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ABSTRACT. Riemann solutions for the systems of conservation laws wr+f(u)s =
0 are self-similar solutions of the form v = w(¢§/7). Using the change of vari-
ables z = £/7,t = In(7), Riemann solutions become stationary to the system
ut + (Df(u) — xl)ugy = 0. For the linear variational system around the Rie-
mann solution with n-Lax shocks, we introduce a semigroup in the Hilbert
space with weighted L2 norm. We show that (A) the region R\ > —n consists
of normal points only. (B) Eigenvalues of the linear system correspond to zeros
of the determinant of a transcendental matrix. They lie on vertical lines in
the complex plane. There can be resonance values where the response of the
system to forcing terms can be arbitrarily large, see Definition 6.2. Resonance
values also lie on vertical lines in the complex plane. (C) Solutions of the linear
system are O(e7?) for any constant « that is greater than the largest real parts
of the eigenvalues and the coordinates of resonance lines. This work can be
applied to the linear and nonlinear stability of Riemann solutions of conserva-
tion laws and the stability of nearby solutions of the Dafermos regularizations
ut + (Df(u) — xl)uz = €ugs.
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1. Introduction

The purpose of this paper is to introduce a L? N C° semigroup of the linear
variational system around Riemann solutions of the hyperbolic conservation laws

(1.1) ur + f(u)e =0.

A Riemann solution is an initial value problem for (1.1) with piecewise constant
initial data

u(€,0) = u’ if € <0, u(€,0) =u" if € > 0.

We assume that the Riemann solutions have n-Lax shock waves A*,i = 1,...,n,

with speeds 5°,i =1,...,n. Let 3° = —0co and 3"*! = o0, then

u(é,7)=a" ifs <&/ <5

The system is assumed to be strictly hyperbolic with respect to the solution, and
the Rankine-Hugoniot jump condition is satisfied at each A*. Under some general
conditions, this type of Riemann solutions is structurally stable, as shown in [17].

A direct application of such semigroup is to determine the linear stability of
Riemann solutions of (1.1). Sufficient conditions for the linear stability have been
obtained by many authors [1, 6, 7, 8, 18] in BV and L! spatial spaces. Two kinds
of conditions have been proposed by Lewicka and Schohat:

(i) There exist some positive weights to each of the characteristic modes such
that the weighted norms of the waves scattering from the shocks are weaker than
the norms of the impinging waves hitting the shocks.

(ii) The spectral radius of the matrix expressing such scattering is less than
one.

Lewicka showed that the two conditions proposed above are equivalent [7], and
if the scattering matrix is positive the conditions for BV and L! stability correspond
to that the real parts of eigenvalues of the linear variational system are less than 0
and —1 respectively [8]. These conditions are satisfied for a system of two equations
with two Lax Shocks.

Our original conjecture, inspired by Lewicka’s work, was that the stability of
solutions should depend only on the location of eigenvalues. This conjecture turns
out to be over-simplified. Due to the complicated interaction of characteristic waves
scattered from large multiple shocks, we have found the so called resonance values
and resonance lines to be defined in Definition 6.2. Together with eigenvalues, they
determine the stability and growth rate of solutions.

Let E be a Banach space and f € L2(R*, E). We say f(t) is O(e??) in L? norm
if

/ le Yt f(t)|%dt < oo.
0

If | f(¢)|g = O(e7?), then we say f(t) is O(e?") in sup norm.

In the similarity coordinates to be introduced later, we can prove that if ~
is greater than the largest real parts of the eigenvalues and the coordinates of
resonance lines, then the “L? in time solutions” for the linear system are O(e?) in
L? norm and the “H'! in time solutions” are O(e?!) in sup norm. In §7, we show
that the solutions constructed in this paper are in fact continuous in time and in
this sense, the semigroup is also C°. But it is in the L? norm we find the optimal
growth/decay rate of solutions.
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Our second motivation of this paper comes from the study of solutions of the
Dafermos regularization of (1.1). Unlike the usual (non-Dafermos) regularization

(1.2) ur + f(u)e = euge,

where the perturbation euge typically destroys similarity solutions of the form u =
u(§/7), the Dafermos regularization of (1.1):

(1.3) ur + f(u)e = eTuge,

can have similarity solutions of the form «(£/7), which is a well-known type of solu-
tion to the conservation laws (1.1). Among them are Riemann solutions consisting
of multiple shock or rarefaction waves. See [3, 19] for introduction of the Dafermos
regularization.

