explained in the introduction, we want to rewrite the 2n x 2n system (2.19)
on R as an equivalent 4n x 4n “doubled” boundary problem on x > 0. We have
(with (z,y) in place of (z1,2"))

Uy — G(x,\,n)U = F,

(5-1) I'U=0onz=0,

where in the + notation (I:1)),
U(l‘, >‘a 77) = (UJMZ/{*);

0
G(x,)n??) = <g0+ _g_> )

_ ([ F+
F= (_]___) , and
TU=uU,-U-.
Recall, for z > 0

[ A(xx) I
(53) g:l:(xa)‘vn) - (S(il‘,/\,?’]) 0) .
Henceforth, we will drop the script notation and write U = (U4, U_).

Remark 5.1. Both here and in the sequel [GMWZ1] there are several advantages
to working with the doubled boundary problem. Instead of having two distinct
limiting problems (as z — +00), after doubling we have just one (&I3). This will
allow us to conjugate the original problem on the whole line to a single constant
coefficient problem on > 0. The doubled boundary formulation allows one readily
to construct high order approximate solutions for the small viscosity problem with
prepared data ([GW]). Perhaps most important, we are now in a position to use
the machinery of Kreiss-type symmetrizers to prove energy estimates.

The limiting constant coeflicient problem plays an essential role in our analysis,
and we must first understand the spectral properties of the limiting matrix:

(5.4) G(oo, A, m) = (g+(O%’A’n) —gf(o%, A,n)) ’

where
o [ A(fe0) I
g:l:(oovAﬂn) - IEI}?OO gi(x’)\7n) o (s(iOO7)\a77) O) .

Proposition 5.1 (Spectral properties of G(oo, A, n), [Z1],]Z9)).

(1) When p > 0 and v > 0, G(co, \,n) has 2n eigenvalues counted with multi-
plicities in R > 0 and 2n eigenvalues in Ry < 0.

(2) G(0,0,0) has 0 as a semisimple eigenvalue of multiplicity 2n. The nonva-
nishing eigenvalues (fast modes) are those of A(4+00) (k positive, n — k negative)
and —A(—o0) (1 positive, n — | negative).

(3) Consider the multiple zero eigenvalue of G(oo, ¢, 0) (polar coordinates). For
4 > § > 0, this eigenvalue splits for p > 0 small into k +1 =n — 1 slow decaying
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modes
(5.5) p=csp+ O(p?) where Res < 0
and (n — k) + (n —1) =n+ 1 slow growing modes (Rcs > 0).

Here “decaying” and “growing” refer to the corresponding exponential solutions
el*u.

Proof. (1) We focus on G, (00, A, n); a parallel argument handles —G_ (oo, A, n).
Note that p is an eigenvalue of G (0o, A,n) if and only if

d
(5.6) l/ﬂ — [n|* = pA(+00) =iy Aj(+o00)n; — A} v=0

for some nonzero v. Setting p = i1, m € R yields

d
(5.7) det [—Imml2 — iy Aj(+oo)n; — /\] =0,
1

which by (1)) has no solution with A > 0, except for (n1,17) = 0, A = 0. Thus,
there are no eigenvalues with ®u = 0 when p > 0, v > 0, and the number of
eigenvalues in each of Ry > 0 and Ru < 0 is constant then. We may choose
7=0,7n =0 and ~ large to obtain an obvious count.

(2) This is clear since G4 (00,0,0) = (A(—EOO) é)

(3) Consider the characteristic equation in polar coordinates (drop the hats)

d
(5.8) luQ — PP Inf* — pA(+o0) —ip Y Aj(+o0)n; — pA] v=0,
2

and posit the expansions
(5.9) p=1cp+0(p*), v=r+0(p).
Compare terms of order p to obtain
d
<cA(+oo) +i Z Aj(+o0)n; + A) r=20, or
2

(5.10)
A(+o0)r =0.

d
c+ (iZAjHoo)nj + A) A(+o00) 7!

Thus, ¢ is an eigenvalue of — (i Z(zi Aj(+00)n;+A) A(+00) ™1, which by hyperbolicity
has no center manifold for v > 0. So the stable/unstable roots ¢ < 0/Rc > 0
separate to first order in p. They may be counted by setting n = 0 and using the
fact that A(4+o00) has k positive eigenvalues. O

The conjugation argument is based on the following lemma [MZT]:

Lemma 5.1. Let Q = {(\,n) : [\,n| < C,v > 0}. There is a matriz W(z, A\, n)
defined and smooth on [0,00) X Q such that
(a) WL is uniformly bounded and there is a 6 > 0 such that

(5.11) Wz, \,n) =1+ 0(e ).
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(b) W satisfies
(5.12) 0, W = G(x)W (x) — W(x)G(c0).

The proof involves an application of the Gap Lemma [GZ] to the operator
adG(oc) = [G(o0), ).
The substitution U = WV transforms the equation (5.1J) into
Ve — G(oo, \,n)V = W™IF,

(5.13) ~
I'(xz,A\,n)V =0on x =0,

where T'(z, \,n)V = TW (xz,\,)V. Thus, estimates for (5.13) imply estimates for

@),

We will refer to W as the MZ conjugator.

6. BLOCK STRUCTURE AND STANDARD SYMMETRIZERS

6.1. Block structure. In this subsection we present some results for the viscous
shock problem whose proofs are essentially identical to results in [MZI] for the
viscous Dirichlet problem. We will recall or sketch some proofs and otherwise refer
the reader to [MZI]. G(oo) is the limiting 4n x 4n constant coefficient matrix
defined in (B4)). Recall ¢ = (7,7,7).

Lemma 6.1. There is a C* invertible matriz T(C) defined on a neighborhood of
¢ = 0 such that T='G(c0)T has the block diagonal form

Pr 0 0 0

_ 0 H 0 0
(6.1) T7'G(c0)T = 0 OR P o |=Gi()

0 0 0 Hg
where Hg, Hy, Pr, and Pr, are C™ functions of ¢ satisfying
Hp(0) =0, HL(0) = 0, Pr(0) = A(+00), PL(0) = —A(-00),
(6.2)  Hr(¢) = —s(+00,¢)A(+00) ™ + O(I¢),
H1(¢) = (=00, Q)A(=00) ™" + O(I¢]*),

and
I —A(+o0)™! 0 0
(6.3) T(0) = 8 é ; A(—go)—l
0 0 0 I
The eigenvalues of Pr(C) and Pr(¢) satisfy |[Ru| > C > 0 on some neighborhood

of ¢ =0.

Proof. We give the argument for the G (o0, ¢) block in (&4]), the other block being
treated similarly.

Proposition B (including its proof) shows that for small |(], the eigenvalues
of G, (00,¢) may be grouped into n fast modes and n slow modes (fast and slow
having been defined in that proposition). The nonvanishing (i.e., fast) eigenvalues
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are those of A(+00), so there is a smooth family of matrices Tr(¢) defined for ¢
small such that

(6.4 7610, = (70 ).

where Hr(0) = 0, Pr(0) = A(+0o0). Here Tg is of course not uniquely determined,
but it may be chosen such that

(6.5) TR(0) = <é _A(too)_l) .

This together with a direct perturbation computation shows that the eigenvalues

of G4 (00, () close to 0 correspond to a matrix of the form Hr({) given in (6.2).
The eigenvalues of Pr({) have the stated property since the eigenvalues of

A(+o0) are nonvanishing. O

Remark 6.1. (1) Observe that the matrix —s(+o00,()A(4+00)~! appeared already
in the last paragraph of the proof of Proposition [B.1l

(2) Our expressions for T(0) and Hr(¢) differ slightly from the corresponding
expressions in Lemma 2.7 of [MZT]. For example, A(+00)~! occurs to the right of
—5s(+00,() in ([E2) instead of to the left as in [MZT]. This is because our reduction
to a first order system leads to G(z,A,n) as in ([ZI8), while the corresponding
matrix in [MZI] (in our notation) is

0 I
(= &)

In the following proposition we use the polar coordinate notation introduced in

E20). Set
(6.6) Hr(C) = pHr(C, p)

and do similiarly for Hy,(¢). Conjugation by a constant coefficient matrix 73 (with
only zeros and ones) changes G in ([6-1) to T, *G1 Ty =

Pr O 0 0
o P 0 o0
0 0 0 Hp

Proposition 6.1 (Block structure). For all§ with 4 > 0 there is a neighborhood

w of (g, 0) in S% xR, and there are C™ matrices To(C, p) on w such that Ty *GoTy
has the block diagonal structure

P 0 0
(6.8) Ty 'GeTo=| 0 P_(Q) 0 = Gp(0).
0 0 HB(Cap)

Here the eigenvalues of Py (resp. P_) belong to a compact set in R > 0 (resp.
Ru < 0) and in addition

(6.9) RPy = (P +P})>cl and —RP_>cl onw

N =

for some ¢ > 0.
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We have Hg(C, p) = pHp(C, p) with

Q1 -+ 0
(6.10) Hp(Gp)=|: . 1| (Gh)
0 - @
The blocks Qi are v, X v, matrices which satisfy one of the following conditions:
(i) RQx is positive definite.
(il) RQx is negative definite.
(iii) v = 1, RQr = 0 when 5 = p =0, and 05(RQk)0,(RQk) > 0.
(iv) vp > 1, Qr has purely imaginary coefficients when 4 = p = 0, there is
wir € R such that

pe 10
(6.11) Qe oy=i |0 e O
o
M

and the lower left corner a of Qr satisfies 05(Ra)d,(Ra) > 0.
Moreover, the matrixz Ty can be taken of the form

(6.12) To(C,p) = (TPO(C) TH(O&p)) :

for C* functions Tp and Ty (recall Remark[2.3).

Sketch of proof. The ability to choose Tp({) conjugating the (Pg, Pr,) block in G5 to
the (Py, P_) block in Gp follows directly from the nonvanishing of the eigenvalues
of Pr, P, as described in Proposition [l

The blocks Hr and H, are conjugated separately to block structure as in [MZT].
Thus, there is a kg such that the blocks @1, ..., Qk, in Hp correspond to Hg, while
blocks Qiy+1, - - -, Qp correspond to Hy.

The argument in [MZT] is a modification of the classic perturbation argument of
Kreiss [K], the difference being that now the perturbation is performed with respect
to the parameters 4 and p, instead of just 4 as in [K]. A key point, here as in [MZ1],
is that the assumptions on the original parabolic system, in particular (21I), imply
that the derivatives appearing in (iii) and (iv) above are nonzero and of the same
sign. In [K] there was one derivative to consider, 0;RQy (resp. 05Ra), and this was
nonzero as a consequence of his strict hyperbolicity assumption. The sign condition
in (iii) and (iv) allows one to construct symmetrizers by a small modification of the
ansatz used in [K]. (An extra term is added to the kth block of the symmetrizer
corresponding to the extra p parameter.) O

Definition 6.1. Blocks satisfying condition (iv) in the above theorem will be re-
ferred to as glancing blocks. These correspond to coalescing eigenvalues.

6.2. Decompositions of C**. The conjugation of G(0o, () to block structure in-
duces decompositions of C*" that are important in the construction of the sym-
metrizer.

Definition 6.2. For ¢ # 0 let F1(¢) denote the direct sum of the generalized
eigenspaces of G(c0, () corresponding to eigenvalues p with +%u > 0.
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By Proposition Bl the spaces Fy () each have dimension 2n and
(6.13) Ci" = F1(O) @ F—(0),

but the projections are generally not locally uniformly bounded with respect to (.
Indeed, if the basepoint X = (C 0) in Proposition[6lis such that Hz(X,) has one
or more glancing blocks, the projections do blow up near Xj.

F4 (¢) do not vary continuously near ¢ = 0, so it is better to write F4 (é ,P), where
¢ e 5% and (initially) p > 0. In [Z1] it is shown that these spaces vary smoothly
(even analytically) in {p > 0,4 > 0}. In addition, they extend continuously to
{p > 0,4 > 0} (this can be seen by arguing as in [CP|, Chapter 7). For p > 0,
Fi (é ,p) are the spaces of boundary values at x = 0 of growing (resp. decaying)
solutions of

Uy — G(00,()U =0 on x > 0.

