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Abstract. We consider the asymptotic behavior of perturbations of
Lax and overcompressive type viscous shock profiles arising in systems
of regularized conservation laws with strictly parabolic viscosity, and also
in systems of conservation laws with partially parabolic regularizations
such as arise in the case of the compressible Navier—Stokes equations
and in the equations of magnetohydrodynamics. Under the necessary
conditions of spectral and hyperbolic stability, together with transver-
sality of the connecting profile, we establish detailed pointwise estimates
on perturbations from a sum of the viscous shock profile under consider-
ation and a family of diffusion waves which propagate perturbation sig-
nals along outgoing characteristics. Our approach combines the recent
LP-space analysis of Raoofi [Ra] with a straightforward bootstrapping
argument that relies on a refined description of nonlinear signal interac-
tions, which we develop through convolution estimates involving Green’s
functions for the linear evolutionary PDE that arises upon linearization
of the regularized conservation law about the distinguished profile. Our
estimates are similar to, though slightly weaker than, those developed by
Liu in his landmark result on the case of weak Lax type profiles arising
in the case of identity viscosity [Liu3].

1. INTRODUCTION

Consider a “viscous shock profile”, or traveling-wave solution
u(z,t) = u(z — st), lim u(z) = uy, (1.1)
z—+00

of a system of conservation laws
Ut + F(u)m = (B(u)ur)rv

1.2
r € Rju, F € R"; Be R™", (1.2)
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S R B

ul e R*7 uw!f € R”, and

for which we take

Reoby > 0, (1.4)

with @ > 0 and where o denotes spectrum.

Equations of form (1.2) arise in a wide variety of applications, including
such well known examples as the compressible Navier—Stokes equations, the
equations of magnetohydrodynamics (see [Z.4]), and the equations of vis-
coelastic materials. The long time behavior of solutions of (1.2) is often
characterized by a family of viscous shock profiles (1.1), which serves as a
regularization for the shock pattern solution of the associated hyperbolic
problem

ug + F(u), = 0. (1.5)

In this context, we expect that a viscous profile will persist in the pattern
only if it is individually stable to small fluctuations in initial conditions, and
consequently the stability of viscous shock profiles has long been a subject of
considerable interest and research effort (see [ZH] and the references therein).

An important advance in the study of such waves and their stability was
the identification in [ZH] of a spectral criterion based on the Evans function
(see particularly [AGJ, E, GZ, J, KS, MaZ.3, SZ, Z.3, ZH]). Briefly, the
Evans function, typically denoted D()\), serves as a characteristic function
for the linear operator L that arises upon linearization of (1.2) about the
stationary profile u(z). More precisely, away from essential spectrum, zeros
of the Evans function correspond in location and multiplicity with eigenval-
ues of L [AGJ, GZ, ZH]. It was shown in [ZH] and [MaZ.3], respectively for
the strictly parabolic and real viscosity cases, that L' N LP — LP linearized
orbital stability of the profile, p > 1, is equivalent to the Evans function
condition,

(D)  There exist precisely ¢ zeroes of D(-) in the nonstable half-plane
R > 0, necessarily at the origin A = 0.

Here, ¢ is the dimension of the manifold connecting u_ and ..

Stability criterion (D) has been shown to hold in all cases for small am-
plitude Lax shocks arising in strictly parabolic systems [FreS, Go.1, HuZ,
KM, KMN, MN, PZ], as well as for large-amplitude shocks in such cases
as Lax type waves arising in isentropic Navier—Stokes equations for the
gamma-law gas as v — 1 [MN], and undercompressive shocks arising in



POINTWISE ASYMPTOTIC BEHAVIOR OF PERTURBED VISCOUS SHOCK PROFILES 3

Slemrod’s model for van der Waal gas dynamics [Z.4] (see [S] for Slemrod’s
model). More generally, condition (D) can be verified by numerical calcu-
lation [B.1, B.2, BZ, BDG]. In the case of strictly parabolic systems such
spectral stability, along with standard technical hypotheses on F' and B (see
(H0)—(H4), in Remark 1.7 below,) has been shown sufficient for establishing
nonlinear stability of Lax, under-, over-, and mixed under—overcompressive
shock profiles [HZ], while for mixed hyperbolic—parabolic regularization, con-
dition (D) (along with (H0)-(H3) and (A1)-(A3) below) has been shown
sufficient for establishing nonlinear stability for Lax and overcompressive
shock profiles [Ra, MaZ.4, Z.4]. Except in the case of [Ra], these nonlinear
analyses are carried out through consideration of the perturbation

v(z,t) = u(z,t) — @D (z),

where §(t) is introduced as a local phase chosen in such a way that u is
compared with the nearby manifold of connections between shock endstates
ug rather than with the particular connection @ (in the Lax case, d(t) is
simply a shift in position of the wave, and this choice insures that the shapes
of u and u are compared, rather than their positions). In this way, orbital
stability is considered. In this context, and under the assumption of stability
criterion (D), it can be shown that for initial perturbations

[o(@,0)] < Bo(1 + [a]) /2,
some Ej sufficiently small, there holds
oG, B)ls < CEo(1+1)72075), (1.6)

from which we observe asymptotic decay in time for all p > 1.

A natural refinement of this type of analysis regards the consideration
of diffusion waves, which are defined as exact solutions to a family of con-
vecting Burgers’ equations (convection along outgoing characteristics of the
underlying hyperbolic problem), and which carry precisely the L' mass in
(1.6) that does not decay asymptotically in time [Liu2, Liu3|. Considering,
then, the perturbation

v(z,t) = u(z, t) — @D () — p(x, t),

where (¢, ) represents the sum of diffusion waves, we have

+o00 +o00
/ o(x,0)dx = / (u(z,0) — TR (x))dx,

—0o0 — 00
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+oo
/ v(z,0)dx = 0.

In this way, we reduce to the case of zero-mass initial data, for which pertur-
bations decay equally from above and below the profile, and the asymptotic
rate of decay is doubled (at least at the linear level, and for an initial pertur-
bation with sufficiently fast spatial decay). Working in this context, Raoofi
has shown that stability criterion (D), along with (H0)—(H3) and (A1)-(A3),
are sufficient for establishing that for initial perturbations
5 oud
U(‘Tat) = u(a;,t) —u *(‘r) - (10(1'70) - W(S(t%

where 0, is the asymptotic shape/location of the shock, and with |u(-,0) —a|
sufficiently small, there holds [Ra]

and consequently,

[v(-,)lLr < CEp(1 + t)—%(l—%)_%‘

The goal of the current analysis is both to refine the analysis of Raoofi to
the case of pointwise (rather than LP) estimates, and to introduce a simplified
bootstrapping argument through which estimates on the perturbation v(t, x)
emerge in straightforward fashion. Our estimates are similar to those of Liu,
developed for Lax type profiles in the case of identity viscosity and under the
assumption of weak shock strength. Our analysis has no such limitations,
though we note that the form of our viscosity and the shock strength under
consideration are encoded in our spectral assumptions.

Throughout the analysis, we will work in a coordinate system moving
along with the shock, so that without loss of generality, we consider a stand-
ing profile u(z), which satisfies the traveling-wave ordinary differential equa-
tion (ODE)

B(u)d' = F(u) — F(u_). (1.7)
Considering the block structure of B, this can be written as:
Flad w!'ly = FI(ul o) (1.8)
and
bi(u!) + ba(u'"y = FM (!, u'") — FI (ulu'). (1.9)

We are interested in the asymptotic and pointwise behavior of @, a solution
of (1.2) and a perturbation of 4.

We assume that, by some invertible change of coordinates u — w(u),
possibly but not necessarily connected with a global convex entropy, followed
if necessary by multiplication on the left by a nonsingular matrix function
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S(w), equations (1.2) may be written in the quasilinear, partially symmetric
hyperbolic-parabolic form

. _ - I
A, + Aw, = (Bwy)e + G, w= <5H> , (1.10)

w! e R™™7, wHNE R", z € R, t € R, where, defining wy := w(uy):
(A1) A(wg), A1p, A? are symmetric, A% > 0.

(A2) Dissipativity: no eigenvector of dF'(uy) lies in the kernel of B(u4).

((A2) is equivalent to the assertion that no eigenvector of A(A%) " (wy) lies
in the kernel of B(A%)~!(w).)

(A3) B= <8 g), G= <g>, with Reb(w) > 0 for some 6 > 0, for all W,
and §(wz, w,) = O(Jw,|?). Here, the coefficients of (1.10) may be expressed

in terms of the original equation (1.2), the coordinate change v — w(u), and
the approximate symmetrizer S(w), as

A = S(w)(Ou/ow), A := S(w)dF (u(w))(du/ow),

N (1.11)
B := S(w)B(u(w))(0u/0w), G = —(dSwg)B(u(w))(0u/0w)w,.

Along with the above structural assumptions, we make the technical hy-
potheses:
(HO) F, B, w, S € C8.
(H1) The eigenvalues of A, := A;;(A9)~" are (i) distinct from 0; (ii) of
common sign; and (iii) of constant multiplicity with respect to u.
(H2) The eigenvalues of dF'(u4) are real, distinct, and nonzero.
(H3) Nearby @, the set of all solutions of (1.1)—(1.2) connecting the same
values u+ forms a smooth manifold {@’}, 6 € U C RY, @° = a.

We note that structural assumptions (A1)-(A3) and technical hypothe-
ses (HO)—(H2) are broad enough to include such cases as the compressible
Navier—Stokes equations, the equations of magnetohydrodymics, and Slem-

rod’s model for van der Waal gas dynamics [Z.4]. Moreover, existence of
waves u satisfying (H3) has been established in each of these cases.

Definition 1.1. An ideal shock

w(z,t) = 4= T (1.12)
e uy x> st, '
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1s classified as undercompressive, Lax, or overcompressive type according as
i —n is less than, equal to, or greater than 1, where i, denoting the sum of
the dimensions i— and iy of the center—unstable subspace of df (u—) and the
center—stable subspace of df (uy), represents the total number of characteris-
tics incoming to the shock.

A wiscous profile (1.1) is classified as pure undercompressive type if the
associated ideal shock is undercompressive and £ = 1, pure Lax type if the
corresponding ideal shock is Lax type and £ = i—n, and pure overcompressive
type if the corresponding ideal shock is overcompressive and £ =i —mn, £ as
in (H3). Otherwise it is classified as mized under—overcompressive type; see
[LZ.2, ZH].

Pure Lax type profiles are the most common type, and the only type
arising in standard gas dynamics, while pure over- and undercompressive
type profiles arise in magnetohydrodynamics (MHD) and phase-transitional
models.

Under assumptions (A0)—(A3) and (HO0)-(H3), or their analogs in the
real viscosity case, condition (D) is equivalent to (i) strong spectral stability,
o(L) C {RX < 0} U {0}, (ii) hyperbolic stability of the associated ideal
shock, and (iii) transversality of @ as a solution of the connection problem
in the associated traveling-wave ODE, where hyperbolic stability is defined
for Lax and undercompressive shocks by the Lopatinski condition of [M.1,
M.2, M.3, Fre] and for overcompressive shocks by an analogous long-wave
stability condition (see (Dii) below); see [ZH, MaZ.3, ZS, 7.2, 7.3, Z.4] for
further explanation. From now on, we assume (D) to hold along with (A0)—
(A3) and (HO)—(H4). We also assume that the the shock is a pure Lax or
overcompressive one.