Using the change of variables x = £/7, ¢ = In7, the Dafermos regularization
(1.3) becomes

(1.4) us + (Df(u) — 21)uy = eugy.
The same change of variables brings the system of conservation laws to
(1.5) ug + (Df(u) — xI)uy, = 0.

In the (&, 7) variables, Riemann solutions of (1.1) are usually non-stationary.
But in (z,t), they are stationary solutions to (1.5). In particular the location of
the ith shock A’ is * = 2° = 5%, and the regions between shocks are called regular
layers. The Riemann solution becomes

u(z,t) =a', ifrxeR = (a2, i=0,...,n.

At each shock, jump conditions must be imposed to (1.5). These conditions
can be derived from the Rankine-Hugoniot conditions of (1.1) as follows. Assume
that the shock position for (1.1) are £ = £%(7) for the ith shock. Then

. . d . . .
Ful€'+,7) = flu(€' =, 7)) = () (€ +,7) —u(E'~, 7).
In the (z,t) coordinate, the shock positions are x%(t) = £*(7)/7. Since

Cclf; = zi:i(lt)ﬁ T4 2t (t) = '(t) + 2'(t),

we have

Flu(@'+,4) = flu(a’=, 1)) = (&' (t) + 2" (1)) (u(z"+,t) = u(z' =, 1)).

Consider the linear variational system to (1.4) where U is the variation of u,
Uy is the perturbation to the initial data and k is the perturbation to the equation:

(1.6) Ui+ (Df(a") — 2I)U, — €Upy = k(x,t), U(x,0) = Up(x).

For the purpose of constructing a semigroup, it suffice to consider the system with
k = 0. We include the nonhomogeneous term k(z,t) for completeness.

The singular limit system for U is precisely the linear variational system of
(1.5):

(1.7) Ui+ (Df(a') — 2I)U, = k(z,t), U(z,0) = Uy(x).
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Let A" = @’ — 4*~!. Let and X’ be the variation of the shock position z*. For
a stationary solution z'(t) = ' is constant and #%(t) = 0. Linearize around the
jump condition, we have

D@ U(z'+,t)—Df (@' U (z'—,t) = (X (t)+ X (1) Aul+2* (U (2 +, t) U (z' =, 1)).
The desired jump condition for (1.7) at each shock is:
(1.8) [Df(@') — ' U (z'+,t) — [Df (@~ 1) — 2 U (2 —, t) = (X(t) + X (1)) Au’.

It has been shown that in suitable function spaces, the second order system (1.6)
is sectorial and generates an analytic semigroup [9]. After the Laplace transform,
we have

(1.9) sU+ (Df (@) — 2l)U, — Uy = k(x, 5) + Up(x).

Using exponential dichotomies, it has been proved that for large s, system (1.9)
is invertible. Estimates on solutions of (1.9) have been obtained ensuing the exis-
tence of an analytic semigroup with a possibly large growth rate. Based on this,
local existence of solutions to the nonlinear system can be proved by the standard
method.

To determine the stability of the solution, we need to study the resolvent for
small s that is near the critical eigenvalues. In contrast to the “fast eigenvalues”
of (1.6) which are of O(1) and come from the dynamics of the singular layers
near the shocks of the conservation laws, the critical eigenvalues are so called “slow
eigenvalues” in [14, 16, 10] which are of O(1) and are the eigenvalues of the inviscid
system (1.7).