For T,T;,T> as defined earlier in this section, set 7 = TT1T> and observe that

the block form (6.8) of Gp(co) = T 1G(c0)7 corresponds to a partition of the

vectors U =T 'V = (uy,u_,uy,...,up,). Denote by a; the number of eigenvalues
of Q; with R < 0 for ¥ > 0 (or p > 0), and write
(6.14) uj = (- ;)
where u;_ consists of the first o;; components of u;.
Next set
UP+ - (u+70 0,. “70);
(6 15) (07U7 LA 70)’
' UH+ - ( 5 7(0 Ul-ﬁ,—), (Oaul)+))7
( ) 7(“’1 50)7 (’U,p_,())),
and write
U=Up, +Up +Un, +Un_,
Ur =Up, +Un,,
(6.16) - -

Up=Up, +Up_,

Ug =Upn, +Un_.
Corresponding to (GIH) we have the decomposition

(6.17) C*" =FEp, ®Ep. ® Exy, ® Ex_,

where Ep, is the subspace of all vectors of the form (u4,0,0,...,0), etc.
Proposition [5.1] shows these subspaces have dimensions

dimFEp, =k+1l=n—-1,

dmEp =(n—k)+(n—-0)=n+1,

dmFEyg, =(n—k)+(n—-1)=n+1,

dmFEy =k+1l=n-1.

(6.18)

Applying T(C, p) to (617), we obtain the smooth decomposition with uniformly
bounded projections

(6.19) C* = Fp, (C,p) ® Fp_(C,p) ® Fu, (¢, p) ® Fu_(C, p),

where Fp, = T(C, p)Epy, etc.
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Recall that 7 is C* and defined locally near some basepoint Xy = (é ,0) €

5S4 x R,. Block by block analysis (see [CP], Chapter 7, Remark 3.6) using the
special form (G.10]) of Q(X() shows that

(6.20) Fp_(Xo) ® F_(Xo) = F_(Xo)

where F_ (é ,p) is the continuous extension to Sf‘ﬁ x R, of the space introduced in
Definition

Remark 6.2. (1) We stress that the analogue of ([G20) is not true for Fy(Xp). It is
clear that such a property would be inconsistent with the fact that the projections
in (GI9) are uniformly bounded near Xy, while those in (EI3]) are generally not.
(2) If the basepoint Xy is such that none of the blocks Q(Xp) in ([EI0) are
glancing, then (B20) remains true for (C,p) near Xo. Otherwise (E20) is not
necessarily true for nearby points distinct from Xj.
More precisely, we can decompose Fiy_ (f ,p) by blocks in the obvious way

j=1
Here
(6-22) FHj— (éap) = T(é)ﬁ)EHj—a

where Ep;_ is the subspace of Ey_ consisting of all vectors of the form (0,0,0,...,
(uj—,0),0,...). We have

(6.23) Fp,; (Xo) CF_(Xo),

but the same is not necessarily true for nearby points different from Xy when the
Q; block is glancing.

In constructing degenerate symmetrizers we sometimes need a decomposition for
which properties like (E223) hold in a full neighborhood of the basepoint. For this
we need a further conjugation, this time by a matrix Tg(é , p) that is generally not
C* but merely continuous. The following lemma is essentially Lemma 2.6 of [K].

Lemma 6.2. Let Q. in ([GI0) be a glancing block of size vy,. There exists a uni-
tary matriz Tg, (C, p), defined in a neighborhood of Xo and with uniformly bounded
inverse, such that Tg, (Xo) = I and

Kkl ke * *

0 KRE2 * cee *
(6.24) Tl QkTo, (C.p) =

0 e e Kk, —1 *

0 -0 ... 0 Kok,

To, can be chosen so that for ¥ > 0 the eigenvalues k; with RNrkp; < 0 stand in the
first rows. To, is C* in p > 0 but just continuous up to p = 0.

Definition 6.3. Define T3 to be a block diagonal matrix with the same number
and size of blocks as Gp(00), where each glancing block Qj, of Gp is replaced by
To, and each nonglancing block of G is replaced by an identity matrix of the
same size.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



82 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

Using T3, we obtain a slight modification of the decomposition (6.17])

C*" =Ep, @ Ep. ®Ep, .(C,p)®En_.((,p),

(6.25)
U=Up, +Up_ +Upy, . +Un__,

where Eg, . ((A, p)=T3 (f, p)Em, . The subscript “c” is a reminder that T3 is merely
continuous up to p = 0.
Apply T = TT1T» to this decomposition to obtain a continuous decomposition

near ([6.19)

(6.26) C'"™ = Fp,((,p) @ Fp_((,p) @ Fu, (C,p) @ Fu_ (G p),
where FHi’C(ﬁ, p) = ’T((A, p)EHi’C((A,p). Here again the projections are uniformly
bounded.
In place of (G20) we now have
(627) FPf(&P)@FH,L(CAaP) :Ff(&ﬂ)

for ({, p) in a neighborhood of Xj.
Corresponding to (6.23) we have

(6.28) Fp,_ (G, p) CF_(C,p)

near X, where

(629) FHj—,c(§7p) = T(fap)T3(§7p)EHj_

Definition 6.4. Let Ey,_ be as in (622) and similarly define Ep,, . Denote the
images of these spaces under Tg(é ,p) by Eg,_ . and Eg,, _, respectively. Thus, we

have decompositions

p
EHi = @EHji;
i=1

(6.30)
p
Bu,, =P FEu,...
j=1
(631) EHj = EHj+ 2 EHj_ = EHj+,c(éa p) @ EHj—,c(é) P);

and with obvious notation
Un; = Un;, +Un,
UHJ. = UHj+,c +Uy.

j—.c’

(6.32)

6.3. Standard symmetrizers. The n x n second order initial value problem we
begin with leads to a 4n x 4n doubled first order boundary problem on z > 0.
Recall the doubled boundary problem (G.1))

U, — G(z,\,n)U = F,

(6.33) I'U=0onz =0,

where I' is a 2n X 4n matrix giving the doubled boundary conditions.
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MZ conjugation using W (z, () (Lemma B.T) transforms G(z, () to the constant
coefficient matrix G(o0o,(), and further conjugation using 7 = TT 71> leads to
Gp(00) as in Proposition 611 In place of (633)) we must now study

UI —GB(OO,QC,[))U:F,

(6.34) .
Fl(gap)U =0onz= 07

where I'y = TWT.

Here we wish to illustrate the use of Kreiss symmetrizers to prove estimates
(especially in the low frequency region) in a simpler situation where I'; is replaced by
an artificial boundary condition I', that satisfies the uniform Lopatinski condition
near the basepoint Xj.

Let F_(é ,p) be the 2n-dimensional continuous extension of the decaying gener-
alized eigenspace for G (oo, () defined before, and set

(6.35) E_o((p) =T 'F_

which is the same as Ep_ @ Ep_ (¢, p) in the notation of (B2H).

c

Definition 6.5. A boundary operator I', (f, p) depending continuously on (é, p) is
said to satisfy the uniform Lopatinski condition at Xo = (¢,0) € S{ x Ry if there
exists C' > 0 such that

(6.36) Ta(Xo)u| = Clu
for u € E_ +(Xo).

Remark 6.3. (1) By continuity of T', and E_ ., if T', satisfies the uniform Lopatinski
condition at Xy, it satisfies (6.36) uniformly in a neighborhood of Xj.
(2) Let

(6.37) E-=Ep ®Ey_,

the summands on the right being as in ([GI7). Since T3(Xo) = I, T3 is continuous
at Xo, and E_ , = T3E_, it follows that if I', satisfies the uniform Lopatinski
condition at Xy, we also have

(6.38) Tu(C, p)ul > Clul

for u € E_ uniformly near Xj.

(3) T'1 in (6:34) fails to satisfy the uniform Lopatinski condition at X, (see
Corollary [.T]). This degeneracy forces us to be careful in Part 2 (Lemma [7.1] e.g.)
about the distinction between E_ . and E_, since it prevents us from simply arguing
by continuity as above to justify interchanging these two spaces.

The symmetrizer for the problem

U, — GB(OO)U = F,

6.39
( ) I'nU=gonx=0
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is a 4n x 4n matrix constructed by blocks in a neighborhood of X

S4+(¢)
S.©Q
Sp(C, p)

where the S4, S; are C* functions of their arguments. We will sometimes write

_ (5P
(6.41) S = ( SH> ,
where in fact Sp can be taken to be simply
(6.42) Sp = (CI B 1)

for some large C' > 0.
In the following discussion U = U(z,(), {, ) denotes the inner product in C*",

(6.43) WOV = [ W0, Viean
and
(6.44) Ul2 = U (2,0)|2(0)

Ul = U(0,Q)l-

In [MZ1] the S; are constructed so that S = S*, with interior estimates
(6.45) (Re SGp(c0)Up,Up) > C|Up|3,
(Re SGp(00)Un,,Un,) > (v + p°)| U, 3,
as well as boundary estimates
(a) (SUp,Up) > C|Up,|* = |Up_|?,
(b)  (SUn,,Un,) > CUn,, |* = Un,_|?,

J

(6.46)

both holding uniformly near the basepoint Xj.
Assuming I', satisfies the uniform Lopatinski condition at X, we have

(6.47) U-* < CTU-|* < C(ITaU* + |U+]*)

at Xo and in fact uniformly near X in view of Remark [.3/(2).
Using the previous two estimates, we obtain

(SUU) = ClUL* = [U-* = ClUL* + |U-* = 2|U_|?
(6.48) > UL + U= = Cr(ITaU P + U4 )

> Co|Us* + [U-? = C1[TaU P,
provided C' was big enough.

From (E47), ([648), and the identity

(6.49)  —(SU(0),U(0)) = /0 T 0,(SULUYde — (2RSGRU, U) + 2R(SF,U),
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we obtain the [MZ1]-type estimate

(Up5 + (v + p)|Un3) + [U[?

(6.50) 1
< C||Fp|3+ ———|F 2>+C1“aU2,

< (1Frl + oz Pl + CILLU]

uniformly near X,. Here we have used
_ G
(v + %)

7. EVANS FUNCTION FOR THE DOUBLED BOUNDARY PROBLEM

651)  |[(SEU)| < (CslEpE + 5UpE) + ( |Firl2 + 6<v+p2>|UH|%) .

In this section we will show how the first order vanishing of the Evans function
D(¢) for the 2n x 2n system (2I9) on R implies a degenerate Lopatinski condition
for the 4n x 4n doubled boundary problem (BETI)

UI—G(SC,()U:F,
T'U=0o0onz=0,

where U = (Uy,U_) and IT'U = Uy — U_. We should mention that whenever U
represents a solution to (IZT), the notation Uy is that of (&2), so

U+ = (Ulv .. '7U2n); U_- = (U2n+17 .. '7U4n)~

The Uy notation of (6.16) is reserved for solutions U to the problem (9, — Gp).
The Evans function for (Z.I]), ]D)(f ,P), is a determinant that measures the degree

of linear dependency between two 2n-dimensional subspaces of C*", namely, ker I’

and £_ (é, p). The latter space is defined for 4 > 0, p > 0 as the space of boundary

values at * = 0 of decaying solutions to the homogeneous problem

(7.2) U, — G(z,)U = 0.

Like F_(, p) (recall Definition 6:2Z), £_(C, p) has a continuous extension to 4 > 0,
p > 0. In fact it is easy to check that we have

(7.3) E-(Cp) =W(0,(,p)F—(, p),
where W is the MZ conjugator of Lemma [5.1]

(7.1)

Remark 7.1. The individual functions UJR’L(x, Z ,p) appearing in the definition of

D(() are locally analytic in (Z, p)on {7 >0, p > 0}. This is a consequence of a
standard contraction mapping argument [Col] together with the corresponding fact
for solutions to the systems obtained from (2:19) by taking limits as © — +o0o. This
argument also shows that the individual solutions corresponding to fast decaying
modes extend analytically to {¥# > 0, p > 0}. The fast decaying solutions are
independent of Z at p = 0 and so extend smoothly as functions of  as well.

Since the subspace £_ (E, p) has a continuous extension to {4 > 0, p > 0}, we can
if necessary redefine the individual solutions U]R oL corresponding to slowly decaying
modes so that they have continuous extensions to '?’ > 0, p > 0. Henceforth, we
assume this has been done.

Using Notation [T], we set for x > 0
uj}i(xa éa p) = ujR(xv 67 p)v

(7.4 > .
) UE (2,6,p) = UE(~2,C, ).
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Let ¢(x) as before be the derivative of the profile ¢. Let e; € C?" be the unit

vector
(¢(0),0)
(7.5) e = ———=,
|9(0)]
and extend to an orthonormal basis ey, ..., es, of C?".