Setting Ay = df (ux), I+ := d?f(us), and By := B(ux), denote by
ay <ay <---<a, andaf <aj <---<ap (1.13)
the eigenvalues of A_ and A, and l;c, ’r’;t left and right eigenvectors as-

sociated with each a;-t, normalized so that (l;frk)i = 5%, where 5% is the
Kronecker delta function, returning 1 for j = k and 0 for j # k. Under this
notation, hyperbolic stability of %, a Lax or overcompressive shock profile,

is the condition:

(Dii) The set {r¥;a* = 0}uU {fj;o %—%jda:;i =1,---,¢} forms a basis for

R"™, with fj;o %—%;_Sda: computed at § = 0.

As said before, (Dii) is satisfied whenever (D) holds.
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Define scalar diffusion coefficients
+
37 = (1] Bry)+ (1.14)
and scalar coupling coefficients
;= Gy r))+ (1.15)
Following [Liul, Liu2, Liu3], define for a given mass m; the scalar diffusion
waves ¢, (z,t;m; ) as (self-similar) solutions of the Burgers equations

Pit T G Pin = B Piae = =75 (9]))e (1.16)
with point-source initial data
p; (x,—1) =mjdo(z), (1.17)

and similarly for gp;r (z,t; m;r) Given a collection of masses m;t prescribed
< 0 and aj > 0, define

J

o(x,t) = Z o (@, tm;)r; + Z goj(x,t;mj)r;r. (1.18)
a; <0 af>0

on outgoing characteristic modes a

Also define

Vi) = x(z,t) D (L) V214 o —ajt] +¢5)73/1

a; <0
! . (1.19)
+x(@,t) Y 1+ )P+ | —aft| +13)7%,

+
a; >0

and

Gr(a,t) = x(,t) Y (1+6)7 21+ |z —ajt) =1

a; <0
! (1.20)
+x(a,t) Y A+ P+ | —aft)) Y

+
a; >0

where x(z,t) =1 for = € [a] t, a; t] and zero otherwise. Also,
Gaa,t) i= > (14 |z —aj t|+ /%) 732
a;<0

+ Y (L4 |z —alt| + /%),

+
a; >0

(1.21)
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and
oz, t) == x(z, ) (1 + )41 + |z "2 (1.22)

Theorem 1.2 and Corollaries 1.4 and 1.5 are the main results of this paper:

Theorem 1.2. Assume (A1)-(A3), (HO)-(H3) and (D) hold, and @ is a
pure Laz or overcompressive shock profile. Assume also that @ solves (1.2)
with initial data Uy and that, for initial perturbation ug := g — u, we have
_3 _1
[uolLinms < Eo, Juo(@)| < Eo(1+|z])™2, and |0yuo(x)| < Eo(1+ |z[)”2, for
Ey sufficiently small. Then there are an £-array function 6(t), and a small

constant 6, such that if v:=10 — % — p — %—?(5, then
v(z,t)] < CEo(¢1 + b2 + @), (1.23)
and
v (@, )] < CEpt ™ (1+ )3 (dr + vy + a); (1.24)
furthermore,
6(t)] < CEo(1+1)"2, (1.25)
and
16(t)] < CEo(1+1)71, (1.26)

for some constant C (independent of z,t and Ey).

The proof of Theorem 1.2 uses a straightforward bootstrapping argument,
combined with L estimates proved in [Ra] and restated here in the following
proposition.

Proposition 1.3. Under the conditions of Theorem 1.2,
(-, 8)|1» < CEo(1 4+ 1) 207274, (1.27)
for any p, 1 < p < o00; also
(- 1) s < CEo(1+1)73, (1.28)
for any s < 4, and for some constant C'.

Proof of Proposition 1.3. See [Ra]. In [Ra] the bound (1.28) was es-
tablished for s < 3; basically, to prove (1.28), it was shown, using energy
estimates, that the H3-norm of w is controlled by the H3-norm of the initial
data and the L?-norm of u. However, the same proof (with a slight modifi-
cation) can be used for s = 4; we need only to assume that the initial data is
small in H* and the coefficients are in C® (rather than C® as in [Ra]). The
reason we need two times differentiability of the coefficients is in the fact that
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we need the exponential decay of u and its derivatives to their endstates up
to 2s derivatives; see (5.56) in [Ra] and Lemma 2.1 in the present work. O

Taylor expansion gives us

_5
a0 i = O 5(1) 1+ O(|a(h) Pe), (1.20)

since u approaches in an exponential rate to its endstates (see Lemma 2.1).

But |6(¢)|?e~*#| is then smaller than the right hand side of (1.23). Hence
we have the following.

Corollary 1.4. Under the assumption of Theorem 1.2,
i(x,t) — a0 (2) = (x,t) + O + ¢ + ). (1.30)
Also,

(-, t) — @O — ()| = O((1 + ) 207971y, (1.31)

Without “instantaneous shock tracking” 06(t), however, we obtain the fol-
lowing, which Liu proved for the artificial viscosity case [Liu3].

Corollary 1.5. Under the assumption of Theorem 1.2,

—la-1H-1
(-, t) =’ — (-, )| Lr = {O((1+t) 207Tp)TE) forl <p<2

1 (1.32)
O((1+1t)"2) for2 < p < oo.

The picture of asymptotic behavior described in Theorem 1.2 and corollary
1.4 was introduced on heuristic grounds by Liu [Liu2] in the context of small-
amplitude Lax-type shock waves and artificial (identity) viscosity B = I,
and, along with the accompanying analysis of [Liul] described below, played
an important role in the subsequent analysis by Szepessy and Xin in [SX]
establishing for the first time stability (with no rate) of small-amplitude Lax-
type shock profiles with B = I. Bounds (1.27) validating this picture were
established for large-amplitude Lax or overcompressive profiles and general
viscosity by Raoofi [Ral]. See also earlier pointwise arguments sketched (but
not completed) in [Liu3, ZH]. In the proof of Theorem 1.2 we will assume
and use the bounds (1.27) and (1.28), already established in [Ral.

Remark 1.6. The estimates of Theorem 1.2 are similar to, though weaker
than, those developed by Liu in the case of identity viscosity and weak shock
strength [Liu3]. In particular, Liu’s estimates provide slightly sharper results
in terms of the pointwise bounds, and also give more information along the
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characteristic modes. In order to provide results as sharp as those of Liu,
we would have to treat the critical nonlinearity @v similarly as we treat the
nonlinearity (2, which we analyze by a clever approach of Liu’s in which
he integrates the nonlinear interaction integral by parts in ¢, making use of
the observation that (0 + a;@x)goj_ decays similarly as the t-derivative of
a heat kernel [Liul]. (For the argument in our context, see (4.37) and the
surrounding discussion, for which under a shift of coordinates, differentiation
with respect to 7 replaces the operator (9 + a;@x). The resulting estimate
is stated in (3.20) of Lemma 3.2.) In order to apply this approach to the
term v, we would additionally have to carry an estimate on (J; + a;@w)v
through our argument. We leave the full details of this calculation to a sep-
arate paper [HRZ]. We remark also that the estimates of Liu are uniform
in shock strength € := |uy — u_| as e — 0. More specifically, € appears
explicitly in Liu’s estimates, and the estimates remain largely unchanged as
e — 0, though one of the estimates (denoted y;) increases slightly due to
the loss of a term e '¢;(z,t) as a possibility in an estimate that takes the
minimum of three quantities (the other two quantities remain uniform in
€) [Liu3]. In our case, shock strength is assumed fixed, and our estimates
are not uniform as e — 0. In particular, coefficients in the Green’s function
estimates we use blow up as € — 0, and we must counter this by reducing
Ejy, the small constant multiplying our initial perturbation. We regard the
extension of our analysis to the case uniform in (small) shock strength as
an important future project. One of the advantages of our approach, on the
other hand, is the use of the instantaneous shock tracking §(t), as well as
using the previously established LP norms, which makes our proof both more
straightforward and easier to generalize. We also remark that since we pro-
ceed from Green’s function estimates obtained for possibly large-amplitude
shock profiles (information about the amplitude is encoded in the spectrum
of the linearized operator), our analysis applies to this case as well. Finally,
the LP estimates of Corollary 1.5 recover the estimates of [Ra], with a slight
improvement on the shift location estimates |5(¢)| and 6(¢). As mentioned
in [Ra], these estimates, in the case p > 2, are a slight improvement of Liu’s.

Remark 1.7 (Remarks on the Strictly Parabolic case). The case of the
strictly parabolic systems can be treated in a very similar way, the proof be-
ing almost identical. However, we need fewer assumptions for the equations,
or for the initial perturbation, in this case. Basically, instead of (A1)—(A3)
and (HO)—(H3), we assume the following assumptions in the case of strictly
parabolic case.
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(HO) f,B e C3.
(H1) Reo(B) > 0.
(H2) The eigenvalues of df (uy) are real, distinct, and nonzero.
(H3) For some 6 > 0, and all real k, we have
Reo(—ikdf (us) — k*B(uy)) < —0k>.

(H4) The set of all stationary solutions of (1.1)-(1.2) near 4, connecting
the same values u., forms a smooth manifold {@°},s € R, a° = .

We also assume that (D) holds. For the initial perturbation we only need
ug € C1H for some 0 < o < 1. In Theorem 1.2 concerning the real viscosity
(partially parabolic) case, we require the pointwise bound on the derivative
of the initial perturbation—i.e. the bound |0,uo(z)| < Eo(1 + |:E|)_%—0nly
in order to control the derivative in the hyperbolic modes, which are absent
in the strictly parabolic case. The necessary bounds on the derivatives in the
strictly parabolic case can be achieved through short time estimates similar
to ones carried out in [Ra, HZ, ZH]. On the other hand, as we are assuming
less on the initial data, (1.28) does not necessarily hold. See [Ra] for more
details.

2. LINEARIZED EQUATIONS AND GREEN FUNCTION BOUNDS

Before stating the Green function bounds for the linearized equation, we
need some preparation to do. First we need the exponential decay of u to
its endstates. The following lemma proved in [MaZ.2] provides us with that.

Lemma 2.1. Given (H1)-(H3), the endstates uy are hyperbolic rest points
of the ODE determined by (1.9) on the r-dimensional manifold (1.8), i.e., the
coefficients of the linearized equations about u4, written in local coordinates,
have no center subspace. In particular, under reqularity (HO),

DIDH((z) —us) = O™, 0 >0,0<;<8,i=0,1, (2.1)
as r — F00.

Instead of linearizing about #(-), we linearize about @°*(-), where d,, de-
termined a priori by the mass of the perturbation, would be the asymptotic
location or shape of the shock. Linearizing around @’ (-) gives us

vy = Lv := —(Av)y + (Bvg) s, (2.2)
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B(z) := B(@(z)), A(z)v:=df (@ (x))v — dB(@’ (z))vad*. (2.3)

and let
Gz, t;y) == b5, (). (2.4)

Denoting A* := A(+o00), B* := B(+00), and considering lemma 2.1, it
follows that

[A(z) = A7| = O(e™")),  |B(x) - B~| = O(e")) (2.5)

as x — —oo, for some positive 1. Similarly for AT and BT, as 2 — +o0.
Also |A(z) — A*| and |B(x) — B*| are bounded for all z.

Define the (scalar) characteristic speeds ai < --- < a;f (as above) to be
the eigenvalues of A*, and the left and right (scalar) characteristic modes
lj-t, rf to be corresponding left and right eigenvectors, respectively (i.e.,
Aj[rjE = aj:rf, etc.), normalized so that l;f . r,j = 5% and lj_ Ty = (5%.
Following Kawashima [Kaw], define associated effective scalar diffusion rates
Bf :j=1,---,n by relation

B0
: = diag L*B*R*, (2.6)
0 A
where LF = (I, ... [F)t, R := (rif, ... rF) diagonalize AF.