The Laplace transform of (1.7) is:

(1.10) sU + (Df (@) — 1)U, = k(z, s) + Ug(),

If the real part of s is greater than the largest real parts of the eigenvalues of (1.7),
then the first order system (1.10) is invertible. If the real parts is also greater than
the coordinates of any resonance lines, certain estimates of solutions can be obtained
that is uniformly valid for f8s > ~. With additional assumptions on solutions in
singular layers, we can find solutions to (1.9) and its inverse Laplace transform. The
growth or decay rate for solutions of (1.6) is O(e*) by the Paley-Wiener theorem
of the one-sided Laplace transforms [Lemma 3.1].

A comment on the nonlinear stability of (1.5) is in order. The L? — L?
regularity to the linear system is not strong enough to guarantee the existence of
solutions of the nonlinear problem and their stability. However, if we can prove the
existence of global solutions u€ of the initial value problem of (1.4), as described in
the previous paragraph, and if u¢ — u® as € — 0, then we have a global solution
u? to the initial value problem of (1.5). If the solutions u¢ are stable, so is u°. Liu
and Yang developed an L' semigroup theory for systems of hyperbolic conservation
laws [11, 12]. Zumbrun and collaborators used extensively the spectral method to
study the stability of viscous shock waves [21, 22].

We would like to compare some alternative approaches to construct a semi-
group. According to the Hille-Yosida theorem, to show the existence of a C° semi-
group for a given “infinitesimal generator” A, it is sufficient to show that

C

10 =A™ < 5

A>y
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For system (1.7), it is technically hard to prove such an estimate with the constant
C independent of k due to the complicated scattering of characteristics from the
shocks.

Another way to construct a C° semigroup is to show directly in (z,t) coordi-
nates that the linear system has a unique solution for every initial data Uy in the
domain D(A), see [13]. This can be done using the characteristic method as in
[6, 7, 8, 18]. However, it is not easy to get the exact growth rate for the solutions
from such method.

In the standard theory of semigroups, the infinitesimal generator A is densely
defined in a base Banach space E. For the conservation laws with shocks, some
jump conditions must be satisfied by the solutions of the linearized system. If the
function space consists of piecewise continuous or BV functions, the same kind of
jump conditions must be imposed on functions in E. In particular, we must assume
the forcing terms for the linearized system also satisfy the same jump conditions,
an unnatural constrain in our view. This will not be a problem if L? norms are
used in the function space E.

Although constructed by the Laplace transform on functions that are L? in
time, we will show that the solution U(z,t) is continuous in time as t — U(-,t)
defines a continuous map RT — E. In this sense, the initial data is satisfied and
the semigroup is a C° N L? semigroup. The compelling reason to use L? norm is
that in this norm the optimal growth/decay rate is obtained. For our L? solution,
we will also show that * — U(x,-) defines a continuous map R* — RT with one
sided limits at . In this sense, the jump conditions are satisfied.

A brief preview of the rest of the paper. In §2, we define the function space
and present the basic settings of the paper.

In §3, we apply the Laplace transform to the linearized first order system. We
observe that the system in the dual variable has an algebraic dichotomy in each
R!. By taking advantage of the algebraic dichotomies, we express the solutions as
the solutions of a system of integral equations with undetermined boundary values
that correspond to the characteristic modes entering R*.

Since system (1.10) is the singular limit of (1.9), according to the geometric
singular perturbation theory [4, 5], (1.10) models the flow on the so-called slow
manifold (center manifold), and the entire phase space is foliated by fast fibers
on which the flow exhibits fast exponential growth or decay. In this regard, the
algebraic dichotomies on the slow manifold completed the dynamics of system (1.9).

An important part of this paper are the estimates on the integral equations
proved in §4. We show that one of the integral term is similar to the convolution
and derive an inequality similar to Young’s inequality. The other integral term can
be interpreted as the Fourier transform, and an equality parallel to the Plancherel’s
equality has been proved. They are the main tools in proving the estimates.