Definition 7.1. (1) Define the Evans function for the doubled boundary problem
(0z — G,T) (1) as the 4n x 4n determinant

: oy €1 - €an uler uﬁr 0o .. 0
(7.6) D@,p)det(el e 0 e 0 Ul e yp )l

(2) Recalling the normalization (225]), we set

. Uk
(7.7) £_4(C,p) = span (ujf) 0.6

For ¢ > 0 fixed denote by Ef}d)}s(f,p) any complementary subspace in £_ (f,p)
varying continuously with (, p) such that

(7.8) E-(Cp) =E-(ip) BE 4 (Cop)
with uniformly bounded projections for 0 < p <e.

Proposition 7.1. (1) Let D(é,p) be the Evans function defined in Lemma [2.
Then

(7.9) DE,p) = (~1)"D(C, p).

(2) Under the Evans assumption (Hj), we have the following.

(a) For any choice of 0 < 6 < R there is a constant Cs r such that when § <
p<R,
(7.10 [Tu| > Cs glu| for ue &_(C,p).

)
(b) There exist positive constants Cy, Ca, § such that
)

(7.11 Chplu| < [Tu| < Coplu| for u e E_ 4(C, p)
or 0 < p<3J.
f P )

(c) For &< 4 (C,p) as in ([LR) there exists C > 0 such that
(7.12) Tu| > Clu| foru € &, (C,p)
or 0 < p<e.
for0<p

(d) For any choice of R > 0 there is a constant Cr such that for 0 < p < R,
(7.13) ITu| > Crplul for u e E_(C, p).

Proof. (1) Let us denote the matrix in (Z8) by M. Perform the row operation of
subtracting the first row of M (which has 2n components) from the second to see
[3).

(2)(a) The assumption (H4) implies I'u is nonvanishing for nonzero u € £_(C, p)
when p > 0. The existence of Cs r thus follows by continuity and compactness.
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R
(2)(b) Perform a column operation to replace the last column of M by Zlﬂ‘) ;
i
and call the resulting matrix M;. Observe that since these fast modes depend
analytically on p, we have

(7.14) (e ) 0.con= (00 0)) + (24)) o 002

Recall the definition of e; and use linearity of the determinant in the last column
to see that if the coefficient ¢; — co were to vanish for some ¢, then (H4) would be
violated. Since

R
(7.15) r <u1+) =uf —uk,

UL
this gives (ZIT)).
(2)(c) Let v1(¢, p), - - -, v2n(C, p) be the last 2n columns of the matrix M; defined
above. These vectors form a basis for £_((, p). Any vector in 554,’6((, p) has the

form of a linear combination with coefficients depending continuously on (é )

2n
(7.16) w= Z ¢j,e(C, p)vj.
j=1
Set ¢, = (C1,¢,- - -, Can—1,¢)- The condition that the projections in (IZ8) are uniformly
bounded implies there is an €y > 0 such that
(7.17) [L(C, p)| = eolean.e (G p)l,
for0<p<e.

In view of (H5) we just need to show that I'w is nonvanishing at p = 0 for w as
in (CI6), (TID) with |(c,, can.e)| = 1, since (CIZ) then follows by continuity and
compactness. Suppose I'w = 0 at (é, 0) for some such w. Because of (Z.17) some
cje With j <2n — 1, say ¢, satisfies

2
. 1 min(3,2)

1 . 25 1 2)2
(7.18) ereCp) > L T

for p near 0. Since 'w = 0 at p =0 and w(f, p) is continuous, we have

(7.19) wlon) = () @+ ot

Write v; = (vj4,v;—), use column operations to replace v; in M; by w, and call
the resulting matrix My =

er - €eapn a(f) + 0(1) V24 -+ U2p—1,+ (¢(0)7 0) + O(p)
(7.20) < ¢ ) '

er - e a(Q)F+o(l) wa - wano1— (¢(0),0) 4+ O(p)
([CI8) implies |det My, p)| > C|det My(C, p)| for some C > 0 uniformly near
(¢,0). But
(7.21) det My (C, p) = O(p)o(1) as p — 0.

This contradicts the assumed vanishing of det M = det M; to exactly first order
at p=0.
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(2)(d) For any fixed ({, p) let u* = <Z+E§’Z§> € £_(C, p) be an element where

the minimum

(7.22) min [Tyl
lul=1,u€€_(C,p)

is attained. At the cost of modifying D({A ,p) by a nonvanishing factor a(f ,p) of
size ~ 1, we can redefine the last 2n columns of M so that u* appears in (say) the
(2n + 1)st column of M. Next perform column operations to replace u* by

(7.23) <u+(€,p) Eu_(f, p)) _ (pg*) |

This shows that [D(C, p)| < C|Tu*|, so (H4) implies the result. O

Next we need to rephrase these estimates in terms of the coordinates for the
problem (9, —Gp,T1) 630). Recall the decompositions of U € C*" given in (616

and ([6:25)
U=Up, +Up +Un, +Un_,

7.24
(7.24) U=Up, +Up_ +Un,.+Un_.,
and set
U, = UP, +UH, S E*a
(7.25)

U_e=Up_ +Un_, €E_(C,p).
Define the one-dimensional subspace Ep, (é ,p) of Ep_ by

(7.26) E_ 4 =WTEp,_,
and for € > 0 fixed, choose a smoothly varying complementary subspace Ep,_ .
such that

E == E Ay @ E Av 9
(7.27) p.=Ep,_(C,p) ® Ep,_ (¢, p)
Up. =Up_+Up,_.
with uniformly bounded projections for 0 < p < e. Then
(7.28) E e =WT(Ep,_,®En_,)
is a choice that works in (Z.8).
The next corollary is then an immediate consequence of Proposition [Tl Here

and henceforth, we will often suppress in the notation the dependence of operators
and spaces on (¢, p). Recall Ty =TWT.

Corollary 7.1. There exist positive constants C1,...,Cy and dg such that for 0 <
p < dg

(@) [CiplUp, _| < [T1Up, _| < Cop|Up, _|,

(b)  T1i(Uns_.+Up,_ )| 2 Cs(Un_ .|+ |Up, _ .
(©)  IaU-] > CiplU-.

These estimates hold uniformly near the basepoint Xg.

(7.29)

);

Part (a) of the corollary shows that T'; fails to satisfy the uniform Lopatinski
condition near Xy. The following lemma, which gives a more precise version of
(CZ9)(c), is essential for the construction of degenerate symmetrizers.
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Lemma 7.1. There exists a constant § > 0 such that for p sufficiently small we
have

(7.30) T U_ | = 6(|Un_ | + plUp_|),
uniformly near Xg.

Proof. We will deduce (Z30) from the stronger inequality (Z31) below. We have

in view of ([29)(a), (b)
TWU_c| = ThUn_ +T1Up, - +T1Up, .
>C(|Ua_ | +|Up, _.]) = Cp|Up, _|.
Adding a sufficiently small multiple of this inequality to the inequality (Z29))(c)
TWU-— el 2 CplU-c| = Cp([Un_ |+ |[Up, _| + [Up, _ 1),

we obtain for p small

(7.31) TU-— el 2 0(1Un_ |+ plUp, _| + [Up, _.]),
which implies ([7.30). O

Part 3. Zero mass perturbations
8. DEGENERATE SYMMETRIZER FOR SMALL FREQUENCIES

We are now in a position to construct a degenerate symmetrizer for the problem

U, — Gp(o0,Q)U = F.

(81) x ( ’ ) )
I'"U=gonzxz=0,

where I'1 = TW7. We will use the same notation for pairings and norms as in the
earlier discussion of the problem (9, — Gp,I';), and we shall focus mainly on the
new points.

As before we construct a symmetrizer S = S* of the form (E40) for Gp(oo)
working block by block. Let

(8.2) S = (SOP Si)'

The main difference here is that we take the Sp block to be degenerate
ci 0
(53) se= (G %),
where the two subblocks have sizes n — 1 and n + 1, respectively (recall (6:18).
The construction of the Sy block proceeds just as before, except that now in

place of ([6.46)(b) we need
(8.4) (SUn,,Un,) > ClUn,, .|> — U,

J J—>c

2
uniformly near the basepoint Xo. Here Ug,, . is as in (632)). This can be arranged
by the usual procedure (see Chapter 7 in [CP] or [K]). Summing (84) gives
(8.5) (SUn,Un) = C|Un. > = |Un__I*.
Thus, we obtain interior estimates
(Re SGp(c0)Up,Up) > C|Up, |5+ p*|Up_|3,

(86) (Re SG5(00)Usr.Un) > (7 + p)|Us .
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as well as boundary estimates
(SUp,Up) = C|Up, > — p|Up_2,

(8.7) ) )
(SUu,Un) > ClUn, | = Un_ |7,

uniformly near X.
Now, Lemma [[T] implies

(8.8) Un_ [+ p°|Up_ > < CIT U o[> < C(IT1 U + |Uy o),
where Uy . = Up, + Up, .. Using (87) and (BF), we obtain for p small
(SUU) = ClU+ o = ((Un_ . * + p*|UP_*)
= OlUs.ol* + (1Un_ I + p*|Up_*) = 2([Un_ .| + p*|Up_[?)
(8.9) > ClUs el + |Un_ | + p*|Up_ > = C1(IT1UJ? + U )

> CQ|U+,C|2 + |UH,10|2 + p2|UP,|2 — C1|F1U|2
> C3(|U PP +Un_|?) + p*|Up_|> = C1|T1U?

provided C' was big enough.
In addition we have

|(SE,U)| < [(SFp,,Up, )|+ [(SFp_,Up_)| + |(SFu,Un)|
< (Cs|Fp, 13+ 0|Up, 13) + p*(Cs|Fp_|5 + 6|Up_3)

(8.10)
n (—C‘S |l +5(7+p2)|UH|§> .
(v +p?)

Plugging these estimates into the usual symmetrizer argument (recall (£.49)),
we obtain after absorbing terms in the usual way the key small frequency estimate

(U3 + " |Up_3 + (v + p*)|Unl3)

2 2 2 2

1
< C(|Fp, |2+ pY|Fp_ |2+ ———|Fu|?) + C|T. U
<0 (1Fr B+ P1Fe B+ s Pl ) + CITa0]
uniformly near Xj.

Assuming T''U = 0 as in ([6.30), we deduce immediately from (8II) our main
estimate with F' as forcing

F|3
8.12 U2§C—i—l—.
(8.12) V<Ot
In particular with pF forcing we obtain
F 2
(8.13) |U@gC—Lﬁ7.
(v +p?)

In the mid-frequency region an argument identical to that for the nondegenerate
problem (G.39) gives

(8.14) |U|3 < C|F|3.

In this region the same estimate on traces as in (650) also holds.
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Remark 8.1. (1) Direct calculation using the explicit pointwise bounds on the re-

solvent kernel obtained in [Z1] reveals that bounds (8I1) and (8I4]) are sharp.
(2) Using (731) in place of (Z30), we obtain instead of (8Y) the more precise

estimate

(8.15) (S+TiT)U,U) > C(|UL> + |Un_* + |Up, _,

This refinement is put to important use in [GMWZI].

%)+ p?|Up, |

Remark 8.2. In view of the close relation between small-viscosity and low-frequency
limits (see, e.g., discussion in Section 1.3 of [ZI] or Section 12 of [GMWZI]), it is
interesting to compare the small-frequency bounds (BI1) to the standard inviscid
bounds of, e.g., [MI], [Mef2], which involve an additional variable ¢(z’,t) recording
shock location. Formally replacing this term ¢ in the estimate for the inviscid
problem with a viscous layer (2’ t)¢'(x) ~ ¥(z + ¢(2',t)) — ¥(x), we obtain a
slightly sharpened version of (8T1T]) which could have been obtained by segregating
degenerate decaying parabolic modes in our analysis. However, we cannot make
conclusions in the other direction by the present approach; that is, our bounds are
consistent with but do not (quite) imply the inviscid ones. To recover the inviscid
from viscous bounds would require the additional step of tracking viscous shock
location (see [GMWZ2]).

8.1. Mixed norm estimate. Note that (RI3) implies both
C
U < SIFR and
(8.16) p
YU < CIFE5.
Let us work with the first now. Recall |U]|s is the L?(z) norm, and define V and

HbyU= V(x,T,'y,n), F = H, v > 0. Suppose now that d > 3 and that U and F
are supported in p < 4.