Assume for A and B the block structures:
A A 0 0
<A21 A22 ’ B21 B22

Also, let aj(z), j =1,...,(n —r) denote the eigenvalues of
A, = Ay — A12Byy' By,

with I (z), ri(z) € R"™" associated left and right eigenvectors, normalized

so that l;trj = 5%. More generally, for an mj-fold eigenvalue, we choose
(n —r)x m7 blocks L7 and R of eigenvectors satistying the dynamical
normalization

*t E—
Li'9,R; =0,

along with the usual static normalization L;’ftRj = 5ilm;s; as shown in Lemma
4.9, [MaZ.1], this may always be achieved with bounded L}, R}. Associated
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with L%, R, define extended, n x m; blocks

L* R*
* . J * L J
5= (d) %= (Cogthars)

Eigenvalues a} and eigenmodes L7, R correspond, respectively, to short-
time hyperbolic characteristic speeds and modes of propagation for the re-
duced, hyperbolic part of degenerate system (1.2).

Define local, m; x m; dissipation coefficients

n;(w) = —L;tD*R;(x), ji=1....,J<n-r
where
D,(z) =
Ay9 By, [Am — A9y Byy' Boy + Ay By, Bay + B20,(Byy Bar)

is an effective dissipation analogous to the effective diffusion predicted by
formal, Chapman—Enskog expansion in the (dual) relaxation case.

At x = £oo, these reduce to the corresponding quantities identified by
Zeng [Ze.l, LZe] in her study by Fourier transform techniques of decay to
constant solutions U = u+ of hyperbolic-parabolic systems, i.e., of limiting
equations

U =LyU :=—-A U, + BLU,,.

As a consequence of dissipativity, (A2), we obtain (see, e.g., [Kaw, LZe,
MaZ.3])

ﬁf >0, Rea(n;i) >0 for all j. (2.7)

However, note that the dynamical dissipation coefficient D, (z) does not agree
with its static counterpart, possessing an additional term ng@x(BilBgl),
and so we cannot conclude that (2.7) holds everywhere along the profile,
but only at the endpoints. This is an important difference in the variable-
coefficient case; see Remarks 1.11-1.12 of [MaZ.3] for further discussion.

Proposition 2.2. [MaZ.3| Under assumptions (A1)-(A3), (HO)-(HS3), and
(D), the Green distribution G(x,t;y) associated with the linearized evolution
equations may be decomposed as

G(z,t;y) =H+E+S+R, (2.8)
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where, for y <O0:

M~

H(z,try) =) a5 (2)a} ()R} ()¢ (Y, 1)8u—aze(—y) L5 (y)

1

<.
Il

(2.9)

M-

R (@)O0(e7™)d,ai(—y) £} (),

7j=1

where the averaged convection rates a; = aj(z,t) in (2.9) denote the time-
averages over [0,t] of aj(x) along backward characteristic paths 2 = 25 (x,t)
defined by
dz]’-‘/dt = a;f(z;), z;-‘(t) =z,
and the dissipation matriz i = (i (x,t) € R™5 %™ s defined by the dissipa-
tive flow
d¢i/dt = —nj ()¢ GG 0) = Iy

and 5x—a;t denotes Dirac distribution centered at © — a;ft.

0’ (x)

l _
E(r,ty) =Y i; e; (1), (2.10)
j=1

|6=0.,

t 4@

1/26_55 y—ay ) /46k

a, >0

t t
ej(y,t):= > | errfn ks ) errfn a’f Le (211
t)”

457
S(x, 1Y) == Xp>1) Z il t(4775k

a, <0

—(z—y—a, " e”
+ X{>1y Z Tkl 4775k £) "1/ 2= (@my=a; 1) /48, ¢ <e~’0+e—~’0>

a, >0

jy—1 —71— 2— 1\ — —(z—2;,)2/457; e’
SV D U R e )

9
a; >0, a; <0

j -t 2 —(z—z;] 3t ¢ e’
R (D D U O o0 R DL <e+76—>

- +
a;, >0, a; >0

with

zjik(y,t) = a;-—L <t - @) (2.13)

‘ak‘
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and

3% at oL |yl a;'t ’
O GY) = mm O+ = = | P 2.14
k(T ) ajgtﬂg ot \a, By (2.14)

The remainder R and its derivatives have the following bounds.

R(z,t;y) = O(e "lz—vl+t)

+ Z (0] ((t + 1)_1/26—7%7L + e—n\x\) t_1/2e_(m_y—a;t)2/Mt
k=1

- — —(xz—a. (t— a 2 Mt —pyt
D Xy O+ 1)) ey (o DA e

a;>0,a;<0
- — — :C—aff — a. 2 Mt —npx—
Y X O 1)) e ol D M
a;>0,a;r>0
(2.15)
Ry(x,t;9) = Y O(e™™)0p—ase(—y) + O(e~112=vI+0)
j=1
+ Z o) <(t 1) e o elel e—n\yl) 1= (@—y—ag /Mt
k=1
- —1\ —(z—a; (t—|y/a; [)?/Mt —nzt
+ Z X{jag 1121y O((t +1) 1/24=1) g~ (@=a; (t=ly/ay [)°/Mt o=
a;>0,a;<0
- — — :C—af,‘ﬁ — a” M2 /Mt — .
+ Z X{la;t|2\y|}0((t+1) /24=1) g~ (@=aj (t=ly/a, [)°/Mt g —nz™
a;>0,a;r>0

(2.16)
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Mu

Ry(z,t;y) = Y O(e™)8,—azi(—y) + O(e 17 7vIH)

1

<.
Il

+ Z o ((t + 1)_16_’79”+ + e_’7|x|> tl(t + 1)1/26—(x—y—a,;t)2/Mt
k=1

D Xy O+ 1) TR e e (DMt
a,:>0,a;<0
+ ) X{\a;t\zw\}O(H1)‘1/2t—1)e‘(m—“?“—‘y/“z?‘>)2/Mte—’7f.
ag >0,a; >0

(2.17)
Moreover, for |z — y|/t sufficiently large, |G| < Ce~Me~le=v*/Mb) 45 in the
strictly parabolic case.

Setting G = S + R, so that G = H + F + G, we have the following
alternative bounds for G.

Proposition 2.3 ([ZH], [MaZ.3, HZ]). Under the assumptions of Proposi-
tion 2.2, G has the following bounds.

|02, G (2, t;y)| <

=112 4 oy |e il ( Z +=1/2—(@—y—a; )2 /Mt —nat
k=1
+ Z X{Ia;tlz‘yl}t—l/%—(w—a;(t—\y/a;\))2/Mte—nm+7 (2.18)
aj, >0,a; <0

—1/2_—(z—at (t—ly/a; )2 /Mt —na~
+ ) T T ’ g € ,
a; >0,af >0

fory <0, and symmetrically for y > 0, for some n, C, M > 0, where ajt
are as in Proposition 2.2, ﬁ,:: > 0, o denotes the positive/negative part of
x, and indicator function X{laz 81>y} is 1 for |agt| > |y| and O otherwise.
Moreover, all estimates are uniform in the supressed parameter .

Remark 2.4. We will refer to the three differently scaled diffusion kernels
in (2.18) respectively as the convection kernel, the reflection kernel, and the
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transmission kernel. We recall the notation
1 [* 2
errfn(z) := —/ e S de.
2 J_ s
Remark 2.5. Green function bounds for the strictly parabolic case (see
Remark 1.7) is very similar. The main difference is that, in the strictly

parabolic case, the hyperbolic part H is absent in the decomposition of G
as in (2.8).

Remark 2.6. From (2.11), we obtain by straightforward calculation (see
[MaZ.3]) the bounds

—, o
ej(y,t)| < C errfn ytapt Corrfn | Y%
’ ](ya )‘ |
@ >0 46, 4Bt

|Ore;(y, 1) < Ct= 112 Z ¢ lutai 7 /Mt

- (2.19)
0ye5(y, )] < CE1/2 3 elvratl®/a

a,; >0
|Oyeej(y, t)] < Ct Z o—ly+ay t1?/Mt

a,; >0

for y < 0, and symmetrically for y > 0.

3. NONLINEAR ANALYSIS
Let @ solve (1.2), and, using (Dii), assume that

+oo
/ u(x,0) — Zmﬂ‘ —I-ijr —I—Z 85|50

— o0

with m;’s and ¢;’s small enough. Using the Implicit Function Theorem, we
can find §, such that

+00
/_Oo a(x,0) — Zm;r_—i-Zm;r;r
where each m/ is just “slightly” dlfferent from m;. Notice that this way

we have no “mass” in any [ %—Qg direction anymore. With a slight abuse of
notation we drop the ’ sign from each m/ and denote it simply by m;.
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Remark 3.1. In the case of Laxtype shock waves, @°(z) = @(z+ ), hence

88“5 = u/(z), and d, can be explicitly computed: d, = ¢;.

Let u(x,t) = a(z,t) — @ (x) and use Taylor’s expansion around @% () to
find

u + (A(z)u)e — (B(2)uz)e = —(0(z)(u, u))e + Qu, uz)e, (3.1)

where T'(z)(u,u) = d?f(@’*)(u,u) — d>B(@°*)(u, u)ud and

Q(u,uz) = O(fulfug| + [uf®).

Denote T'F = I'(+00). Define constant coefficients bjE and Fi Ji to satisfy

S =Y Topt, BT wa rE. (3.2)
=1

Then, of course, ﬁii = b;‘; and %’ = I‘i

Now define ¢; by (1.16) and (1.17), and likewise for ;. Finally ¢ is

defined by (1.18). Then set v := u — ¢ — %—?5@), with d(t) to be defined
later, and assuming 6(0) = 0. Notice that, by our choice of ¢, and diffusion
waves (pfc’s, we have zero initial mass of v, i.e.,

+o0o
/ o, 0)da = 0. (3.3)
Replacing u with v + ¢ + 88—1?(5( t) in (3.1) ( G i computed at § = d,),

and using the fact that %—g satisfies the linear tlme independent equation
Lv =0, we will have

— Lv = ®(z,t) + F( ou 55(15)) +8—655(t) (3.4)
U_ x ()07 786 X 85 b .
where
Oul oul
F(p,v, 55) = O(Jv]* + |¢||v] + Ivll 5| + Isoll 5| + | 5|2
26 - - (3.5)
+ @ +v+ ==6)(p + +a el + o+ +8 )
p+v 5 Y +v % Y+ EX; .
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Furthermore
oud o’
f('U, 2 Wa(t))x = O(f(’l), ') W(S)
+\(v+90+ 50)al|(v Ty +%—55) y (3.6)
ou é
+\v+cp+ 6H( Tt ot 50ml),
and ®(z,t) == —py — (A(z)@)r + (B(x)sz)r — (T'(z)(p, ¢))z. For & we write
(I)(‘/Evt) = (SDt + A(Pm B‘pmc + F(QD, ) )
== S T+ (A ) — (B@)r e + (D) o)
a; <0
Z o+ (A@)g'rH)e — (B@)@hr e + (C(@) (@7, 0'r)a
a; >0
- Z (pigp;T T ))
i#j

(3.7)

Let us write a typical term of the first summation (a; < 0) in the following
form:

oiry + (A@)'r] )e — (B@)hry )z + (D(@) ("7, 0'17))a
= [(A(x) = A7)p'ry — (B(z) — B7)@bry + (T(x) = T7) (', '),

+ iy + (AT = (@b, B7r ) 4+ (@30 (ry,r70)
(3.8)

Now we use the definition of ¢* in (1.16) and the definition of coefficients b;;
and I';j;, in (3.2) to write the last part of (3.8) in the following form:

piri + (e A7) = (05, BTry) + <<wi>ir‘<r;,r;>)
3.9
(’DmZbUJ o ZFJ“]' (39)
JFi JF
+

Similar statements hold for a
signs.