In §5, under the assumptions that the initial data and forcing terms are L2
functions, we give an explicit formulation for the L? solutions of the linear non-
homogeneous system (1.10). Its inverse Laplace transform is the weak solution of
the linearized system (1.7). A convergent power series expansion of our formula
can be derived. This can be interpreted as the characteristic method used by
[6, 7, 8, 18].

In §6, we study the eigenvalue problem related to the linearized system around
the Riemann solutions. We prove that the region RA > —n, n > 0 consists of
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normal points - either resolvent points or eigenvalues. The eigenvalues are zeros
of the determinant of a transcendental matrix. We show that the zeros of the
determinant are equivalent to the zeros of the determinant of the SLEP matrix
defined in [9, 14]. In general, eigenvalues that are not equal to —1 lie on vertical
lines in C. There can also be vertical resonance lines containing countably many
resonance values. At a resonance line {o + iw|oc = 0o}, there exists w such that the
system responds to forcing terms of frequency w can be arbitrarily large. Therefore,
the growth rates of solutions are not determined by eigenvalues only.

In section §7, we show the the L? solutions by the Laplace transform method
are continuous functions of ¢ in the space E. The fact that they are continuous
functions of  in L?(R™) is proved in §5.

In §8, we show that the solution is differentiable if the initial data and forcing
terms are differentiable.

During the writing of this paper, I have benefited from many discussions with
K. Jenssen, M. Lewicka, R. Pan and S. Schecter on hyperbolic conservation laws.

2. Basic settings
If F(x) has a simple discontinuity at 2°, then the jump of F(x) at 2 is denoted
by
[F(2)]ys = F(a'+) = F(a'-).
We consider the linear system with jump conditions at z*,i =1,...,n:
U+ (Df —2)U, = k(z,t), U(z,0) = Up(x),
(Df(x) — zI)U],: = [X'(t) + X*(t)]A?, where A’ =@ — @'~
For brevity, we use Df for Df(u(z)) or Df(u') if no confusion should arise.
We make the nonsingular change of variables
V =e'(Df — zI)U, g(z,t) = e"(Df — zl)k(z,t),
Yi(t) = ' X(t), h(z) = (Df — xI)Up(z).
System (2.1) is equivalent to
Vi+ (Df —2z)Vy = g(x,t), V(z,0) = h(z),

(2.2) e
V(z, )], = V()AL

REMARK 2.1. The change of variables U — V brings a change of the growth
rates of solutions. If (V,Y?) = O(e?*) then (U, X*) = O(e('~1t),

In particular, we will show that A = 0 is an eigenvalue for (2.2). This implies
that A = —1 is always an eigenvalue for the (2.1).

Assume that the system is strictly hyperbolic. In each R?, D f(#') has n distinct
eigenvalues \;(@") associated to eigenvectors r; ().
Assume that the ith shock A? is a Lax i-shock, i.e.:

(2.3) /\j(ai)<mi<x<xi+1, 1<j <4,
. :Ei<:v<xi+1<)\j(ai), i1+1<j<n.

The relation between the characteristic and shock waves is illustrated in Figure 2.1
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i-1 i i+1

/\.
A j=1,...,Nn A j=1,..i At

j=1..,-1| j=i+l..n

i-1 i
R R

FIGURE 2.1. The left and right going characteristics in R*~! and R’.

Assume that in R?,

V= ul(a)r(u), g=Y gz s)r;@), h=Y_ hix)r;a).

We drop the super super-script ¢ if no confusion should arise.

DEFINITION 2.1. Let L2, be the linear space of locally L? functions with the
following weighted norm being finite: If the restriction of U to R’ is U’ and if
U' = Y1 ! (x)r;(u;), then

1/2

U= 11Ul = [ DD Nuili® |

i=0 j=1

; 12 dz 1/2
2= f —_— if1<i<n-—
losll= ([ loP =) if1<isne
0y n 2 1/2
= ([ (=) )| =)
ro [\ (00) —x |z — A;(af)]

g 5= ( [ () e 2 u—i7<u>|>/

N (@) — o
If the weighted norm for the restriction of U to R? is finite then we say that U?

and the scalar function u} are in L2, (R’).