(BI4) gives
C

8.17 Ul < FJ3.

( ) | |2 |T,7’]|2| |2
Integrate (8I7) drdn (dimension of (7,7) space is > 3) to get

_ (G,

(8.18) le 7tV|2L2(;c,t,y) < /W|H(xa7a%77)|2m(x)d7d77~
But

(819) |ﬁ(xa7—7’7777)| < C|H(xvtay)|L1(t,y)v

S0

. (7, m) By < C / H(,t,9)2 1 o

= |Hi2 w11 ()
Plug this into (I8 to get

_ C
(821) e "V T2(piy) < / —=HI L2011 d7dN < CIH |72 (0 1114
|T,n| <8 |7, 7
Let v — 0 to get
(8.22) V122 ey < ClHI 20 01(10))-
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8.2. Summary. Tracing back U BI)— U @I9)— <g) (Z1]), we have proved

the following estimates for L? solutions a(z, \,n) of
(8.23) low — (A(2) )z — s(z, A\, n)i = pf(z, A\, 7).

Proposition 8.1. Let § > 0 and M >> 4.
(a) For 4 as in (823) and § > 0 sufficiently small, we have

£12
(8.24) a2 + [aal3 < c% for o=\l <6
(b) Ford <p<M
(8.25) a3 + |3 < C|f13-

Observe that since p is bounded in Proposition B.I] we are free to multiply the
left sides of the inequalities (8:24]) and ([8:25) by pX for any K > 0. Thus, estimate
(B:22)) and Proposition[8]] imply the following proposition.

Let xs(7,7,m), xm, and x1 be smooth cutoffs supported respectively in p < 9,
0/2<p<M,and M —1 < p, such that

(8.26) xs +xm+xr =1
When we write x(D)u, we mean the function whose Fourier-Laplace transform is

(8.27) X(7, v, ma(z, 7,7y, m).

Here 4 is the Fourier transform of e~74, where @ is the extension of u by 0 into
t <O0.

Proposition 8.2. (a) Suppose d > 3. For u(x,t,y) as in (823) we have

(8.28) Ixs(D)(u, uy)| 12 (2,t,y) + XS (D) U] 12(2t,) < Clf L2010 ty)-
(b) Ford >1
(8.29) Ixa1 (D) (u, uy) |22 (2,0,y) + X0 (D) 12(2,0,9) < Clf [L2(0,t,0)-

9. LARGE FREQUENCY ESTIMATE

In the large frequency region, pF' forcing gives a worse estimate than F forcing,
and just plugging pF into ([6.50) is not helpful here (nor do the constants C' in the
estimate remain uniformly bounded). Instead, one must take advantage of the fact
that behavior for p large is dominated by parabolic effects to obtain estimates by
a different technique.

In [MZ1], this was carried out by a rescaling argument combined with appropriate
symmetrizers, to which we could appeal here as well. Instead, we give an alternative
argument similar to one in [KKP], based on direct integration by parts against
the second order equation, which recovers the same results. We do not use a
symmetrizer (more correctly, we take S = I); just pair with @(z, A,n) and integrate
by parts in the second order eigenvalue equation

(9.1) lige — (A(2)0)e — s(z, A\, 0 = Fy +inG.
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(Of course, the function F' in (@.I) is different from that in the previous section.)
Here A =47 + v and

s(z, A m) =Y Aj(z)ing + N + |n|*1.

M&

j=2

Dropping hats, in the usual way one gets

(9.2) A+ ) uls + [uals = H(u, uq, F, G)
where
(9.3) |H| < Clula|ugls + |Flaluc|z + |Gla|nl|ulz + Clnl|ul3.

Take the modulus of each side of (8.2)) (note v > 0), and absorb |u.|3 and |n|?|u|3
from the right to give, for some new constant,

(9.4) (Il + + )l + luals < C(lul3 + [FI5 +|GL3).
By taking p big and absorbing C|u|3, we obtain

(9.5) (Il +7 + Inl*)uf3 + usl3 < CIF, G5, for v > 0.
Putting hats back and summarizing, we have shown that

(9-6) (7] 4+ + )3 + la.|3 < CIF, G5, for v >0

when 4 is supported in p > M for M sufficiently large. Thus, letting v — 0 and
applying Parseval’s formula, we get an estimate with no exponential weights

(9.7) s ty, w22 (2,t,) + [Ualr2(2,0,) < O Glrz,ey)-

Since cutoffs x, commute right through the eigenvalue equation (@), we have
proved the following proposition.

Proposition 9.1. Suppose u satisfies

d
(a) ut+ (A(z)u)y + Z Aj(x)0ju — Au = Fy + div,G,

j=2

(9.8)
(b)  u|t=o = 0.

If M is sufficiently large, then for xr supported in p > M,

(9.9) IXL(D)(u, uy, ut)| 122 t,) + IXL(D)U|L2(2,t.y) < ClF GlL2(2,t.4)-

Here u, F, and G in (@8)(a) have been extended by zero into ¢t < 0 and, because
of the initial condition u|t—o = 0, the extensions satisfy ([@.8])(a) for all .

10. LINEAR AND NONLINEAR STABILITY

Proof of Theorem [{.1} The proof of this theorem will extend over the next few
subsections.
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10.1. Strategy. Our first goal in this section is to prove the following estimate for
solutions u to (O.]) in space dimensions d > 3:

(10.1)  fuwrs uylrz(aey) + [olr2(e,iy) < CUF Glrze,nigy) + 15 Glrz(a,ty)-

Clearly, it remains to treat only xs(D)u and xar(D)u. Accordingly, for the rest
of this discussion, we restrict attention to |(7,,n)| uniformly bounded.
As in [KK] let 4@ = w + 41, where w(x, \,n) satisfies

(10.2) Wew — (A(@)0)y = Fy, Jid2 < 0o,
This piece integrates to
(10.3) Wy — Alz)w = F(z,\,n).
This is the auxiliary problem for which we obtain a solution satisfying the fol-
lowing L?:
(10.4) @122y < CIF|2(a)-

Next, @1 = 4 — w satisfies
(10.5) Gze — (A@)in)e — s(z, \,n)in = s +in- G, i)z < oo.

The right side of ([I0.5) qualifies as “pF” forcing, so we may apply Proposition
B] and the estimate ([I0.4) to establish
C(IP|2(@) + |Gli2@)

10.6 U < C(la + |w <
(10.6) U] 22(2) < C(ta]L2(2) + || L2(2)) < o+

By the calculation (8ZI)—(822), this yields

Proposition 10.1. (a) Suppose d > 3. For ui(z,t,y) as in (D) we have

(10.7)  Ixs(D)(ur, ury)lr2(o.ty) + X (D)uaz|r2(a,ty) < CIF, Glr2 (01 (ty))-
(b) Ford >1

(10.8) X2 (D) (u1, ury) |2 (. t,y) + X021 (D)thrz] 2o t,y) < CLF, GlL2(a,,y)-
To complete the proof of ([0T), we just need to show ([0.4).

10.2. Auxiliary problem. In the problem (IL3) the matrix A(x) is independent
of frequency. To prove the L? estimate (I0.4)), we consider the n x n system on R

(10.9) wy — A(z)w = f(z),

and we show that there is a solution satisfying

(10.10) |0 L2(z) < C|f]L2(a)-

This implies there is a solution to (I0.3) satisfying

(10.11) b (2, A, )| L2(2) < CIF (2, A )| L2 (a),

with C independent of frequency, which will give ({0-4)).
Consider the doubled 2n x 2n boundary problem on z > 0 equivalent to ([[0.9)
(a) W, — A(x)W = F(x),

10.12
( ) (b) BW =0onz=0,
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where

W(z) = (w4 (z), w-()),

_ (A+(=) 0
(10.13) Al) _< +0 —A(x)>’
F(z) = (f+(x), = f-(2)), and
BW =w; —w_.

Let £-(0) be the space of boundary values of decaying solutions of ([I012))(a)
when F = 0. Hypothesis (H3) together with classical ODE results ([Col]) implies

(10.14) dmé_(0)=(n—-k)+(n—-10)=n+1
On the other hand ker B has dimension n. A basis for it is
(10.15) {E1,...,E,}, where E; = (ej,¢;),

and the e; are the standard basis vectors of C".
Hypothesis (H4) implies ker B and £_(0) have a one-dimensional intersection

spanned by
(10.16) P = (6(0), 6(0)).

We now define an augmented boundary condition B with the property that
(10.17) C* =ker B E_(0).

Some component of ¢(0), say the first, is not zero. Let W7 denote the first compo-
nent of W. Then we may simply set

(10.18) BW = (Wi, wy —w_) € C"*,
so that (I0.I7) holds.

Now we can estimate solutions to

Wy — A(x)W = F(x),

BW =0onz =0,

using an idea of [MZI]. Note that any solution of (IILTJ) is also a solution of

([0.12).

Construct as in [MZ1] a conjugator C(z) on = > 0 satisfying

(10.19)

€' is uniformly bounded,
(10.20) C(zx) = Id+ O(e™ ") for some 3 > 0,
Cx(z) = A(x)C(x) — C(x).A(c0).
Setting W = CV transforms (I0.19) into
Ve — A(0)V = H,

(10.21) .
BV =0onz =0,

where H = C~'F and B = BC. The properties of C imply immediately that an
estimate for (IUZ]l) gives an estimate for (IITIY).

Since C preserves the decomposition (IUIT), it is now an easy matter to construct
a symmetrizer for (IIZI) and to obtain

(10.22) |V|L2(z) < C|H|L2(z)-
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Thus, W = CV satisfies
(10.23) (W2 < C|F|L2(a)
and estimate (I0.I0) follows.

Remark 10.1. The improved bounds available for divergence forcing are connected
with the fact [ZI] that the only quantities conserved by the linearized equations
are those afforded by conservation of mass, a property which holds also for over-
compressive but not for undercompressive shocks. Recall, in the notation of ([2.2)),
with k 4+ ¢ = n +r, r > 2 corresponds to the overcompressive case, r = 1 to the
Lax case, and r < 0 to the undercompressive case. Likewise, it is readily seen that
the auxiliary equation construction of [KK] goes through essentially unchanged for
the overcompressive case, where the augmented boundary condition B again has r
extra constraints (now > 1), to yield the same bounds as in the Lax case. Thus, we
may obtain as in [Z1]] the same nonlinear stability results in the overcompressive
case as in the Lax case. The auxiliary equation construction fails in the undercom-
pressive case, however; indeed, this case is essentially different, as discussed further
in [Z1], [Z2].
10.3. Linear stability.
Notati0n210.1. (1) [v(t, y)l L2 (1y) 18 t}21e L? norm on [0, T] x Ry~

(2) lulzip = 1o <p 10yt ) Lo

(3) [ultz,1)p = 2Zjai<p 1006 4@ b W) L2, L1y

2 _ 2
@) lulapr =2 ja1<p 100 51 b W) T2, 1 (1))
2 _ 2
(5) |l 1yp, 7 = 201 1000, (% B W20 4, 0,0
(6) |uf(co,2):p. = Emgp |8&,y)“($vta y)|L°°(x,L2T(t7y))'

The proof of nonlinear stability depends on the following estimates for solutions

of
d

(a) wu+ (A(z)u)y + Z Aj(x)0ju — Au = Fy + div,G,
(10.24) =
(b)  wu|i=o = 0.
Proposition 10.2 (Main linear estimate).

(@) [ulza 4 uelz0 < C(IF, Gl2,1)0 + [F, Glzy0)-
(10.25) (b)  lulziptr + [uel2p < Co(IF, Gli2,1y0 + [F) Glazp)-

(©)  |ulaprr,r + [wilapr < Co(|F, Gl2,1y0,7 + |F, Glagp,r)-

A key point is that C is independent of T and there are no exponential weights

in the norms.

Proof. Estimate (a) is (IIL1]), whose proof has just been completed.

(c) follows from (b) and the fact that the future does not affect the past.

Care is needed in the proof of (b) because our basic estimate is asymmetric; there
is a mixed norm on the right but not the left (the argument of [KK] is incomplete
here but can be fixed by an argument like the following one). Note that if one
just differentiates (I24]) with respect to = and applies (IIZH)(a), there is no way
to absorb the mixed norm of terms like (A’(z)u), that get thrown on the right as
forcing.
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Recall that u, F', and G in (I0.24)) (a) have been extended by zero into ¢ < 0 and,
because of the initial condition u|¢—o = 0, the extensions satisfy (I0.24])(a) for all .
1. Let x(7,n) be a smooth cutoff function supported in |7, 7| < C for C to be
chosen sufficiently large. Since x has bounded support in the frequency variables,

(10.26) (DY .o < Cla s
so we immediately obtain from (I0.29)(a)
(10.27) (D)OROS (1, 1) 320 < C(IF, Gl 1o + IF, Gla).