> (0 with minus signs replaced with plus
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Now we employ Duhamel’s principle to obtain from (3.4)

+oo

v(z,t) = G, t;y)vo(y)dy
+o00 8215
/ / Gl 532) (2,0, ), (0, )y ds,
+oo (3.10)
/ G(x,t — s;y)P(y, s)dy ds
+ W<5(t).
The get the above we used
oo oud 0’ ol
| Gty geWdy = et g = 55
and §(0) =
Assuming
i) == | eitu i)y
+oo 8215
// i(y,t = 8)F (9,0, 550)y(y, 5)dyds (3.11)

+o0o
_/ / ei(x,t—s;y)q)(y,s)dyds,
0 J—oco

and using (3.10), (3.11) and G = H + E + G we obtain:

“+oo N
ol 1) = / (H + G)(x, t; y)vo(y)dy

—00
=0

+/ _+OO(H+C?)(x,t — 5:9)F(p, v, 8—%5)y(y,s)dyds (3.12)

t p+oo ~
+/0 /_OO (H + G)(z,t — 5;9)®(y, s)dy ds.
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In addition to v(z,t) and d(t), we will keep track in our argument of
ve(x,t) and (t), the latter of which satisfies

ilt) = — /_oo dei(y, t)vo(y)dy

t +o0 8_6
— / / oei(y,t — s)F(p,v, a—%é)y(y, s)dyds (3.13)
0 —00

t +o0
- / / oei(y,t — s)P(y, s)dy ds,
0 J—o0

where we have taken advantage of the observation, apparent from (2.19),
that e(y,0) = 0.

The following lemmas are the main ingredients for the proof of Theorem
1.2. Their proofs, however, are postponed to Section 4.

Lemma 3.2 (Estimates for linear part). Suppose that for some Ey > 0, we
have that vo(y) satisfies the conditions

lvo(y)| < Eo(1 + |y|) %/

“+o0
/ vo(y)dy = 0.

Then there holds

‘ /_+OO é(x,t;y)vo(y)dy < CEpo(z,t). (3.14)
‘ /+OO ei(y, vo(y)dy| < CEy(1 +t)~V/2, (3.15)
‘ /+OO ei(y, t)vo(y)dy| < CEy(1 + t)_3/2, (3.16)

where C' does not depend on Ejy.

Lemma 3.3. If |vg(z)| < Ep(1 + ]az\)_%, then

+0o0
H(z,t;y)vo(y)dy < CEoe (1 + |z|)~2 (3.17)
If |85v0(x)| < Eo(1+ |z[)~, then
+o0
Ho (2, t;y)vo(y)dy < CEoe % (1 + [a])~3 (3.18)

—00
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for some 6 > 0. The right hand sides of (3.17) and (3.18) are obviously of
order a(x,t).

Lemma 3.4 (Estimates for nonlinear part). For G(x,t;y) as in Propositions
2.2 and 2.3, we have

[/ TGyt — 559Uy, s)dyds < Ol + o +a)(at),  (319)

‘/ /. Gt )0y, )dyds| < CE +)(wt), (320)
/0 /_:O |yei(y,t — 5)|[U(y, s)dyds < C(1 + )~3/4, (3.21)

( /0 /_:O ei(y,t — 8)<I>(y,s)dyds‘ < CEy(1+1)72, (3.22)
‘ /ot /:O dheily,t = 5)®(y, s)dyds‘ < CEo(1+1)7Y, (3.23)
/Ot /_:O |Oyrei(y, t — 5)| ¥ (y, s)dyds < C(1+1)7", (3.24)

for ®(y,s) as in (3.7) and

\Il(y7 8) = (1 + 8)_1/48_1/2(&1 + ¢2 + o+ (10)(3% 8)

+ (14 )7 Y2572yl (3:25)

Lemma 3.5. If |Y(y,s)| < s7Y2((1 + 4o+ o+ @)(y, s) + s~ 2e7M], then

(/ /+°°H )Yy, 5)dyds| < O+ + 0)(w 7). (3.26)
If 0, (y, s)| < s72(P1 + o+ a + o+ e M)(y, 5), then

(/ /+OOH )Y, $)dyds| < CWy+ v+ ), 1), (327)
Also,
\/ /+OOH )P (y, s)dyds| < CEy(y + 12 + ), 1)(a, 1), (3.25)

and similarly with H replaced by H,.
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Proof of Theorem 1.2. We use estimates (1.27) and (1.28) in order to
obtain a supremum norm on v and its first, second and third derivatives in
x. We prove (1.23) with 1 replaced by 1)1,i.e. we prove

(2, )] < CEo(¢1 + 2 + a);, (3.29)

but then, as we have |v(x,t)| < CEy(1 +t)_% (this is (1.27) for p = o0), and
as
. R
min{(1+¢)" 4, Y1(x,t)} ~ 1 (x,t),
the proof of (1.23) would be immediate.
Let
v(y, )| |ve (y, 5))

((t):= sup — + sup —

poss<t (V1 +d2+a)(y,s)  yo<s<tt™2(141)2 (1 + U2 + ) (y, 5)

+ sup [86(s)|(1+5)2 + sup [(s)|(1+ s).
0<s<t

0<s<t

(3.30)

Our aim is to show that
C(t) < (Eo + EOC( ))s (3.31)
from which we conclude ((t) < 1= 3, if By < 5. Equivalent to (3.31)

is

lv(z,t)| < C(Eo + EOC(t))(@l + 12 + a)(y, s), (3.32)
8(0)] < C(Eo + EoC(£))(1+1)72, (3.33)

and similar statements for v, and 5.

Estimates of v(x,t). Looking at (3.12), there are three parts that should be
estimated. The first part, the linear part, is carried out using (3.17) and
(3.14). For the second part, we notice that, by (3.5), (3.30), (1.27), (1.25),
(1.26), Lemma 2.1, and the definition and bounds of ¢,

[ F(y, s)] < C(Eo+¢(1)¥(y,s)
with F(y,s) as in (3.5), and ¥ as in (3.25). Hence, by integration by part,

‘/t/Jrooé(:E,t—s y)F (o, ,68;5) (y ,S)dyds‘

+oo aaé
=[] 7 vt = s G v snivas

< O( Eo+Eo<( )h(z,t),
by (3.19).
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As we do not have good estimates for H, we cannot do the same with
part containing H, so, instead, we notice that

[Fy(y, s)| < C(Eo + ()Y (y, 5)

Fy(y,s) as in (3.6), and Y(y, s) as in Lemma 3.5. (The subtle fact is that, as
we have v, in Fy(y, s), we need to use (1.28), hence having only (1 + t)_%,

instead of (1 + t)_% which appears in W.) Therefore we can use (3.26) to
obtain the desired estimate. The third integral of (3.12) can be estimated
similarly using (3.20) and (3.28).

Estimates of 6(t) and §(t). Similarly and using (3.11) and (3.21(3.24).

Estimates of vy (x,t). By (3.12),

“+00 N
vn( ) = / (Hy + Ga) (@ £ y)uo(y)dy

t 400 ~ 8,&(5
[ Gt = s o0 sy ds. (334
0 J—oo

t —+o0 _
+ / / (Hy + Gy)(z,t — s;9)P(y, s)dy ds.
0 —00

The parts involving H, are treated using (3.18), (3.27) and the similar state-
ment for ® in Lemma 3.5; this because, due to (1.28) F,, (y, s) has the bounds
similar to F,(y, s). For fj;o G (, t;y)vo(y)dy, we notice that G, is at least
as good as G away from 0. Therefore, for ¢ > 1, a proof identical to that of
(3.14) can also prove

+oo
Ge(z,t;y)vo(y)dy < CEgtha(z,t).

—00

On the other hand, for ¢ < 1 we use the fact that G, (z,t;y ~ t_%é(x, mt;y)
for t near zero and some positive m. This, together with (1.28) provides us
with the necessary bounds for the linear part of the calculations.
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Finally,

t ptoo 8715
/ / Gx(xyt_ S;y)f(gé?,?}, %5)y(y,8)dyd8
0 J—o0
t—1 +oo 8715
- [ ] Gatet = s Seo . s)ayds

+oo B 8’&6
/ / Gz ( s Y)F(p, v, Wd)y(y, s)dy ds.
i—1

The first integral can be computed exactly the same way (3.19) is proved,
for away from ¢t — s = 0, émy(:n, t—s;y) is as well as C?xy(x, t —s;y). For the
second integral, a close investigation of the proof of (3.19) shows us that, if
we limit the time integration to t — 1 < s < ¢, then the same proof works to
prove that

t +oo —
/t 1 / Gyt — sy, )ldyds < C(F1 + v + ) (a, ),

with T as in Lemma 3.5. This fact plus the bound for F, provides us with
the estimates needed for the second integral.
This concludes the proof of Theorem 1.2. O

Remark 3.6. We observe that our argument in the proof of Theorem 1.2
assumes that ((¢) does not have a discontinuous step from a finite value
to an infinite value. Though Theorem 1.2 regards behavior as t — oo, the
possibility of such a jump at each given time is a short time phenomenon,
in which case we can apply the parametrix development of [ZH], augmented
in the case of mixed hyperbolic—parabolic regularization by the energy es-
timate approach of [Ra]. More precisely, in the case of strictly parabolic
regularization, we write

up + F(u)r = (B(u)ug)s
in the form
w = Lu = (A(x, t)u)y + (B, t)ug ),

where the coefficients A and B depend on z and ¢ through wu(z,t), and
hence their behavior is governed by the regularity of u(z,t) (precise forms
are given in [ZH] in the proof of Corollary 11.4). Regarding L as a linear
operator with associated Green’s function G (x,t;y,s), we fix a reference time
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T and propogate u(x,t) forward in time as

“+oo

u(z,t) =Tu:= Gz, t;y, Tu(y, T)dy,

—0oQ
where ¢ is taken sufficiently close to T. Following the analysis of [ZH], it
can be shown that for u sufficiently smooth—in particular, u € H*, s > 4
suffices—the operator 7 is a contraction on L*°, hence bounding instanta-
neous jumps in supremum norm as ¢ increases.

In the case of mixed hyperbolic—parabolic regularization, we employ our
assumption that there exists an invertible change of coordinates u — w(u) so
that (1.2) can be written in the quasilinear, partially symmetric, hyperbolic—
parabolic form,

. _ _ I
A, + Aw, = (Bw,)e + G, w= <5H> , (3.35)

where w! € R*™7 w!l € R", z € R, t > 0, where (A1)-(A3) hold (see
(1.10) and the surrounding discussion). Letting then G(x,t;y, s) denote the
Green’s function associated with (3.35), we again fix a reference time 7" and
propagate w(t, x) forward in time as

“+o0 t —+o0
w(z,t) = G(z,t;y, T)w(y, T)dy +/ / G(x,t;y;5)G(y, s)dyds.
T J—00

—00
In this case, Raoofi has shown through energy estimates that the operator
(redefined from above)

+00 t +oo
Tw = Gz, t;y, T)w(y, T)dy +/ / Gz, t;y;5)G(y, s)dyds
T J—00

—00

is bounded for w € H® s = 3, and contractive in the class L?, giving
convergence in L? to an H*® solution. Similarly as in the case of strictly
parabolic regularization, this argument can be extended locally to estimates
on ((t), again limiting possible discontinuities to finite steps.