We assume that the constant > 0 so that the weight functions
(70Y) _ n (M) n
M > 1, in R, M > 1, in R".
Aj(ad) — ! Aj(an) — an

Thus as 2 — £o0, uJ(x) and u/f(x) — 0 algebraically of order |z — X;|~".
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The semigroup will be defined in the Hilbert space E := L2. Define the
differential operator A as
A(V)=—(Df —xI)V,, on each R,
with
D(A):={V:V, V, € E, [V(2)], €span(A?), i=1,...,n}.

Some comments about the domain of the operator A is in order.

(1) If Vo € D(A) then the compatibility condition is satisfied by the initial
condition and the solution is continuous across the characteristics issuing at ¢t =
0,z = 2.

(2) The derivatives V4, V,, are not continuous across the characteristics, causing
the so called weak shocks issuing from each x% at ¢t = 0. To avoid such discontinu-
ity of derivatives, further compatibility conditions must be imposed on the initial
condition.

(3) If we only require the solution to be H} _ in time and space, then the discon-
tinuity of derivatives across the characteristics are allowed. No further condition is
needed on the initial condition besides V € D(A).

Assume the following Majda’s stability condition at the shock A?: The vectors

ry (ﬂi_l), e ,I‘i_l(’ai_l), Ai, i1 (’[Li), .. ,I‘n(ﬂi),

are linearly independent in R”, and will be called Majda’s basis at A’.

3. Laplace transform and a system of integral equations

A function y(s) is in the Hardy-Lebesgue class H(v),v € R, if

(i) y(s) is analytic in R(s) > v ;

(i) {5upys (/% ly(o + iw) Pdw) !/} < ox.

H(7y) is a Banach space with the norm defined by the left side of (ii). Based on
the Paley-Wiener Theorem of one-sided Laplace transforms [20], we have

LEMMA 3.1. If e 7'2(t) € L?(R"), then its Laplace transform y(s) = Lz(s) €
H()-

The converse of this holds: Let y(s) € H(y). Then the boundary function
y(y +iw) € L?(—00,00) emists in the sense that

o0

lim ly(o + iw) — y(y + iw)[*dw = 0.

o=+ J_

Moreover, the inverse Fourier transform
N

2(t) = (2m)~Y/? J\}gnoo N y(y + iw)e™ dw

vanishes for t <0 and y(s) may be obtained as the one-sided Laplace transform of
z(t). Further more,

/ e 2 (t)|2dt = / ly(y + iw) |*dw.
t=0 w=—00
Applying the Laplace transform to (2.2), we have

sV + (Df —2I)V, = §(z,s) + h(z),

[V (2, 8)]p = [sY(s) — YI(0)] AL
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On the other hand, if we can find a solution V' € H(y) for the above, then the
inverse transform shows that V(z,t) is a weak solution with e 7'V (-,¢) € L?(R™),
ie., V=0(e) in L? norm.

To simplify the notations, we will drop the hat on V(z,s) and §(z,s) if no
confusion should arise. The use of the dual variable s already indicates that they
are the images of the Laplace transform of V' (z,t) and g(x,t). The convention also
applies to other time dependent functions and their L-transforms.

We now drop the hat and consider

(3.1) Ve +s(Df —2l)™'V = (Df —xI)" (g +h).

The equation for V' will be solved for fixed s with R8s > —n, except for a set of
measure 0, under the condition that g(z,s) and h(x) are L? functions of x.

If V =3 vj(x)r;(a’) satisfies (3.1), then the jth mode v;(z)r;(a’), j =1,...,n

satisfies

Vo + 5\ — ) Tloy = (N — )" (g5 (=, 8) + hy(@)).
Observe that if s > 0, the system has an algebraic dichotomy in each R’. See [2]
for discussions of exponential and non-exponential dichotomies.