2. Note that x(D) commutes right through ([(0.24))(a) and that
|X(D)f(l‘, tvy)|(2,1);0 S C|f|(2,1);07 since
IX(D)g(t,y)|Lr ey < Cly(t v)|Lr ()

The latter inequality is easily seen by writing x(D)g as a convolution.
Thus, after solving for x(D)uy, using the equation (I0.24)(a), we can use the

estimates (10.27) and ([0.28) to get
(10.29) IX(D)0y uzz|2.0 < C(IF, Gl(2,1),0 + |F, Gla;1).
3. Differentiating the equation ([0Z4))(a) with respect to « and using the esti-
mates (I0.27) and ([0.29) give for |a| +1<p+1
(10.30) (D)0 0ul20 < C(IF, G210 + |F, Glaip).-

Here one estimates terms involving x derivatives of order k by using the equation
to express them as sums of terms involving = derivatives of order < k — 1 which
have already been estimated.

As before we can insert 9F in the left sides of (10.29) and (10.30).

4. Next consider the region where |7, 7| is big. Here we need a different argu-
ment. In this region we have the pure L? estimates ([0.6) and ([@.7) with no mixed
norms. We can differentiate (I0:24))(a) with respect to x or y and apply Proposi-
tion 0] to the differentiated problem, after observing that conservative forcing is
maintained. For example, differentiate (I0.24])(a) once with respect to z to get

(10.28)

d
(ug)e + (A(z)ug)s + Z Aj(x)0juy — Aug
(10.31) =

d
= Py +divy Gy — | (A'(2)u)s + ) _(Aj(@)u)y, | -
j=2
Apply Proposition to obtain
(10.32) (1 = Xx(D))uaal20 < C|F, Gl
Continuing in this way, we obtain for |a| +1 <p+1
(10.33) (1 = x(D))2 8L ulz < CIF, Glay.
5. In the same way we obtain for |a| +1 <p
(10.34) |(1 = x(D))8y dutla0 < C|F, Glayp.
6. Use (10:30), (10:33), and ([{034) to get for |a| +1<p+1

(10.35) 105 0z ul20 < C(IF, Gl2,1y0 + |, Glap),
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and for |a| +1<p

(10.36) 10y ez < C(IF, Glezinyio + |F, Glasp).
This gives (b). O

10.4. Nonlinear long time stability. First, let us rewrite the error equation
@14) in the (z,t,y) notation as

d
up + (A(z)u), + Z Aj(2)0y,u + ediv(B(z,t,y)u) + ediv(h(z, t,y, u))
j=2

(10.37)
= A’U, + le((F, G)(l‘, t7 y))a

u|t=0 =0.

In order to complete the proof of Theorem Il we need to show that for € small
enough, the solution to ([IL37) exists for all time and satisfies

(10.38) |u(z,t,y)| Lo (z,y) — 0 as t — oo.

Local existence in time is well known. We use an argument similar to the one in
[KK], except that we have the mixed norm in place of their L! norm.
For p > ¢ (d is the number of space dimensions) set

(10.39) Ep = Cp(IF, Gl21y:0 + |F, Glagp)-
Assumption (H5)! on vy implies E,, < oo.

For T sufficiently small the solution of (IU37) satisfies
(10.40) [ul2iptr,1 + uelopr. < Ep + 1.

In fact, let us suppose now that T, in (IIL40) is the maximal T, for which (I0.40)
holds. We will show that for e small enough

(10.41) T, = oc.
In turn this implies (II38).

We now consider ediv(B(x, t,y)u) + ediv(h(z,t,y,u)) as part of the forcing, and
apply the main linear estimate to obtain

[ul2spr1,1. + |ut]2p,T.
(1042) S Cp(|(F, G) —+ EBU —+ EI’L|(271);07T€ —+ |(.F’7 G) —+ EBU —+ 6h|2;p’T5)
< Ep + Ce(|Bul2,y0,1. + [Bulayp.r. + |hl2,10,1. + [hl2pr. ).

Since we have local existence, all we need to do is show that each of the four
terms
(10.43) |Bul(2,1)0,1., |Bulop,r., |hl21)01., |hl2sp,T.
is bounded by some function f(E,).
Notation 10.2. (a) For k € {1,2,3,...} let 9* denote the collection of operators
(., With |a] =k (a is a multi-index). Sometimes 0¥ is used to denote a particular
member of this collection. Set 9°¢ = ¢.

(b) For k € {1,2,3,...} denote by 9 ¢ the set of products of the form
(0% iy) - (0% ;) where 1 <r <k, oy + - +a, =k, a; > 1. Set 20 =1.

(c) Set [v]oo,r = [V]Loo((0,1]xR)s [V]oo = [V]Loo([0,00] xRA)-
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(d) ® = ®(x,t,y,u) will always denote a smooth function of its arguments with
the property that |®| < Cps when |u| < M. It may change from line to line.

Lemma 10.1 (Moser inequality). Forp € {0,1,2,3,...} letas+---+a, <p, a; €
{0,1,2,3,...}. Suppose |vi|o.p T + |Viloo,r < 00. Then there exists C' independent
of T such that

|(8a1’Ul) .. (8a"'Ur)|2;O,T < CZ |’Ui|2;p,T(H |Ui|oo,T)'

i=1 i

Lemma 10.2.

(10.44) |U’U|%2,1);0,T < |“|(200,2);0,T|”|§;0,T~

Proof. Write down the definition of the left side, apply Cauchy-Schwartz in (¢,y),
and pull out |U’|%oo,2);0,T from the dz integral. O

As a final preliminary step, note that assumption (H5) implies
(10.45) le "o (z,y)|2:p < 00,

so by ([{040), (I0-45), and Sobolev inequalities we have
(@) |ulpe(o,11xre) < f(Ep),
(1046) (b) |U'|(oo,2);p,TE < f(Ep)7
(€) le "vpleo < 0.
First we show
(10-47) |h|2;p7Te < f(Ep)-
Let k < p. Recall using (ZI0) that h(z,t,y,u) = H(¢), e tvg, u)u? (obvious nota-
tion), so |*h|a,0 1, is a sum of terms of the form

(10.48) |20 (e 09) 0V ud™ud™ ul 20,1,

where | +m +n < k. Use the Moser inequality (with (10.40), (I0-45), (10-40)) to

see that (I0L48)< f(E,).
This gives (I0.47). The treatment of |Bu|a., 1. is similar.

Next we show
(10.49) 1Pl 2,1):0,1. < f(Ep).

Using the same expression for h as before and applying Lemma [[0.2] we have
(1050) |h|(2,1);O,T€ - |HU2|(271);0,T€ S |u|(oo,2);O,T€ HU|2;0’TE é f(EjD)7

where the last inequality follows from ([L40) and (I0.4G). This proves (I049).
The term |Bu|,1y,0,7. is, again, similar, so this completes the proof that for e

small enough, T, = oco. Thus, the proof of Theorem BTl is finished. O

Proof of Theorem {2 Consider again the linear problem (.8) with divergence
form forcing.

1. Linear estimates. In Section [[2 (see Corollary 21 below) we prove by a
different argument that uses (H6) the following estimate for solutions u to ([@.8) for
all dimensions d > 1:

(1051) |U'5 Uy, Ut|2;0 + |U’37|2;0 < C(|F7 G|1;0 + |F7 G|2;O)-
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As before, repetition of the proof of Proposition [I0.2] gives

(10.52) [ul2ps1.0 + [uel2p,r < Cp(IF, Glso,r + |F, Glagp,r)-
2. Nonlinear estimates. For p > ¢ and F, G as in (I0L37) set
(10.53) Ep = Cp(|F, Glu0 + [F, Gl2p)

and observe that assumption (H5)!V on vy implies E, < oo.
For T, sufficiently small the solution of (I1L37) satisfies

(10.54) [ul2;p1,1, + |utl2p 1. < Ep+ 1.
Now we have

[ul2;pt1,7 + |Ut]2;p,7

10.55
(10:59) < Ep + Ce(|Bulvor. + [Bulzp,r, + bl + |hl2p1.)-

Consider |h|1,0 1, for h = Hu? (earlier notation). We have by Cauchy-Schwartz
(10.56) |Hu? |01, < [Hlsor, [ul30 1, < f(Ep)-

| Bul1;0,7. is similar and the remaining terms are just as in the proof of Theorem
HT, so the proof of Theorem [£2 is finished. O

Part 4. Nonzero mass perturbations
11. NONLINEAR STABILITY

In this section we prove Theorem using the linear estimates from earlier
sections. We also prove Theorem B4 assuming the L' — L? estimates proved in the
next section. The passage from linear to nonlinear stability in both cases is very
similar to the argument in Section 9.

Proof of Theorem [{.3
1. Error equation. We no longer have a perturbation in conservative form, so
we must work with the error problem

d
us + (A(z)u), + Z Aj(x)0ju + ediv(B(x, t,y)u) + ediv(h(z, t, y, u))
(11.1) =2
= Au+ f,

’U,lt:() = 0)

(thisis 212) in (z,t,y) notation) instead of (2:14). Here f is the particular function
appearing in (2:12)). Consider also the corresponding linear problem

d
(11.2) u + (A(z)u)e + ]Z:; Aj()y,u — Au = f,

uli=0 =0

for any f € L2([0,00) x R%). As usual, u and f are extended by zero in t < 0.
2. Linear estimates. Recall the small frequency estimate (8I2) for general
forcing
F|? F|?
(11.3) |U|§§C% gc%,
p*(v + p?) p
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where U(x, A\, n), F(x,\,n) are related to u(z,t,y), f(z,t,y) just as they were in
the doubled boundary problem (8T]). (Recall that in Section 7 the assumption of
“pF™” forcing is not invoked until (813).) Since d > 5 now, the argument used to
obtain the earlier mixed norm estimate gives

(11.4) ViL2(ty) < ClH|L2(2,00 (1))

where U = V(x, ), F= H. There is no need to consider an auxiliary problem.

For u as in (I1.2)) this gives

x5 (D) (ws uy) |12 (2,t,y) + XS (D)uz|L2(2,t,) < Clf |L2(2,01(1,9))
|XM(D)(u7uy)|L2(z,t,y) + |XM(D)ux|L2(z,t,y) < C|f|L2(z,t,y)7

where the medium frequency estimate is proved just as before.
For the large frequency estimate take the L?(x) pairing of a(z, \,n) with the
eigenvalue equation

(11.5)

and argue as in Section 9 to obtain
(11.7) |XL(D)(U7uyvut”Lz(x,t,y) + |XL(D)ux|L2(z,t,y) < C|f|L2(x,t,y)'
Adding up, for solutions of (IT.2) we have
(11.8) |, wy, w220 + [tiz|2:0 < C (12,170 + | fl2:0)-
Line by line repetition of the proof of Proposition [[(.2 gives the higher derivative
estimates:
(11.9) |ul2ip1,r + |utl2pr < Co([fl2ny0,r + | fl2pr)-

Note that there is a gain of one derivative in this estimate, while in the estimate
of Proposition there is a gain of two derivatives since the forcing there is
div(F, Q).

3. Nonlinear estimates. We will refer to the corresponding arguments in
Section 9, just indicating the needed changes.

For p > % and f as in (ILI) set

(11.10) Ep = Cp(Ifl21)0 + [ fl2ip)-

Assumption (H5)! on vg implies E, < oco.
For T. sufficiently small the solution of (I1TJ) satisfies

(11.11) lulospirm, + [urlop . < Ep + 1.
In place of (I042) for solutions to (ITI]) we now have
(11.12)

|u|2;p+1,Te + |ut|2;p,Te
< Cp(|f + ediv(Bu) + ediv(h)|2,1y0,7. + |f + ediv(Bu) + ediv(h)|2;p,1.)
< By + Ce(|Bul2,1);1,7. + [Bulzgpr1,r. + |hl2)0,7 + |Pl2pt1,7.)

Just as before, the Moser inequalities imply

(11.13) |Bul2;p1,1. + [hl2pr1r, < f(Ep).
Also, |h|(2,1);1,7. is a sum of terms of the form
(11.14) |<I>(‘)<j> (e*tv0)8<l>uamuanu|(2,1>;07T5,
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where j+ 14+ m +n < 1. By Lemma 0.2l (ITI4)<
(11.15) C|0™ ] (00 20,7109 (€ "M00) 0D ud™ |20, 1.,

and the second and third factors are < f(E,) by (ITILZ5) and the Moser inequality,
respectively.