4. INTEGRAL ESTIMATES
Proof of Lemma 3.2. We begin by establishing that for G satisfying
Gl Ly < Cro N1Gyllsem) < Cot™,  11Gylliwy < Cat™ /2,

for some positive constants C, Cs, and C3, we have

‘ /+OO Gz, t;y)vo(y)dy| < CEy(1+t)73/4, (4.1)
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First, in the event that ¢ is bounded, we have

+oo _
[ et < 1l ol < CiE

In the alternative case, for which we take ¢ bounded away from 0, we integrate
by parts to obtain

+oo +oo
G, t: y)vo(y)dy = / Gy (@t y)Vo(y)dy,

—00 — 00

where
Vola) == / vo@)dz,  [Voly)| < CaBo(1+ ly) V2.

We have, then,

‘ /_:O éy(mvt;y)Vo(y)dy‘

<|[  Gwspveds+| [ Gy tnVatia
{lyl<vit} {lyI>vt}

< Cot™t / Vo(y)|dy + C4Eo(1 + V)12 / |Gy (z, t;y)|dy
{lyl<vi) {ly>Vi}

< C5Eot ™%/,
establishing (4.1).

It now follows from (4.1) that if there exists some ajc 2 0 so that |z —
aft\ </, then t=3/* < Cl|z — aft\_?’/z, and the first estimate is apparent.
In the event that |z — a;-tt| >/t for all a;-t, we consider the case in which
there exists some ajE 2 0 so that |z — ajEt\ < et, where € > 0 is sufficiently

small so that for all j # k, |z — a,ft| > nt, for some 1 > 0. In this case, we
compute
+oo
G(z,t;y)vo(y)dy

—00

:/ le—ate| é(%,t,y)’t)0(y)dy+/ le—ate| é(xatay)UO(y)dy7
{lyl<s—x"—} {lylz—x"—}

N N
(4.2)
where N will be chosen sufficiently large in the analysis. For the second of
these last two integrals, integration of G immediately gives an estimate by

CEo(1+ | — at]) ™,
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which is sufficient for our first estimate since we are in the case |:L"—a;-tt| > /1.
Alternatively, for the first integral in (4.2), we integrate by parts to obtain

‘/ et é(w,t;y)vo(y)dy‘
{lyl<——71-}

L

<|é :E—a;-ttvzn—a;ct & x—a;-ttv :E—a;-tt
—‘ ($7t) N 0( N )‘ +‘ (l‘,t,— N ) 0(_ N )
]y Gt [Valw)ld.
{lyl<—5"—1}
(4.3)

It remains to estimate each of these last three terms for each summand in
the estimates on |G| and |G| from Lemma 2.3. As each case is similar, we
proceed only with estimates on the convection terms.

In the case y < 0 and for the convection Green’s function estimate, we
have

- |z — a;t| |z — a t|
G iz ! - !
‘ (@ N NWEe—x )
n 1 (zf‘xia;t‘fait) 1
N k
<CEyY tze 7 e (1+ |z —ajt])7z.
k=1

In the event that 7 = k, we have

x—at 1

) > (@ - apt)(1 - ),

__t_
|z — agt] —( N

which for N sufficiently large leads immediately to an estimate by

— 12
akt)

(z—
CEot e (14 |z — a t|) V2,
for some L sufficiently large. According to the boundedness of

—a. (x—ay, )2
lv —a t] _ !

Y R , (4.4)

we obtain the claimed estimate. On the other hand, if j # k, then |:E—aj_t| <

et and |z — a, t| > nt, so that for N sufficiently large, we have exponential
decay in t.



POINTWISE ASYMPTOTIC BEHAVIOR OF PERTURBED VISCOUS SHOCK PROFILES 29

We next consider the integral in (4.3), for which in the case of the con-
vection estimate and for y < 0, we have

e—a] t|

(z—

_ —‘%”2 ozt
[ 2ot e Vo)l
{u<—

b k=1

Proceeding as in the boundary case, we see that in the case j # k, the kernel
decays at exponential rate in ¢, while for j = k, upon integration of Vj(y),
we have an estimate,

(z— ay t)2

CEot™'e™ T (1+ |z — ajt|)'/?
< CEplz — aj_t|_3/2.

For the second estimate in Lemma 3.2, we observe from Remark 2.6 the

estimate
(y+ay, t)2

Byei(y,t)] < CtY2 3" e e

a, >0

Integrating by parts, then, we have

‘/_:O ei(y,t)vo(y)dy‘ = ‘/Jroo yei(y,t)Vo(y)dy

+oo ag
< Ct_1/2 Z / (yvL

a;; >0

E0(1 +[y) " dy.

In this last integrand, we observe the inequality
(y+ay, 1) y+ Iy
e Mt Mt Eo(l-l-’y‘) 1/2 < Ce™ E0(1+t) 1/2,
from which the claimed estimate is immediate.

The final estimate in Lemma 3.2 is proven similarly as the second estimate
in Lemma 2 of [HZ]. O

Proof of Lemma 3.3. Looking at (2.9), we notice that in order to estimate
f+oo (z,t;y)vo(y)dy it suffices to estimate

+o0o
R;(2)0(e™™") 85— axe(—y) L5 (y)vo (y)dy
< C’Eoe_"otvo(d;t — )
3
2

< CEpe™ ™' (1 + |ajt — ()~
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< CEoe ™! (1 + [2) ™2 (1 + [at) 2

t
< CBoe™ % (14 [a]) 7
Here we used the crude inequality
1 < 1+ [b]
1+ ]a+b = 14 |al

(4.5)

and the fact that a; R} and E;t are bounded. This gives us (3.17). Estimate
(3.18) is obtained similarly. O

Proof of Lemma 3.4. For Lemma 3.4, the proof of each estimate requires
the analysis of several cases. We proceed by carrying out detailed calcu-
lations in the most delicate cases and sufficing to indicate the appropriate
arguments in the others. In particular, we will always consider the case
x,y < 0. The case y < 0 < z is similar (though certainly not identical) to
the reflection case for z,y < 0, and the estimates for y > 0 are entirely sym-
metric. The analysis of each type of kernel—convection, transmission, and
scattering—is similar, and we carry out details only in the case of convection.
(This terminology is reviewed in Remark 2.4).
Nonlinearity (1 + s)_1/4s_1/21/?1. We begin by estimating integrals,

t [0 (z—y—a (t—s))
/ / (t—s)te” M= (1+|y— a,;s])_g/ﬁ‘s_lﬂ(l + 5) " 4 dyds.
0 J—laj|s
(4.6)
In the event that |z| > |a] |t, we write

r—y—a;(t—s)=(r—ajt)—(y—ays)+(ay —a;)(t—s), (4.7)

and observe that in the current setting (z < 0, y € [~|a;|s,0], a] < ay),
there is no cancellation between these three summands. Integrating (14 |y —
ay s|)73/* for s € [0,/2] and integrating the kernel for s € [t/2,t], we obtain
an estimate by

(:L‘fa;t)2

t/2
Citlem I / sTV2(1 4 5)7Y2ds
0

(z—aTt)2 1
+ Ot~ V24 t) e / (t —s)~Y2ds (4.8)
t/2
(:L‘fa;t)z

<Ct'ln(e +t)e T,
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which is sufficient by the argument of (4.4). We observe that the seeming
blowup as t — 0 can be eliminated. Integrating the kernel in (4.6), we have
an estimate by

t

o
0

o . (4.9)

Cit~1/? / sTV2ds + Cot™1/? / (t— 3)_1/2d5 <C.
0 /2

For |z| < |ay |t, we write

r—y—a;(t—s)=(r—a;(t—5)—a;s)— (y—as), (4.10)
from which we observe the inequality
(—y—a] (t-5))?
eI (1 |y — ays])

(w—aj (t—s)- ap )2 (:cfyfa;(tfs))z

<Cle T (L4 py - ay s|) "3 eT T M (4.11)

(—y—a] (t-5))

+e T M9 (1+]y—a,§s\+\x—a;(t—s)—a;s\)_?’/‘l],

for some M sufficiently large and e > 0 sufficiently small. The analysis can
now be divided into three cases: (i) a7 < 0 < aj, (ii) a; < a; <0, and
(iii) a; <a <O0. Each critical argument appears in Case (ii), and so we

consider only it in detail. For the first estimate in (4.11), we have

(zfyfaj*(tfs))? (m—ag (t=s)—ay ~s)2
/ / t— S e € M(t—s) e M(t B)
lay |s

X (1+ |y — ag s))~3/*s712(1 + 5) =3/ *dyds.

In the event that |z| > |a, |t, we write
x—aj_(t—s)—a,;s: (:E—a,;t)—(aj_—a,;)(t—s), (4.12)

for which there is no cancellation between the summands, and we can proceed
exactly as in (4.8). On the other hand, for |z| < [a; [t, we write

r—a;(t—s)—a,s=(x—aj;t)—(a —ay)s, (4.13)

for which again there is no cancellation between summands, and we can
proceed exactly as in (4.8). For the critical case |a; [t < |z < |a;[t, we



32 PETER HOWARD AND MOHAMMADREZA RAOOFI
subdivide the analysis into cases: s € [0,¢/2] and s € [t/2,t]. For s € [0,t/2],
we observe through (4.13) the estimate

(z— aJ (t—s)— ay s)

e_W(l +5)73/4
_(acfa;t)z _(xfaj*(tfs)fa;s)z
<Cle” M (145) 34 pe7 Mo (14 |z — a;t\)—?’/‘*].

(4.14)
For the first, we can proceed exactly as in (4.8), while for the second, we
integrate (1 + |y — a; s|)** to obtain the estimate

(z— aJ (t—s)— ay s)

t/2
CY(1 + |z — aj_t|)_3/4/ o~ s 2(1 4 5) YA ds
0
< CtY2(1 + |x — a t]) "4,
where in establishing this last inequality we have integrated

B (:cfa;(tfs)falzs)z
e M(tfs)

in s. For s € [t/2,t], we observe through (4.12) the estimate

(z— a; T (t—s)— a.s)
(t—s)™3/e -

(z— ay t) (x— aJ (t—s)— ay s)
< C’[(t—s)_3/4 M(t T+ o — a,;t|_3/4e (=)

(4.15)
For the first of these estimates, we proceed exactly as in (4.8), while for the
second, we integrate the kernel in y to obtain an estimate by

=

s 1 s [t _(xa(t.s)a.s)z
szﬂf—a;t]_4t_2(l+t)_4/ (t—s)ie M(t=s) ds
t/2
< Clz —agt| (1 4+1)71/2
The apparent blowup as x approaches a, t can be removed similarly as in
(4.9).
For the second estimate in (4.11), we have

(xfyfaj*(tfs))z
/ / t _ S - M(t—s)
|a1 ‘s

(I+ly—ays|+lz—a; (t—s)—ays])” 3457121 + 5) =34 dyds.
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Again, we proceed in detail, only in Case (i), a;; < a; < 0. In the event
that |z| > |a, |t (though keeping in mind that we have already considered the

case |z| > |aj |t), we use (4.12), for which there is no cancellation between
the summands, and upon integration of the kernel, we have an estimate by

t
0(1+|x—a,;t|)—3/4/ (t— 5)~ 125121 4 )3/
0

t/2
<C (1 + |z — a;ty)—?’/%—l/?/ sTY2(1 4 5)73/4ds (4.16)
0
t

+O5(1 + |x — a t]) =342 (1 + t)_3/4/ (t —s)"1/%ds,
t/2

from which we obtain an estimate by ;. Likewise, in the case |z| < |a; |t, we
use (4.13), for which there is no cancellation between summands, and we can
proceed similarly as in (4.16). For the critical case |a; [t < || < [a; |t, we
subdivide the analysis into cases: s € [0,¢/2] and s € [t/2,t]. For s € [0,t/2],
we observe through (4.13) the estimate