The term |Bul(2,1);1,7, is treated similarly, so this concludes the proof of Theorem
4.0l O

Notation 11.1. (1) |uly;p = 374 1<p 108,y (@ 6 9) L1 (2,1,

(2) [ulip.r = 32 a1<p 100 ) W@ 6 Y) L1 (2, L1 (19)) -
Proof of Theorem Again, consider the error equation (ITJ]) and the corre-
sponding linear problem (ITZ).

1. Linear estimates. In the next section (see Corollary 21 below) we prove
the following estimate for solutions u to ([T.2):

(11.16) |y, w20 + |tal20 < C([f]10 + [ fl2:0)-
As before, repetition of the proof of Proposition [[0.2] gives
(11.17) ul2pr, + |utl2p e < Cp(Ifl0r + | fl2pr)-

2. Nonlinear estimates. For p > ¢ and f as in ([IL) set
(11.18) Ep = Cp(If]1:0 + | fl2:p)

and observe that assumption (H5)!!! on vg implies E, < oo.
For T sufficiently small the solution of (II) satisfies

(11.19) [ul2;p1,1, + |utl2p 1. < Ep+ 1.
Now we have

|u|2;p+1,Te + |ut|2;p,Te
< By + Ce(|Buli;1,1. + |Bul2ip,r. + bl + [hl2pa,,)-

Consider |h|1.1,7.. In place of (ILI4) we have

(11.20)

(11.21) |29 (e~ tvg) 0V ud™ud™ul 1.0 1, -
Instead of Lemma just use Cauchy-Schwartz to obtain ([I[1.21)) <
(11.22) C’|8mu|2;07T€ |8<j> (6_t1}0)8<l>u8n’u,|2;07T€ S f(Ep)

| Bul1;1,7. is similar and (ITI3) holds, so the proof of Theorem[@4lis finished. O

12. L' — LP ESTIMATES, p > 2

Henceforth we revert to the notation (¢, x1,2’) in place of (¢, z,y) and (7,&1,&’)
in place of (7,&,7).

We next establish L' —LP bounds for the conjugated doubled eigenvalue equation,
p > 2. From here on, we assume the auxiliary structural hypothesis (H6); that is, we
assume that branch singularities of characteristic roots &; (considered as functions
of (1,&’)) are confined to a finite union of smooth surfaces 7 = 7;(¢) on which
the singularity has constant order equal to s;, the multiplicity of the corresponding
root &;.
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We work in polar coordinates (5\, é’, p) with 4 = RN, 7 = S Departing
somewhat from an earlier assumption, we now relax our standard requirement 4 > 0
to the more general

(12.1) § > —6p(17]” +1€')
for small frequencies and
(12.2) 2 =0(17+ pl&'),

for mid- and high-frequencies, 6 > 0 sufficiently small. Then the main result, to be
established in the remainder of this section, is the following, where L', L? refer to
LY(x1), L?(x1) norms.

Proposition 12.1. Assume (H1), (H2), (H3), (H4), (H6), and [LZTl). Then, for
F € L' and p > 0 sufficiently small, the solution of the conjugated doubled boundary
problem (634) satisfies

(12.3) U3 <

CB|F|1:
2

for some C > 0 uniformly near the basepoint Xy, where

(124) B = r;l;gﬂj,
UJZth 60 =1 a,’n,d
(12.5) Bj = (IF = ()| + p+4)"/5 7"

(Note that 8 =1 if the glancing set G is empty, in particular for d =1.)

From ([Z3)), we obtain readily the linear estimate (ITI6) cited in the previous
section.

Corollary 12.1. Assume (H1), (H2), (H3), (H4), and (H6). Then, for d > 3, the
solution of the linear problem ([[L2) (nonzero mass) satisfies

(12.6) |,y w20 + [uzl20 < C([fl0 + [fl20),

while, for d > 1, the solution of (@) (zero mass) satisfies the same bound with
(F,G) in place of f.

Proof. Nonzero mass. We want to use the L' — L? bound ([Z3) in exactly the
same manner that the first inequality of (8I6) was used to establish the mixed
norm estimate of Proposition The key to doing so is the observation, which
can be checked directly using the explicit form of 8; given above, that for 6 > 0

2
(12.7) / — drdf’ < oo
|7.8'|<6 P
for dimension d > 3. (Some care is needed since 3 is singular.)

Substituting (IZ3)) line by line for the first inequality of (8I6) in the proof of
Proposition B2, we thus obtain (8:28) with pure L! norm |f|L1 (2,t,y) sSubstituted for
the mixed norm |f|12(, 11(¢,4)) On the right-hand side. This concludes the treatment
of the key small-frequency regime.

The treatment of the mid-frequency range goes exactly as before: since p is
bounded above and below, there is no difference between general forcing and p-
forcing. The treatment of high frequencies, as noted in Section 8.1, is in fact
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somewhat simpler for general forcing. Combining these observations, we obtain the
result.

Note that (IZ7) fails for d = 1 and 2. For this reason different arguments are
needed to handle nonzero mass perturbations in these dimensions. The case d = 2
is treated in Theorem L5, For d = 1 see [ZH], [Z2].

Zero mass. For “pF”-forcing, we obtain in place of the estimate

(12.8) U2, < CB%|F)2,,

and (32 is integrable near the origin for all d > 1. As in the proof of Theorem
one needs to consider an auxiliary problem to treat the F,, part of the forcing.
The small frequency estimate then follows almost exactly as for Theorem [4.1], with
the L'(t,21,2") norm now playing the role of the mixed norm; see Lemma [12.6] of
Section [12.6) below.

The treatment of mid- and high frequencies goes as before. O

In what follows we will occasionally interpolate between L? and L> using the
following elementary inequalities:

1—2 2
(12.9) fulie < lulp? Julfs < Julz= + ulze.
From (IZ3) we obtain immediately the following L' — LP bounds, to be used

in the next section.

Corollary 12.2. Assume (H1), (H2), (H3), (H4), (H6), and (IZQ). Then, for
F € L' and p > 0 sufficiently small, the solution of the conjugated doubled boundary
problem (634) satisfies

< CB|F|
p

for all 2 < p < o0, for some C > 0 uniformly near the basepoint Xo, where 3 is
defined as in Proposition [12.1]

(12.10) |u|

Proof. Recall that |U| bounds both |u| and |uz, |. Thus, the result for p = oo follows
from the standard one-dimensional Sobolev inequality

(12.11) Floo < 11521 faly”

and the general result 2 < p < oo by interpolation between L? and L* norms. 0O

Our basic strategy in proving Proposition[IZ1] will be to establish an L? — L
bound for the adjoint problem and then to appeal to duality. In deriving adjoint
L? — L™ bounds, we use duality in a second way, to first conclude adjoint L? — L?
bounds from the L? — L? bounds of the forward equation (slightly refined). From
L? bounds on source and solution, L> bounds are then readily obtained by a
standard energy estimate/integration by parts.

Remark 12.1. Tt is worth noting that we do not in this argument apply degenerate
symmetrizers to the adjoint equation. Indeed, because of an asymmetry between
forward vs. dual equations, our standard degenerate symmetrizer estimate would
not recover the sharp bound available by duality. (Specifically, the degeneracy in
the boundary condition for the dual equation occurs in hyperbolic modes, though
we shall not show it here.)
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12.1. The dual problem. Consider a general boundary problem
LU :=U,, — G(z1,\,¢U =F,

(12.12) 1 ( 1 f)
I'U=0onz =0.

The dual problem is then defined via the L? inner product on RT as

LV = -V, — G*(x1,\, &)U =G,

IV =0o0nz, =0,

where the kernel of I'* is the orthogonal complement of the kernel of T', i.e., by the

property that

(12.14) (LU, V) =(U,L*V)

for TU(0) = T*V(0) = 0.

A formality is to first establish well-posedness of both problems.

(12.13)

Proposition 12.2. For p > 0, both forward and dual problems have a unique H*
solution for any data in L2.

Proof. 1t is sufficient to prove uniqueness, which follows in both cases from the
standard (nondegenerate) symmetrizer construction carried out for fixed p # 0. The
interior estimates thereby obtained feature constants that may blow up arbitrarily
fast in p as p — 0; however, this is of no consequence for the present purpose. [
Corollary 12.3. The bound of Proposition[12.1] is equivalent to the dual bound
Cp?
2

for solutions of the dual conjugated boundary problem, for G € L2.
Proof. We have

(1216)  [Ulz = swp (U.G)= (U.L'V) = LUV} = (F.V) < [Flps V],
Gl 2=1

< =16

(12.15) V|2 <

from which we obtain the forward direction
(12.17) |U|r2/|F |2 < |V]pe/|G|pe.
A reverse calculation yields the backward direction. O

12.2. Decomposition of Uy . To establish (TZI5), we will need to sharpen the
basic L? — L? estimate for the forward equation. To do this, we shall need to
decompose the hyperbolic modes Uy in decomposition (GI0) as the sum Uy =
Ur, +Upg_, where

(12.18) Un, =Un,. +Upn, . + Ung:'

Each vector appearing in (IZI8) has 4n components, and the decomposition de-
pends on (X, &', p). While Uy here is the same as the vector Uy appearing in (616]),
to avoid confusion it is important to note that the definitions of Uy, are different
now as we explain below.
We shall write
Ug, =Un,, +Un,_
and do similarly for e and g. The hyperbolic mode Ug, , has nonvanishing compo-
nents corresponding (only) to the blocks @y in (6I0) which are 1 x 1 with real part
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vanishing at the basepoint, but with real part > 0 (resp. < 0) when p > 0. The el-
liptic mode Ug,, has nonvanishing components corresponding to blocks with RQ
positive or negative definite at the basepoint. Finally, the glancing mode Uy, has
nonvanishing components corresponding to blocks of size larger than 1 x 1 which
are purely imaginary at the basepoint (glancing blocks).

Furthermore, we shall diagonalize the glancing blocks by a 4n x 4n matrix

Tu, (N &, p):
(12.19) Up, = Tg, Un,,

where Uy, := Up,, +Up,_. Here Up,, are defined as the projections of Uy, onto
the growing (resp. decaying) eigenspaces of Hp in (BI0) corresponding to glancing
blocks. Call these subspaces Hy+. Clearly, Ty, also has a block structure and we
may construct it so that in any given block corresponding to a glancing block Q;,
the first columns are eigenvectors of Q; associated (for p > 0) to eigenvalues with
fp < 0. The remaining blocks of Ty, are identity matrices.

We denote by

(12.20) U =Ty U

the full variable with Uy, diagonalized and all other components unchanged. By
calculations similar to those in [ZI], we obtain the following estimates.

Lemma 12.1. The diagonalizing transformation Ty, may be chosen so that

(12.21) Th,| < C,
(12.22) Ty, < CB,
and

(12.23) T,;;‘Hg_| < Ca,

where [ := max; ;, o 1= max; o, with
. pl=s; . pl=l(s;+1)/2

(1224) 6] = 0]' SJ’ aj = gj [ Sj ]’

(1225) 0]- = (|7A- — Tj(é/)| _’_,?_*_p)l/sj,

and T}}glngi denotes the restriction of ngl to subspace H,_. In particular,

(12.26) fa~2 > 1.

Remark 12.2. The quantities 8 and «, and their sharp estimation, we regard as a
key to the analysis of long-time stability in multidimensions.

Proof. Clearly, it is sufficient to establish for a single block Q; of size s; that there
exist diagonalizing matrices whose inverses are bounded by ;, ;, respectively. Let
i denote the multiple pure imaginary eigenvalue appearing in Q; evaluated at the

basepoint (7, g ). From here on, we drop the j subscript.

Set 0 = (|7 — ()| + 4+ p) s0 0 = (o + p)*/*. By a classic matrix perturbation
argument (e.g., [Z1], Lemma 4.8) the eigenvalue u splits for o + p > 0 small into s
eigenvalues.

(12.27) ukzﬁ+wk+o(|a,p|1/5), k=1,...,s.
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Here

T = €¥i(po — igp)Y/* with
(12.28) =15,

p(é’) and q(f’) are real and ~ 1,and sgn p = sgn q.
Moreover, corresponding eigenvectors are given in appropriate coordinates by
(12.29) (L, mg, 72, Y + of|o, pV9).

Thus, there exists a matrix Ty, of eigenvectors of the s x s block @ that is
approximately given by a Vandermonde matrix with generators distance at least ¢
apart related by s roots of unity. (Note: In [Z1], v was constrained as a function
of 7, p; however, an examination of the argument shows that the analysis remains
valid in the more general case (IZI).)

By Kramer’s rule, we may therefore estimate § as the quotient of two Vander-
monde determinants, the numerator of size s — 1 and the denominator of size s,
taken from the same set of equally spaced generators. The standard formula for
Vandermonde determinants then gives

(12.30) B~ e<s 2 1)@ _ g

as claimed.
Denoting by

(12.31) <2>

the matrix consisting of the k < [(s +1)/2] stable eigenvectors of @, i.e., the first k
columns of Ty, and noting that ¢; as a Vandermonde matrix is invertible, we find
that H,_ consists of vectors of form

w 1) -1
. ()= (2) e

where w € C* is arbitrary.
From |(w, tot] 'w)| > |w| and the computation

71 w ‘_‘ %\ [t tilw‘
Hy \tot7'w ) |~ | \t2 * ty) 1
12.
(12.33) —‘<I§>t11w‘

= [ty |
we thus obtain that |T§;‘H | < Jt7Y.
g
Observing that 7 is a k X k Vandermonde matrix with generators taken from the
same equally spaced set and applying Kramer’s rule similarly as before, we obtain

(12.34) [t7Y < cot-ls+D/2
and thus o = 017 [(6+1)/2] a9 claimed. O

We define similar decompositions on the dual variable V' and also the forcing
terms F' and G.
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12.3. Interior estimates. We begin by carrying out a basic degenerate sym-
metrizer estimate for the diagonalized forward problem. Note that the treatment
of glancing modes is considerably simpler in diagonalized coordinates and indeed
has nothing to do with that of the original Kreiss construction.

Lemma 12.2. For the forward diagonalized problem, we have the interior bound
P

P*(v + p?)

Proof. In diagonalized coordinates, we must deal with a new degeneracy of order

a~! in the glancing modes of the diagonalized boundary condition I := I'Ty, for
the forward problem, as may be seen by the calculation

C~' U, |
Hy|H,_

(12.35) U2, <C

(12.36) MUy, | =ITUn, | > C ' Un, | >

On the other hand, there are no coalescing modes, and so we may dispense with the
usual Kreiss construction, treating glancing modes in the same way as hyperbolic
and elliptic modes. Precisely, in all except glancing modes, we make the same choice
of degenerate symmetrizer followed in previous sections, while in the glancing modes

we choose

(12.37) Sp, = diag(Su,, , Su,_) := diag(C,a~?).
Evidently, it holds that

(12.38) DU | > C6lU, |+ 61Uy, |+ |Upy,_| + plUp_ ).

analogous to Lemma [T, and therefore we again obtain good trace terms in the
resulting symmetrizer estimate.

It remains to check that we retain good interior (L?) bounds. Let pj+ denote
the eigenvalue associated with the kth mode of U }{q. Taking the Taylor expansion
of the expression (I2.28) for 7 about p/o = 0 yields

(12.39) Ruks| > C~1p%3,

whence we obtain from the fact that Sa—2 > 1 the lower bound
(12.40) a2 Rup+| > C1p?,

and thereby the key interior estimate

(12.41) (Re SGp(00)Up, . Up,) > ®p?|Uy, 5+ p°|Ug, 5.

That is, we still find that RSG5 (0c0) > p? as before, and therefore the rest of the
calculation of Section [§] goes through as before to give the claimed estimate. O

Remark 12.3. Since Ty, diagonalizes the forward problem, TI};* diagonalizes the
dual problem.

By duality, this yields
Corollary 12.4. For the dual diagonalized problem, we have the interior bound
ClG' 3,

12.42 vz, < L2
) M Rl
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In fact, the above estimates can be somewhat refined. Let Uy _ = denotes the
jth growing/decaying glancing mode and p;+ the associated growth/decay rate
(eigenvalue of Gp).

Lemma 12.3. For the forward diagonalized problem, we have the refined interior
bounds

(12.43)

c [Fpl3+ (v +p*) HEm, 3+ p 7 Fr |3+ 320, 1 1Ruje | Fu,. 15

p? '
Proof. Parabolic modes have growth/decay rates with real part bounded in abso-
lute value above and below by order one; elliptic modes have growth/decay rates
bounded above and below by order p; hyperbolic modes have growth/decay rates
bounded above and below by order (v + p?). Glancing modes are treated individ-
ually in the diagonalized coordinates and have growth/decay rates with absolute
value of real part |Ruj+|. Using this sharp information in the degenerate sym-
metrizer estimate described just above, specifically in the application of Young’s
inequality in step (BI0) of Section B we obtain the claimed bound. Note that the
worst-case version of (IZZ3)) is (IZZ), corresponding to component Fjy, . O

|U'|2 <

Corollary 12.5. For the dual diagonalized problem, we have the interior bounds

C G/ 2
(1244) VEEs + o+ Vi e+ oIV B+ 3 RgallVi 2 < S22
jE
where vjy = —pio denote growth/decay rates for the dual problem (eigenvalues of

-G%).

Proof. Perform integration by parts, exactly as in the proof of Corollary [Z3, but
mode by mode. For example, to obtain the bound

C G/ 2
(12.45) p|Vir 172 < %,
we begin with bound
(12.46) plU' |72 < Cp~2|Fpy, [7
for the forward problem L'U’ = Fy; , and we calculate
(12.47) Vi lr2 = ‘Fsul‘) (Vi F.) = sup(V', L'U") = sup(L'*V',U'>
e |=1
(12.48) = sup |G’|2|U |12 < |G'|12Cp~ /2| F}y |12
(12.49) = Cp32|G | .

O

12.4. L*° estimates. With these preparations, L> estimates are now easily ob-
tained.

Lemma 12.4. For the dual problem, we have the bounds
ClG"]L CP%Gl7-
2 2 :

(12.50) V|2, < ;

, VA <

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



110 OLIVIER GUES, GUY METIVIER, MARK WILLIAMS, AND KEVIN ZUMBRUN

Proof. Working in diagonalized coordinates, we may take the real part of the L?
inner product of V'’ with equation (L')*V’ = G’ from zp > 0 to plus infinity to
obtain after integration by parts the estimate

V! (0)|> < C(Vpl3 + (v + p°) Vi, 5+ plVi, 3+ D IRwsl 1V, 13)
(12.51) P
+ C|V'|2|G 2.

Bounding the first term on the right-hand side using Corollary T2Z5 and the second
term using Corollary [[2.4], we obtain the first asserted bound. The second asserted
bound then follows by change of coordinates and the Jacobian bounds of Lemma

IR O
This completes the proof of Proposition T2l

Remark 12.4. (1) Note that no symmetrizer construction was carried out for the
dual problem, to obtain neither interior nor trace estimates; indeed, our degenerate
symmetrizer construction applied to the dual problem does not seem to yield the
sharp L? bounds we obtain by reference to the forward problem. A review of the
argument structure shows that the approach is completely general, in the sense
that it will always yield some L? estimate for the dual diagonalized equations and
an L bound improving on that bound by a factor equal to the minimum growth
rate among all modes.

(2) The resolvent bound derived here agrees with that obtained by integration
of the pointwise bounds stated in Proposition 4.5 of [Z1]; however, as noted in [Z1],
slightly better bounds were in fact established, and these yield (on integration) the
improved bound |U|} < %Flf; see Remark 4.35 of [Z1]. As pointed out in the
same remark, this improved bound is sharp for square root singularities, s = 2, but
likely not for higher order branch singularities.

(3) It would be very interesting to determine analogous bounds in the situation
that (H6) does not hold. Let us denote the resulting factor of singularity as 5(d, s),
depending on dimension d and maximum order of singularity s. Simple examples
show that 3(d, s) >> ((s); however, we conjecture that 3(d, s)? nonetheless remains
integrable in R?, for all fixed d and s, as needed for our arguments.

12.5. Mid- and high-frequency estimates. In the next section, we shall need
also the following straightforward bounds.

Lemma 12.5. Assume (H1), (H2), (H3), and (Hj). Then, for F € L* and p
bounded uniformly above and below, and under assumption ([Z2), the solution of
the conjugated doubled boundary problem (G.34) satisfies

(12.52) |uf3 + |z, |3 + [ta2, [3 < CFI3

for some C > 0. For p sufficiently large, and under assumption (12:2), the solution
satisfies (in polar coordinates, suppressing hats)

(12.53) (pl7| + pv + p*I€ 1P [ul3 + (ol 7] + v + P*1€1*)|tias 3 + |tz |3 < C|F3.

Proof. The |u|z and |u,,|2 bounds follow by essentially the same calculation as in
the proof of Proposition 0], but substituting general forcing F in place of diver-
gence forcing Fy, +inG. The |ug, 4 |2 bounds can then be obtained directly from
the equation ([@JJ). O
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Corollary 12.6. Assume (H1), (H2), (H3), and (H}). Then, for F € L', p
bounded uniformly above and below and under assumption ([2Z2), the solution of
the conjugated doubled boundary problem (G.34) satisfies

(12.54) [ul2 + |us, |2 < CIF |y

for some C > 0. For p sufficiently large, and under assumption (IZ2), the solution
satisfies (in polar coordinates, suppressing hats)

(12.55)  (pl7| + py + P*1€' )Y ulo + (pl7] + py + p*1E' ) s |2 < CIF)1.
Proof. By duality, the bounds (I2.52) and (T253) hold also for the adjoint equation.
Applying the one-dimensional Sobolev inequality |f|eo < |f |;/ °|far é/ %, we thus
obtain the adjoint L? — L* bounds

(12.56) [V]oo + [V2: |00 + [V212, loo < C|Gla

for p bounded above and below, and

(12.57) (ol + py + PP E1P)* Holoe + (plT] + o7+ P21E1P) |0, oo < CIG

for p sufficiently large, from which the claimed bounds follow by duality. O
Corollary 12.7. Assume (H1), (H2), (H3), and (Hj). Then, for F € L', p

bounded uniformly above and below, and under assumption ([2Z2), the solution of
the conjugated doubled boundary problem ([G34) satisfies

(12.58) lul, < C|F|y

for all 2 < p < o0, for some C > 0. For p sufficiently large, and under assumption
[[22), the solution satisfies (in polar coordinates, suppressing hats)

(12.59) (plrl + oy + P?IE P) /212 ful, < O|F 1.

Proof. As in the proof of Corollary 22 this follows immediately by one-dimen-
sional Sobolev inequality and interpolation. ([

Remark 12.5. Comparison with the explicit resolvent bounds of [Z1] shows that the
above estimates are sharp.

12.6. The auxiliary problem. Finally, we point out the following straightforward
estimates for auxiliary problem (I0.3).

Lemma 12.6. Assuming (H2)-(H3), there exists a solution W of auziliary problem
([I0:3) satisfying

(12.60) (@] Lo a) < CIF |11 (0

for all 1 < p < oo, with C > 0 independent of p.

Proof. As before, we begin by conjugating to a constant coefficient doubled bound-
ary value problem and imposing the augmented boundary condition B. Since the
eigenvalues of A are nonzero, real, and distinct, we can further conjugate by a
constant matrix to the case that A(oo) is diagonal, and w may be decomposed
entirely into scalar components w;. Integrating the vector (sgn w;) against S times
the diagonalized equation, where S is the usual symmetrizer, we thus obtain the
estimate

(12.61) O Mo (0)] = [Bio— (0)] + [l 2 (ay) < 1FlLs o,
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yielding the desired estimate for p = 1. Next, taking the inner product of & against
the original equation (I3]) and integrating from x to infinity, we obtain

(12.62) [ (z0)* < C(1@l72,,) + (B, F)),
and therefore, by Holder’s inequality,
(12.63) |17 s (1) < CUD| L2 (1) D] Lo 1) + [D] % (1) [F| 3 (1)) -

Dividing both sides by ||, (4,) and applying bound (IZ&I), we obtain the result
for p = co. The remaining bounds then follow by interpolation between p = 1 and
p = Q. ‘:l

13. NONLINEAR STABILITY FOR d = 2

The nonlinear iteration scheme of Section 11 fails for nonzero mass perturbations
in dimension d = 2. On the one hand the proof fails, since 32/p? is not integrable
then. But this reflects the underlying fact that the linearized response to nonzero
mass L! initial data in general decays in LP, p > 2, no faster than a d-dimensional
heat kernel. Though not explicitly stated in [Z1], this is a consequence of the bounds
therein, which show that far field behavior is dominated by the outgoing portion
of a “multidimensional diffusion wave,” in the sense of [HoZI|; examination of the
(upper and lower) bounds of [HoZI] in the specific case of compressible Navier-
Stokes equations then yields the result. Likewise, review of the nonlinear iteration
scheme of [Z1] shows that this linear response is the dominant part of the solution,
and therefore similar bounds hold for the full, nonlinear solution U. In particular,
|U|2(t) ~ (1 4+t)~%/* and thus

130 OB = [ 0B~ [T
0 0

converges if and only if d > 3. Since convergence of the iteration scheme implies
|U|L2(2,t) < +00, we find that the scheme cannot work for d < 2, except for zero
mass initial data, where it works for L' N H*® initial data for all d > 1, Theorem
79,

In this section, we show that the resolvent bounds we have derived are nonethe-
less sufficient to yield a nonzero mass stability result for d > 2, by following a
different approach introduced in |ZI]. This argument has the advantage of yielding
at the same time rates of decay, thus improving the previous results also for d > 3;
recall, the [KK]|-type scheme yields decay with no rate. These rates, however, are
not expected to be sharp in the uniformly stable case considered here; see discussion
below Proposition 8.1 in [ZS] or in Section 3.3. of [Z1].