I+[y—aysl+|z—a;(t—s)— a,;8|)_3/4(1 + 5)73/4
<C|(L+ o —ajt) 41 +5)7%

(Lt ly = aps|+ |o = a7 (t = 8) = ags) A0+ s+ |z — g t]) T

For the first of these estimates, we can proceed as in (4.16), while for the
second, we integrate the kernel in y to obtain an estimate by

Ci(1+ |z - aj_t|)—3/4t—1/2 /Ot/2(1 flo—ar(t—s)— ar s) "5V 2ds
<COA+8) Y21 + |z — ajt|) 34
For s € [t/2,t], we observe through (4.12) the estimate
(t—s)3* A+ |y —ags| + |z —a; (t—s) — a; s|) 75/
< (¢ =)+ o — el

+lo — apt| A+ ly - ap 8|+ v —af (t—s) — a,;s\)—?’/‘*].
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For the first of these estimates, we proceed exactly as in (4.8), while for the
second, we integrate the kernel in y to obtain an estimate by

t
Cslz —apt —%t—%(l 4 t)—% / (t — s)i(l + |z — aj_(t —5) —a s|) 2ds
t/2
< Clo —agt| ™34 (1 + )31

Nonlinearity (1 + s)~'/4s~1/24py. We next consider integrals of the form

t 0 (2—y—aj (1=9))>
/ / (t—s) o™ T (L y—ap | +5/2) 73252 (1 45) VA dyds.
B (4.17)

In this case, we again observe (4.10), from which we obtain the estimate

(z—y—aj (t—5))>

e T M (14 |y — ag s| + s1/2) 732

(z— aj T (t—s)— ay s) (z—yfa;(tfs))2

<COle™ I T (L ly — s 67

(z—y—aj (t—5))2
te  mi (14 |y —ags|+ |z — ay (t—s)—ags| + 31/2)—3/2].
(1.18)
As in our analysis of the nonlinearity (1 + s) s~ Y24y, we focus on the
case a; < a; <0, compared to which the other cases are either similar or
more straightforward. For the first estimate in (4.18), we have

(:L‘fyfaji(tfs))2 (:L‘fa;(tfs)falzs)Q
/ / t— S e € M(t—s) e M(t—s)

(1+ |y — ay s| + s1/2)73/25712(1 4 )" V4dyds.

—1/4

In the event that |z| > |a, |t, we employ (4.12), for which there is no cancel-
lation between the summands. In this case, we have an estimate by

(acfait)2

t/2
Crttem T [T (L s (L )
0

(170,77t)2 t
b Ot Y e HE [ i
t/2
(zfa,;t)2
<Ot 'l(e+t)e T,
(4.19)
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where the seeming blowup as ¢ — 0 can be eliminated as in (4.9). In the
case |z| < |a;[t, we employ (4.13) for which again there is no cancellation
between the summands and we can proceed as in (4.19).

We turn next to the critical case [a; [t < |2| < |a [¢, for which we divide
the analysis into cases s € [0,t/2] and s € [t/2,t]. For s € [0,t/2], we observe
through (4.13) the inequality

_(:L‘ aJ (t—s)— ay s)

e — sTV2(1 4 5)7 1A

(x— a; t)2

sc[e— T s~ V/2(1 4 5)"1/4

(x— aJ (t—s)— ay .s)

b Ty g — a; t| P14 |z —ajt)) TV

For the first of these last two estimates, we can proceed as in (4.19), while
for the second, we have an estimate of the form

/2 (@—aj (t=s)=ap s) L
/ e M(t=s) (14+s2) 2ds
0

< Ot V2w — ajt| V(1 + |& — ayt]) V4,

N

Ot Mo —ait| "2 (1+ |z — a7 t])”

where as usual the singular behavior can be removed. For s € [t/2,t], we
observe through (4.12) the inequality

(z— a] (t—s)— a.s)

(t —s)"3/e -

(z— a,] (t—s)— ap .s) (xia'lzt)z

< Cllz —agt|*e B +(t—s) 3 e m

For the second of these last two estimates, we can proceed as in (4.19), while
for the first we have an estimate of the form

8,1 L Loos [ _(emaj (o 9?
Cllaz—a;t]_4t_2(1+t)—4(1+tz)—2/ (t—s)ie M(t—s) ds
t/2

=

<Clz— a,;t|_3/4(1 + )73/,

For the second estimate in (4.18), we have

(z—y—aj(t—sn?
/ / t _ S - M(t—s)

(I+ly—ags|+ |z —a;(t —s) —ays|+ s%)_%s_%(l + 8)_%dyds.
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Focusing on the case a; < a; <0, we observe as before that for |z| > |ay |t,

we have no cancellation between the summands in (4.12), and consequently
there holds

(L+ly —a sl + |z —aj (t —s) —aps| + s1/2)=3/2
<O+ |y —ags|+ |z —agt|+ (t — s) +s/2)73/2,

from which, upon integration of the kernel, we have an estimate by

¢
Cr(1+ |z — at| + /2 _3/2/ t—s) V2g71/2(1 4 )7 1/4
W= a4 V27 [ 212 ) )

<O+ 1)V + |z — apt| + t1/2)73/2,

In the event that x| < |a; [t, we have no cancellation between the summands
in (4.13), and consequently there holds

(L+ly —aps|+ |z —a; (t—s) —ays|+ s1/2)=3/2
<O+ |y —ags|+ |z —agt] +5)7%2,

from which we have an estimate by

t)2
O (1 + |z — a;t|)—1/2/ sU2(1 4 5)~Vds
0

t
+ Ot 2+ 4 o — ar +t)—3/2/ (t—s)-12qs  (421)

t/2
<Ot 14z —ajt)) 2

In the critical case |a; [t < |z] < [a; |t, we subdivide the analysis further into
cases s € [0,¢/2] and s € [t/2,t]. In the case s € [0,%/2], we observe through
(4.13) the estimate

(L+ly—ays|+ |z —a; (t—s) —aps[+ s1/2)73/2571/2(1 4 5)~1/4

< C’[(l +ly —ap sl + |z —aj (t—s5) —ap 5| + |z — ajt| +s"/2) 737
x s~ V2(1 4 5)"1/A

+ (I +y—aps|+ |z —a;(t—s) —ags|+ s1/2)=3/2

x (s+ |z —ajt) 21+ s+ |z —ajt) 7.
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For the first of these last two estimates, we can proceed as in (4.21), while
for the second, we obtain an estimate by

Cit Mo —a; t| V2 (1 + o — ajt]) "
t/2
X / (I+]z—a;(t—s)—a,s|+ s 7124
0

<Ct VP —ait] VA (L + [ — agt]) VA,

where the apparent singularities can be eliminated as in (4.9). In the case
s € [t/2,t], we observe through (4.12) the estimate

(t—s)3* A+ |y —ags| + |z — a; (t—s)—ays|+ s1/2)=3/2
<Cllz—agt| A+ |y —ag s| + |z — a; (t—s) —a;s|+ s1/2)=3/2
+(t— )T+ Jy —ap 8|+ |x — agt + sH2) 732

For the second of the last two estimates, keeping in mind that here s €
[t/2,t], we can proceed as in (4.20), while for the first we integrate the
kernel to obtain an estimate by

Cylz — a,;t|_3/4t_1/2(1 + 1)~/
t
1/4 - - - 1/2y-3/2
x/t/Z(t—s)/(1+|x—aj(t—s)—ak8|+|x—a]—t|+s/) 2ds

< Cla — ap t| =34 12(1 4 ¢)~1/4,

where the apparent singularities can be eliminated as in (4.9).
Nonlinearity (1 + s)~'/4s~1/2a. We next consider integrals of the form

t 0 (z—y—aj (t—9))>
/ / (t—s)"tem Mi— (1+45) " sTV2(1+ |y|) "V 2dyds. (4.22)
0 J—laj|s

In the case |z| > |aj |t, we observe that there is no cancellation between
summands in decomposition (4.7), and consequently, we have an estimate
by

(z—a] t)?

t/2
Citlem I / (14 5)"Y2s71/24s
0

(zfait)2 t
+ Co(14t) 12 It / (t —s)"'2ds (4.23)
t/2
z—aqt)?
< Cttln(e + t)e_%,
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where the apparent blowup as t — 0 can be removed as in (4.9). For the
remainder of the analysis, we restrict our attention to the case |z| < |ay |t
and a; < 0 (the case a; > 0 is similar and more direct). Observing that for

y € [—|aj |s,0], we have
1+ <C+s+ ),
we have the inequality

_(@my—ag (1-9)?
e O I O ) A
{y€l—lay Is,0]}
(@—y—aj (t—s)?  (z—aj (t—9))?

< C e—s M(t—s) e M(t—s) (1+S)_13_1/2(1-|- ’y‘)_l/g

(4.24)
(z—y—aj (t—5))?

+e T =T (I+4s+lyl+ e —a;(t—s)) "
X (s + Iyl + o — a7 (t = )2+ [yl + |2 — a5 (¢ = 5)) 7).

For the first estimate in (4.24), we observe that for [z| > |a; [t, there is no

cancellation between x — ajt and a; s, and consequently we have an estimate
by

(z—a t)?

t/2
Cit~te™ T / (14s)"Y2s7124s
0

(z—a7t)2  pt
FCO (14 t) 21 / (t —s)"Y2ds (4.25)
t/2
(z—aTt)?
<Ct'ln(e+t)e 1t
where the apparent blowup as ¢ — 0 can be removed as in (4.9). In the case
|z| < |aj|t, we divide the analysis into the cases, s € [0,¢/2] and s € [t/2,1].
For s € [0,t/2], we have the inequality
(e—a} (t=5))

e M (14 ) lsTl/2

(z—aTt)2 _6<x—a;<t—s))2
<Cle It e M= (14 5) ts™ 12
(w—aj (t-9))?