13.1. Linear estimates. Define by ®(¢) the solution operator for the linearized
Cauchy problem

(a) U + (A(a:l)u)xl + Z Aj (a:l)(‘)ju — Au =0,

Jj=2

(13.2)
(b)  ufe=o = f.
The main step is then to establish the following bounds (Proposition 4.45 of [Z1]).
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Proposition 13.1. Assume (H1), (H2), (H3), (H4), and (H6). Then the bounds

(13.3) [@(0)f1p < CA+ 0 DAl + 1),

(13.4) [®(0) D, flp < CE 21 40)7 D+ [1£1L)

hold for all 2 < p < co. (Note: Here, all norms are with respect to spatial variables
only.)

Proof. Standard short-time theory yields, for t < 1, the bounds

(13.5) [®(t) fl2 < C|| fll2,

(13.6) (1) Da, fl2 < CE 2| f]-

Thus, it is sufficient to establish, for ¢ > 1, the bounds

(13.7) [®(0)fl, < Ot~ T R £,

(13.8) (@)D, fla <1757 D]

To this end, define contours I'(¢’) by
RN = —01|SA2 = 01]¢)?
for |SA| < R and
RA = =01 R|SN| — 01]¢)?

for |SA| > R, with 6; sufficiently small. Then, standard semigroup theory together
with the resolvent bounds previously obtained gives the representation

1 i&x’ ~
(13.9) u(x,t;y) = iy //eRdl j{\ef(g) e T M (xy, €, N)d\dE’

for the solution w of the linearized Cauchy problem, where @ denotes the solu-
tion of the generalized resolvent equation obtained formally by the Laplace-Fourier
transform; see the related Lemma 4.39 of [Z1].

This formal equation is just (using Duhamel’s principle to replace Cauchy initial
data by homogeneous initial data with forcing f(z)d(t), 6(-) denoting the Dirac
delta-function)

(1310) ﬂl’ll’l - (Al (xl)ﬂ)an - S(xla Avfl) f(xlag )7
where f denotes the Fourier transform of f, (1,¢') is dual to (t,2'), A = iT 4+~ with

([[21)), (@22) and as usual

d
s, A, &) =D Aj(w)ig; + M+ €'
j=2

Bounding
(13.11) |fle(er, @) < flereen =11

using Hausdorff-Young’s inequality and appealing to the L' — LP resolvent esti-
mates of the previous section, we may thus bound

(13.12) [a(z1,&, M) Lo (ar) < [F110(E,N),

where, for p := |¢'| + |\, and R > 0 sufficiently large, b := CBp~! for p < 1/R,
b:=C for 1/R<p<R,and b:= C(|\ + [¢'|?)"/2=1/? for p > R.
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L? bounds. Using in turn Parseval’s identity, Fubini’s Theorem, the triangle
inequality, and our L' — L? resolvent bounds, we may estimate

Ul L2z, 21y () = (/ /
z1 JE ERI—T
2 1/2
= ( / ]{ e’\tﬁ(xl,f’,)\)dA‘ dg')
gerd=1 1 JAel(¢) L2(z1)
AT / 2 , 1/2
< (/ j{ e, € 7)\)|L2(x1)d>\‘ df)
grera-1 1 Jxef(¢)

<|f|1</£/€w_1

from which we readily obtain the claimed bound on |®(t)f|2 using the bounds on
b on each of the small-, mid-, and high-frequency regions. For example, on the
critical small-frequency region, parametrizing I'(¢’) by

2 1/2
jf Ma(, €, A)dA‘ de’ dxl)
Ael'(¢)

(13.13)

2 1/2
jf SN (¢!, A)d)\‘ dg') :
Ael(¢)

NE k) =ik — 01(K* +1€')?), kEeR,

and observing that in nonpolar coordinates

o [ (1 3 (BB

i>1
(13.14) =
k—1:(& e—1
< [0k 1 (14 30 (BTN,
i1 P
where £ := —1 (0 < € < 1 chosen arbitrarily if there are no singularities), we

maxj; Sj
obtain a contribution bounded by

(13.15)
cirn( [
g/eRd—l
<ciph [ (e
g/eRd—l
12 +oo 2 2
AU [ (g [ e ] de)
jZl E'ERd_l

2 +oo 2 2 1/2
< C|f|1/ (6729\5 | t|§/|72€ / 679|k| t|k|671dk‘ dgl)
g/E]Rd—l —

< C|f|pt~d-1/4

too 2 72 2 1/2
/ e O +IE )t(p)*lﬁdk;‘ d§')

+oo R 2 1/2
/ e—@lkl t|k|s—1dk‘ dﬁl)

oo

1/2

as claimed.

To obtain the claimed bounds on |®(¢)D,, f|2, we may use again the auxiliary
problem (IT3) and the bounds of Lemma to obtain for bounded frequencies
the improved L' — L? bounds available for p-forcing, and thereby an additional
factor of p on the critical small-frequency region, which yields an additional factor of
t~1/2 in the estimate just above. On high-frequency regions, the estimate degrades
by an algebraic factor in £, A, but this is harmless for ¢ > 1.
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L™ bounds. Similarly, using Hausdorff-Young’s inequality, we may estimate

i@ <sup [ i€ i]ag
E'ERd_l )\ef‘(f/)

Z1

(13.16) <[ Nl drae
reRA—1 )\EF(E’)

<l [ e e
/ERd—l )\Er(gl)

to obtain the claimed bound on |®(t)f|.. For example, on the critical small-
frequency region, parametrizing I'({’) again by

NE k) =ik — 01(K* +1€')?), kEeR,

we obtain a contribution bounded by

too 2 112
lell/ / e O HIE =1 Bk ag
'eRd-1 J 00

2 oo 2
(13.17) §C|f|1/ o—01€] t|§/|—s/ e~ Okt ke~ dRedg!
g/ERd—l —

e}

< O|f|pt~d-D/2

as claimed. The improved bound on |®(t)D, f|~ follows as before upon substitution
of the improved L' — L> bounds available for p-forcing, exactly as in the case

p=2.
General 2 < p < co. Finally, the general case follows by interpolation between
L? and L™ norms. 0

13.2. Nonlinear stability. Nonlinear stability now follows by the argument of
Proposition 4.46 of [Z1], for completeness reproduced here.

Proof of Theorem [J.5] Defining

(13.18) vi=u—1,
and taking the Taylor expansion as usual, we obtain the nonlinear perturbation
equation
(13.19) ve— Lo =Y Qv,0)a,
J
where
(13.20) Q’(v,v) = O([v[*)

so long as |v| remains bounded by some fixed constant. Applying Duhamel’s prin-
ciple and integrating by parts, we can thus express (supressing z-dependence)

(13.21) v(t) = ®(t)v(0) +/0 ®(t — 8) Dy, Q7 (s)ds.
Define now
(13.22) )= sup v, 8)||pe(l+s) T

0<s<t,2<p<oo
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We shall establish
Claim.

(13.23) ((t) < Ca(Go +¢(1)%).

From this result, it follows by continuous induction that {(¢) < 2C5(y for t > 0,
provided (y < 1/4C5. But definition (I3.22) then yields

(13.24) (-, )| < 2C5¢(1 +8)~(5)

as claimed. Thus, it remains, first, to establish the claim above, and, second, to
extend to 2 < p < o0.

Proof of Claim. Recalling (I3.20) and (I3.22), we can bound
Q7 (v, 0) (-, )] Lr < |vlrefv]zr

<CC2(A+t) =
for p > 2 and
Q7 (v,0) (-, 1)y < Jvl?3
<OCP(1+) "7,
so that
(13.25) Q7 (0,0) (-, )| Lr + Q7 (v,0) (-, )1 < CCH>(L+1) 7

The requisite L*>° bounds hold for a short time provided they hold initially, by local
existence/regularity theory, and at later times provided that the L° bounds of the
iteration scheme remain valid. Thus, we can establish the global validity of bounds
([I325)) at the same time that we establish the global bound ([[3.24)) on our iteration
scheme, using the standard strategy of continuation.

Substituting into (I3:21) and using bounds ([3.3)) and [I34)), we obtain

—1

o(t)|2r < CGot™ "2 477
t
(13.26) +C(()? / (L4t—s) T 0D (t—5) 3 (145) "7 ds
0

< CEG+WH I+~ T,
for all 2 < p < oo, where C(p) is strictly monotone increasing in p, with C(c0)
bounded for d > 3 and C(c0) = +o0 for d = 2. (This final inequality follows by a
direct calculation; see, e.g., Appendix A5 in [Z1].)
Of course, the integral in the second to last line is monotone decreasing in p,
and so we may always substitute the less precise bound

[o(6)|r < C(2)(Co + 1)) (L +1)

Thus, ¢(t) < C((o + ¢(t)?), establishing the claim and the result for p = 2. Once
is bounded, ([I326)) then yields the result for 2 < p < oo as well. O

_d—1
4 .

Remark 13.1. Alternatively, we could have performed higher derivative estimates
as in the proof of Proposition and carried them along in the analysis to obtain
a self-contained argument involving only Sobolev estimates, for initial data in the
smaller space L' N H®. This would require the same regularity f € ClE1+5 as the
IKK]-type argument used in previous sections; by contrast, the present argument

requires only f € C2.
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13.3. Relation between [KK| and [ZI] analyses. We conclude by a brief further
discussion of the relation between [KK]| and [Z1] approaches, in light of the above
calculations. Clearly, the pointwise resolvent kernel bounds of |[ZI] were not the
essential point (we have not used them here), but rather the consequent L' — LP
resolvent bounds and the improved bounds for p-forcing. These bounds are shared,
central features of both the [Z1] and [KK]| analyses. (However, note: The [KK]
resolvent analysis is purely one-dimensional, so it does not address the important
technical issue of glancing modes; indeed, it is not immediately clear that their
method of obtaining resolvent bounds can be generalized to higher dimensions.)

The main difference, then, is in the endgame by which the resolvent bounds
are converted to nonlinear estimates. The [KK] approach could be described as
“hyperbolic,” since it uses an iteration scheme very similar to that of the inviscid
case. In particular, the integration of A along the imaginary axis does not reveal
the effects of diffusion. As we have demonstrated here, this scheme is applicable
for general (nonzero mass) initial data only for dimensions greater than or equal to
three. The endgame of [ZI] could be described rather as “parabolic”: integration
on the parabolic contour T'(£’) reveals an additional temporal decay due to diffusion
that is essential to the proof of nonlinear stability in dimensions less than or equal
to two. (Note: In dimension one, somewhat further care is needed; specifically,
translation of the shock must be projected out [Z2, MaZll IMaZ2, IMaZ3, MaZ4|
MaZhl 23, [HZl Ral.)

With regard to the small viscosity limit, we point out that both choices of contour
are consistent with the standard hyperbolic analysis, since the curvature of the
parabolic contour is taken proportional to viscosity. A very interesting direction in
the small viscosity theory would be to investigate whether there is any advantage
to working on such parabolic contours to take into account the beneficial effects
of diffusion. It is not clear, however, how to incorporate this into the argument
structure of, e.g., [MZ1l [GMWZI].
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