+e WO (L 4o —ajt)) " (s + o —ajt]) 7

For the first of these last two estimates, we proceed as in (4.25), while for
the second, upon integration of (1 + |y|)~'/2, we have an estimate on (4.22)
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/2 (z—aj (t=9)?
Gt (o — a0 [ e
0
X (14 s+ |z —ajt) V(s + |z —ajt) "2 (1+ ) 2ds
~1/2 L —i\—3/4
<Ot /(1 + |z —aj t]) )
In the case s € [t/2,t], we observe the inequality

(@ (t=s)? (@ (t=5)?
(t — s)_1/2e NMi-s) < C'|33|_1/2e M=)

from which, upon integration of the kernel, we obtain an estimate on (4.22)
by
t (:L‘faj(tfs))2

02(1+t)‘1t‘1/2|x|‘1/2/ e~ WM (s
t/2

< Ot a2,

For the second estimate in (4.24), we observe that in the case [z| > [a; |t,

we have no cancellation between (z — a;t) and ajs, and consequently can
estimate

t/2
C’lt_l/2(1 + |z — aj_t|)_?’/2 / s 1245
0

t
Ot 2(1 4 |z — aj—t|)—3/2/ (t— 5)"1/? (4.26)
12

< C(L+ |z —ajt])~%2,

which suffices since the case |:E—aj_t| < C'/t requires only t~3/4 decay. In the
case |z| < |a;[t, we subdivide the analysis further into the cases s € [0,¢/2]
and s € [t/2,t]. For s € [0,t/2], we observe the inequality

(I+s+|z—a;(t- sS\VP<Ccl+s+ |z — aj_t|)_1,
from which, upon integration of the kernel, we obtain an estimate by
1/2 1 2 1/2
Crt ™2 (14 |z — aj t])™ /0 sTV2(L+ o — a; (t - s)|)ds

<Ct P+ v —aj )
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For s € [t/2,t], we observe the inequality
(t =) 2L+ lyl + |z —aj (t =)~
< [l TPyl + o —ag (= s)) T2 (= 8) T2yl )T

For the first of these last two estimates, we obtain an estimate on (4.22) by

t
Co(1+1)~ 2|72 / LUl = (¢ = 8)) 7 ds <O+ )7 a7,
t/2

while for the second, we have an estimate by

t
Co(L+H7H 201+ |x|)_1/2/ (t—s)""2ds < C(L+) M| /2,
t/2

Nonlinearity s~'/2(1 4+ s)~/%p. We next consider integrals of the form

t 0 (acfyfa;(tfs))2 (v—ag 9)?
/ / (t—s) e M= (1+45) sV 2e T m dyds.  (4.27)
0 J—oo

In this case we observe from Lemma 6 of [HZ] the equality

_(ﬂcfy*a;(t*é‘))2 (yfagsﬁ
e M(t—s) e~ Ms

o (4.28)
(:L‘fa;(tfs)fa;s)Q _ ¢ ( _:cs—(a,j +a, )(t—s)s )2
—=e - Mt e Ms(t—s) 4 t

)
from which direct integration over y leads to an estimate by

(;vfaji (tfs)fa,;s)2

t
Ct_1/2/ (t—S)_1/2(1+8)_3/46_ e
0

As in the previous analyses, we focus on the case a < a; < 0, and note

that analysis of the remaining case a; <a, <0is similar. In the event that
|z| > |a, |t, we observe that there is no cancellation between the summands
of (4.12) and we have an estimate by

(z—a} t)?

t/2
Crmte [T sy s
0

(:L‘failt)2 t
b OtV (14 1) ¥ e T / (t— ) Vs (429)
t/2
(:L‘fa;t)2
< 3T
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For |z| < |a, |t, we divide the analysis into cases, s € [0,¢/2] and s € [t/2,1].
For s € [0,t/2], use (4.13), for which the summands cancel and we have the
estimate (4.14). For the first estimate in (4.14), we can proceed exactly as
in (4.29), while for the second, we have an estimate by

t/2 (z—a (t—s)—a; s)2
J k
e~ Mt ds

Cit Y1+ |z — aj_t])_?’/A‘/
0
< CtYV2(1 4 |z — ayt]) 734,

where the apparent blowup as t — 0 can be removed as in (4.9). For s €
[t/2,t], we observe through (4.12) the estimate (4.15). For the first estimate
in (4.15), we proceed as in (4.29), while for the second we have an estimate
by

t (glcfa.f(tfs)fafs)2
Cot™ 2|z — art|¥4(1 + t)‘3/4/ (t—s)lem " Tamds
t/2

< Ct™ V2 z —apt| 734

Nonlinearity (14 s)~'e~"¥. We next consider integrals of the form

t 0 (—y—a] (t-5))
/ / (t—s)"te” M e MI(1 4 5) " Ldyds. (4.30)
0 J—o0

First, we observe that in the event |y| > |aj |s, we have exponential decay
in both y and s, from which the claimed estimate readily follows. For what
remains, then, we focus on the case |y| < |a] |s. In the event that |z| > |a] |¢,
we write

r—y—a;(t—s)=(r—ayt)—(y—ays) = (a; —ay){t—s),

for which there is no cancellation between the summands (in the case y €
[a] s,0]), and we immediately arrive at an estimate by

(z—aj )2

Ctlem 1

; < 0. Here, we observe

In the case |z| < |aj |t, we focus on the critical case a
the estimate
(e—y—aj (t-9))>
e~ Mi=s) e Yl
(4.31)

(¢—a (t—5))? B
< C[e_i]%(tfs) e~ Myl 4 gmmlz=a; (t=s)lg—m2lyl |
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for some constants M > 0, n; > 0, and 7y > 0. For the first estimate in
(4.31), we have

t 0 (e—aj (t=9))°
// (t—s)"te  FE— e (1 4 )" dyds.
0 J—o0
In the event that |z| > |a;[t, we write

r—a;(t—s)=(z—a;t)+a;s, (4.32)

for which there is no cancellation between the summands, and we arrive at
an estimate by

(x—a>t)2 pt/2 (xfaj*t)z t—1
Oyt~ lem T / (1+s) s+ Co(1+t) e / (t —s)"tds
0 t/2
(xfa;t)Q t (xfaj*t)2
+C3(1+t)tem T / (t—s)"2ds < Ct 'In(e + t)e” Tt
t—1
(4.33)

For |z| <laj [t, we divide the analysis into cases, s € [0,2/2] and s € [t/2,1].
In the case s € [0,¢/2], we observe the cancellation between summands in
(4.32), which leads to the estimate

(e—a} (t-5))

e T (1+45)7

(r—aTt)2 (z—a] (t-5))?

- -1 B 7 oo e _ —+\—1
gc[e B (14+s) e WET (14 | — a) t)) ]
For the first of these last two estimates, we proceed exactly as in (4.33),
while for the second, we have an estimate by

(z—aj (t-9))?

t/2 (w—a; (t—s)” _ — =
clt—1(1+!x—a;t!)_l/0 e MO ds <OV o —ayt]) 7

For s € [t/2,t], we observe that for |a;[(t —s) < (1/2)|z[, we have the
estimate

(z—a  (t—s))2 2 (z—a (t—s))2
/2~ Fia= 12— o~ —TFa=—
(t—s) V2 T M= <Ot —s) V2 LRle T MG |

while for [a; |(t — s) > (1/2)|z|, we have the estimate

(z—a7 (t—s))2 (x—a7 (t—s))?
1jg ——d 1jg ——d
(t—s)” [2e” HEs < Clz|~ /2¢ M3
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For the second of these last two estimates, we obtain an estimate

t (w—aT (t—s))2
Cy(1+ t)_llaz\_lﬂ / (t— s)_l/ze_‘ﬂj(t?ds <Cc(1+ t)_3/4]a;\_1/2_
t/2

For the first, we have the same decay in ¢, with exponential decay in |z|. For
the second estimate in (4.31), we have

t 0 _
/ / (t — s) " temmlemay (t=9lg=mlvl (1 4 )~ 1ayds.
0 J—oo

In the event that [z| > |a; |¢, we observe that there is no cancellation between
the summands of (4.32), so that

emlr=ay (t=5)| < crp=mle—a;tl ~mlaj|s

which leads immediately to an estimate better than . For [z < |a; [t, we
proceed similarly as with the first estimate in (4.31).

This concludes our analysis of the main case, the first estimate in Lemma
3.4.

Second estimate of Lemma 3.4. For the second estimate in Lemma 3.4,
we consider in detail the case of nonlinearity 8,(¢")?, for which the other
cases are similar. Following the analysis of [Ra], we divide the integration
over s as

t ptoo Vi ptoo
/ / G(z,t — 5;9)0y (") ?dyds = / / G(z,t — 5;9)0y (") ?dyds
0 —00

t— \f +oo
/ G(x,t — 5,9)0, (") dyds

/t \[/+OOG $;9)0y (") dyds.
(4.34)

For the first integral in (4.34), we focus on the case y < 0 and on the the
convection term of the Green’s function, for which we must estimate integrals
of the form

Vi 0 (—y—aj (t=9))? (v—
/ / (t—s)te” M= (1+4s)te” s dyds
0 —00
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According to Lemma 6 from [HZ], we can write (4.28), from which direct
integration over y leads to an estimate by

(zfa; (tfs)fa; 3)2

Vit
C’t_l/2/ (t—s)" V21 +s) V2 — ds. (4.35)

0
We have three cases to consider: (1) a7 <0 < a;, (2) g <a; <0, and

(3) a; < ay < 0; here we point out that the case a; = a; does not arise:
the reason is that, according to (3.9), the (©*)? term in ® occurs only in

r; direction for j # k. Hence if we consider the detailed description of S in
Green function bounds (2.12), we can see that the case a; = a; does not
arise (since lire = 0). We will focus on the case a, < a; < 0, for which
the remaining cases are similar. First, in the event that [z —a;t| < C Vit we
can conclude decay of the form
B (:vfa;t)2
e Mt
by boundedness. In the case |z — aj_t] > OW/t, for C sufficiently large, and
for s € [0,/t], we have
|z —a; (t—s) —ay s| =|(x —a;t) = (a —aj)s| > c1]z —ajt],
for which we can estimate (4.35) for ¢ > 1 by
(x—aTt)2 (z—a7t)?

Vi
Cit~tem 1 / (1+s) 2 <ot A+ V) 2e 0 . (4.36)
0

For the third integral in (4.34), we can proceed similarly to obtain an esti-
mate by

(z—a} t)2
In the case of the second integral in (4.34), we closely follow the approach
of [Liul], using the framework of [Ra]. Defining for some fixed k ¢(x,t) as a
Burgers kernel, we have

{qzst — By buw = =7 (62)y for ¢ > —1,

¢(x + ay , 1) = mydo t=—1,

for which we have ¢*(z,t) = ¢(x—a, t,t), where the ©*(z,t) are as in (1.16).
In this notation, the second integral in (4.34) becomes

t—\/f +oo
/ Gz, t — s5;9)(0(y — a s, 8)2)ydyds. (4.37)
Vi —o0
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The idea of Liu is to take advantage of the observation that time derivatives
of the heat kernel decay at the same algebraic rate as two space derivatives,
+73/2 and also of the relation between time and space derivatives of G and ¢.
Intuitively, we can think that we would like to integrate (4.37) by parts in s
to put time derivatives on G, but in order to facilitate this, we would like the
derivatives on ®? to be with respect to s. Though convecting kernels such as
G do not enjoy this property of fast-decaying time derivatives, we observe
that under a change of integration variable, the leading order term in G can
be converted into a heat kernel. More precisely, according to Proposition 2.2,
the leading order contribution to the scattering piece of the Green’s function
is given by g(z — a;t,t), where g(x,t) is the heat kernel

(z—y)?

gla,tyy) =ct 2 Tl

for a constant ¢ = rj_(lj_)tr/ 4mp3; . Under the change of variables { =

y+a; (t — s), the second integral in (4.34) becomes, for this leading order
term,

t—\/f “+o0o
[ st st~ aj (¢ - ) — a5,
Following [Ral], we write for g = g(z,7,€) and ¢ = ¢(&, 1),

(9.t = 5:)(0(€ = aj (t =) = a5.5)%))
= —gr(z,t — ;) ($(§ — a; (t — 5) — ay 5,5)%)
+(a; —ap)g(@,t — s;€) (A6 —aj (t —5) —ay's,8)%)e
+g(x,t — 5 (P —aj (t —5) —ag's,8)7)r,

from which we have

(a; —a;)g(z,t — 5 €)(D(€ —aj (t—5) — a;8)°)e
(9@t =53¢ —a; (t =) — a;5.5)))
+gr(@,t — 5:6)(B(€ — aj (t — 5) — a; s, 9)°)
— gla,t — 5:)(d(€ — aj (t — s) — a; 5,5)%)r.

(4.38)
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We proceed now by analyzing (under integration) each term on the right
hand side of (4.38). For the first, we have

t— \/_ +oo
[ (ot w00t~y - ) a5 ds
=/ 9@ VE B —arVi-ap(t— VBt —VDId  (439)
+ / +wg(:v,t —VEE(B(E — aj (t = V) — ag VEVE)?)dE

— o0

For the first integral in (4.39), we have an estimate by

62 (€—a; Vi—ap (t—vD)?

(z— _
C/ “V2eT I (14 (1 - Vi) e ME—VD g,

Writing now § =z + a; V/t, we can rewrite this last integral as

+00 _(:L‘fzfa;\/z)Q _(Z ay (t \[))2
C/ (\/g)—1/2e T MVE (1+(t—\/7§))_1e TMEVD {2,

—00
We have, then, according to Lemma 6 of [HZ], with ¢ — s replaced by v/,
(zfzfa;\/z)2 (zfa,lz (t—\/f))z

e Mt e M (t—/t)
(x,a;ﬁ,ag(t,ﬂ))z _ t (5_ zsi(a]’iJﬁalz)ﬁ(tiﬁ)z)
— e~ Mt e MVi(t—vt) t

Upon integration in &, then, we have an estimate by

acfaji tfa]:(tf\/z))z

Ct™ Y21+ (t — Vo)~ (t — \/%)1/26—( a7

In the event that |z — a; t| < CV/t, we have exponential decay

. (:L‘fa]:t)z
e Mt

from boundedness, while for |z —a,t| > C Vt, C sufficiently large, we have
|z — aj_\/% —a, (t—Vt)| =|(x —a,t) - (a; — ap )Wt > clz — a; t|.

In either case, we conclude for ¢ sufficiently large an estimate

(z—aj t)?

Ctle T
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The second integral in (4.39) can be analyzed similarly, and we obtain an
estimate of the same form. For the second integral arising from (4.38), we
have

t—\/{ 400 _ (1‘75)2 ({—(7,.7(1575)717,;5)2
/ / (t — )32 ME9 (1 4 5)"le™ s déds.
Vit —00
Returning to our original coordinates £ = y + a; (t — s), we have

t—V/t +o0o (w—y—a} (t—s))? (y—aj s)?
/ / (t—s) 32 I (14s) e~ déds.
Vit —o0

Proceeding now exactly as in the derivation of (4.35), we arrive at an estimate
by

t—V/t (z—a (t—s)—a) s)2
Ct‘1/2/ (t— )7L (1 4 8) Ve g, (4.40)
Vit

; <0, for
which the remaining cases are similar. First, in the event that |z| > |a, |t,
we observe that there is no cancellation between summands in (4.12), and

consequently that we can estimate (4.40) for ¢ large enough so that v/t < t/2
by

As in previous arguments, we will focus on the case a, < a

(@—ap )2 [t/2
Clt_3/2€_ Tt / (1+ s)_1/2d8

Vit
(zfait)2 t—\/{ (zfa.i(tfs)fails)2
+ Cot 721+ t) M2 7 / (t—s)le~ m —ds
t/2
(z—a; )2
<Ct eI
(4.41)

For |z| < |a; [t, we observe that there is no cancellation between summands
in (4.13), and consequently we can estimate (4.40) similarly as in (4.41) to
obtain an estimate by

(xfaj*t)z

Ctlem e

For the critical case |a; |t < [z < |a; [t, we divide the analysis into the cases
s € [Vt,t/2] and s € [t/2,t — V/t]. For s € [\/t,t/2], we observe through
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(4.13) the inequality
(:L‘7¢1,7(157‘9)7¢7,7‘s)2
6_+ﬁ(1 + S)_1/2
(:L‘fa,77t)2 (z— aj T (t—s)— a.s)

<Cle—T =+ V2 re—"m 14|z aj_t|)_1/2].

For the first of these last two estimates, we proceed as in (4.41), while for
the second, we have an estimate by

t/2 (zfa.i(tfs)fa;s)2
Cit P21+ |z — a}tl)‘lﬂ/ e ds
Vi

<GP+ o —aj )2
For s € [t/2,t — \/t], we observe through (4.12) the estimate

(zfa; (tfs)fa;s)2

(t— s)_1/2e_ Mt

(z— a; S (t—s)— a.s) (:L‘fa;t)2

< C[[w - a,;t]_l/2 -l 4 (t—s) Ve

For the second of these last two estimates we can proceed as in (4.41) to
determine an estimate by

(z—aj t)?

Ctle

while for the first, we have an estimate by

(:L‘fa,7(1575)70,1:5)2

t=vt
Crt™ V21 +6) Ve — a,;75|_1/2 / (t—s) Ve~ m ds
Vit

<O+t Y2z —apt| V2TV

For the final expression on the right hand side of (4.38), we have integrals
of the form

t—\/f +o0o _(1‘75)2 ({ a; (t s) ay s)
/ / (t — )" 2" M= (1 4 5)"2e déds.

Re-writing in our original variable { = y + a; (t — s), we have

t—/t oo (z—y—al (t— )2 (y—ay )? )2
/ / t_ S 1/2 ]\/I(t T M(t—s) (1 _|_S)_2 - Ms dé'd,s’
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Proceeding now exactly as in the derivation of (4.40), we arrive at an estimate
by

t—\ﬂ (:cfa.i(tfs)fais)2
Ct=1/? / (1+5) 32— —ds. (4.42)
Vit
For the cases |z| > |a; |t and [z| < |a; [t, we can proceed as in (4.41) to

arrive at estimates of the form ¢t~/%¢, while in the case |a; [t < |zf < ay |2,

we divide the analysis into case, s € [v/%,t/2] and s € [t/2,t — V/t]. For
s € [V/t,t/2], we observe through (4.13) the estimate

_ (zfa; (tfs)fa;s)2

eemmr— (1+4s)7%?

(z—a7 t)? xfa;(tfs)falzs)z

(
< C[e‘iﬁt L+ 8) 732 4 (14 |2 — aj 8] + /%) 732 it

For the first of these last two estimates, we proceed as in (4.41), while for
the second we have an estimate by
t/2 (2—a} (t—s)—af )2
Ct7V2(1+ o — ajt| + t1/2)—3/2/ e~ —ds
Vit

<CQA+|z—ajt)[+ t1/2)=3/2,

For the case s € [t/2,t — \/t], we similarly arrive at an estimate by (1 +
) — agt| 712

FEzcited estimates. We turn now to the estimates in Lemma (3.4) that
involve the ezcited terms e;(y,t). Observing that in the Lax and overcom-
pressive cases, we have the estimate

(y+a; t)?
Oyei(y,t)] < Ct7V2 3" em e

a;; >0

integrals in the third estimate of Lemma 3.4 take the form
t 0 _ (ytay (t=9))
[ e T s agds,
0 J—laj|s

which differ from those of the previous analysis only by factor (¢ — s)
Proceeding almost exactly as in our analysis of the first estimate of Lemma
3.4, we determine an estimate on these integrals of C/(1 +t)~3/4.

Ezxcited diffusion wave estimates. The third and fourth estimates in
Lemma 3.4 are similar and straightforward to prove, and we consider only
the third. As each summand in ®(y,s) can be dealt with similarly (see

-1/2.
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(3.7)-(3.9)), we focus on the nonlinearity 9,(¢*)?, for which integration by
parts in y and the estimates of Remark 2.6 yield integrals of the form

(y+a (t—s5))2 (y— a.8)2
// (t—s)"12e” s (1+s) tem—msdyds,

with a; >0 (the excited terms correspond with mass convecting into the
shock layer) and a; < 0 (diffusion waves care mass away from the shock
layer). According to Lemma 6 of [HZ], we have the relation

(taj =% (y_ars)? (aj (t=)tay 5)?

e M(t—s) e Ms =e Mt

(a 4a; )(t—s)s
t k 2
X e_ IVIs(tfs)(y—i_ . t

from which integration over y leads to an estimate of the form

(a?(tfs)mgs)?

¢
Ct_1/2/(1+s)_1/2e_ T ds.
0

In either the case s € [0,t/7] or s € [t — t/~,t], for v sufficiently large, we
have

la; (t —s) +a;, s| > nt,

for some 1 > 0, through which we have exponential decay in t. In the case
s € [t/v,t —t/v], we integrate the kernel in s to obtain an estimate by
C(1+t)71/2,

For the final estimate in Lemma 3.4, we have for y < 0 integrals of the

form
t 0 _ (ytay (t=9))?
// (t—s)"te” MO W(y,s)dyds,
0 J—oo

where a;, < 0. In the case of nonlinearities (1+s) /4571231 + P2 + ), we
can proceed by setting x = 0 in the scattering estimates to obtain an estimate
by (14 t)~%/%. In the case of nonlinearity (1 + s)~1s~/2(1 + |y[)~/2, we
have the estimate

(y+ay (t—s)? (yt+ay (t—s))?

e~ A (L)Y < CeT e (L fy] + (- )
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from which we immediately obtain an estimate by
t/2
Clt_1/2(1 +t)—1/2/ (1 + S)_18_1/2d8
0

t
+Co(1 + t)—lt—1/2/ (t— )" V21 + (t — )" V2ds
t/2

<C+t)N

Finally, in the case of nonlinarity (1 +s)~'e™"%!, we have the estimate

(y+a, (t—s))>
TTMEs oMYl < g m(tE=s) g —n2lyl
e e < Ce e )

from which we immediately obtain an estimate by

t/2 ¢
Cle_%lt / e~ 3 (=9 gs 4 Co(1+1)7t / e Mt=9) g
0 t/2
<Cc@l+t) L.
This concludes the proof of Lemma 3.4 O

Proof of Lemma 3.5. To show (3.26) we need to estimate

t p+oo
[ [ R0 8, o )£ 0T s

— 00

t
<c / (=) | f(~z + &t — 5), 5)|ds
0

by the boundedness of R’ and L';t. A typical term of v is a term of the

form (1+ t)_%(l + |z — ai_t\)_% (or with a; replaced by a; ). Hence for the
terms coming from )1 the above is of the order

t
/ e_”o(t_s)s_%(l + s)_%(l + |z —aj(t—s) - a;s\)_%ds
0

t
= / e_"o(t_s)s_%(l + s)_%(l + | —a;t— (@ —a; )(t - s)])_%ds;
0

now, using (4.5), this is smaller than

t
[0 975 -t R+ @ - o) s
0
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Notice that (aj —a; ) < C. Now we use half of i to neutralize ¢ — s, and to
get

t
(1+]a:—ai_t])_z/ e_g(t_s)s_%(l—i-s)_%ds
0

< 4jz—at) T(1+)7

obviously absorbable in 11+ +«. For the terms coming from 1)», we notice
that, by inequality a® + b> > 2ab,

(L4 |y — a7 sl +/5) 72 <C(1+s) s (1+ |y — a7 s)71.

Hence applying the same calculations as for ¢ gives us an estimate of (1 +
|x — ai_t|)_% (1+ t)_g. For a, we apply the same procedure, and using again
(4.5), we have an estimate by

t
C/e‘"o(t_s)s_%(l—i-s)_i(l—i-\x—a;(t—s)])_%ds
0
¢ —no(t—s) _1 _3 _1 _x 1
SC | e (14 5) 74 (1 + |x|) 2 (1 + |aj(t — s)[)2ds
0

t 14
scu+¢wr%/}r?@ﬂnl+@—hu
0

<CA+|z))"2(1+)7L

This finishes the proof of (3.26) and (3.27). The proof of (3.28) is sim-

ilar, since all the terms in ® are smaller than terms looking like C(1 +
—(z—a; )
t)_%e at, which is bounded by C(1 + t)_%(l + |z —a; t|+ \/f)_%
This finishes the proof of Lemma 3.5. O
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