Since the region for s is unbounded to the right, the growth or decay is impor-
tant even in the finite regions R*,i = 1,...,n — 1. To take advantage of the decay
for each wave in certain direction, we will solve the right going waves from z* to
2't1 and the left going waves from z**! to 2°. This approach is consistent with
the characteristic method which requires that each wave must be prescribed on the
point where the wave enters R’.

For clarity, weuse / = 1,...,2and r = i+1,...,n for the indices of the left and
right going waves in R?. For the mode i+ 1 < r < n, )\, > x, using the integration
factor (A, — z) ™%, we have

(()‘T - x)isvr)w =\ - x)isil(gr + hr)'
For the mode 1 < ¢ <14, x > )y, using the integration factor (z — Az)~°, we have
((z = Xe)*ve)e = —(z = X) > H(ge + o).

The solution in R’ satisfies the integral equations:

Ar — ; T A — d
(3:2) el ) =( _;>Svr<xas>+/ﬂ<Ar =) 0y 9) + ()
xigxgx”l, r=14+1,...,n,
A — X , TN —x dy
3.3 =(—5) ve(a"! / ; h
(33) vl ) =i uele™ )+ [ G ) elws) + helw)) 52
<z < or=1,...,

The only unknown variables in the right hand sides are v,.(z%,s) and ve(z**1, s).
As a convention, 1° = —o0,2"*t! = oo, and the terms involving v,(2°,s) and
ve(x™t1) s) are ignored.

Note that

0<

)\j—:v<1 i ri<y<z fori+1<j<n,
i .
Aj—y r<y <zt forl<j<i.

In the region Rs > —n, the integral terms in (3.2) and (3.3) are bounded for
2t < 2 < 2! uniformly with respect to s.
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In each R’, define the “propagator” ®(z,z",s) as

(3=%)°  ify<u,
J

0 if x <y,

ifj=i+1,...,n, ‘Pé(x,yas)—{

(3= ife<y,
J

0 ify <.

ifj=1,...,14, <I>§(x,y,s)={
Let
i 2 ifi+1<j<n,
zi=9 .
I 2t if 1< <.
The integral equations (3.2), (3.3) in R? can be written as:

zi+1 d

B ylo8) = ¥ s+ [ By + (009

4. Estimates of the integral terms

In this section, we derive some estimates for the integral terms of (3.2) and
(3.3).

To simplify the notation, in the following definitions we make use of the infor-
mation carried in the names of variables, e.g., x is the spatial, ¢ is the time variable
and s = 0 + iw is the dual to t after the Laplace transform.

DEFINITION 4.1. We say V (z,t) is in L2 (z) if V(-,#) € L? for a fixed t. We
say V(z,t) is in L2(t) if it is in L2(R*) for a fixed . We say V (z,t) is in L2 (z,t)
if it is locally a L? function for (x,t) € R x RT, and for almost every ¢, V (-, t) € L2,
with -

[ Wbl <.
0

After the Laplace transform, V(z,t) becomes V(x, s) with s = o + iw. We say
V(x,s)isin L2 (z) if V(-,s) € L2 for a fixed s. We say V(x,s) is in L?(w) if V(z, s)
is in L2(R) for a fixed z and 0. We say V(x, s) is in L2 (z,w) if for a fixed o, it is
locally a L? function for (z,w) € R?, and for almost every w, V (-, s) € L2 with

/ 1V )| dw < 00,

These definitions also extend to functions defined only in one regular layer
R, i=0,...,n.

Let s = 0 + iw with ¢ > —n. In each R?, define

(N —2)8 .
Fo(z,s) := /zl ﬁhr(y)dy, r>i+1,

(= g)? ,
F[(m,s) = /wi+1 Whg(y)dy, Y4 S 1.

* )\r_ * d .
GT(CC,S) :/ ()\ _z) gT(yaS))\ zyv TZZ+17

v e —2\° d )
Go(z, s) ::/ ( d x) gg(yﬂs)/\l—f <.

it+1 )\g ) Yy
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LEMMA 4.1. Assume that h € L2, i.e. in R',i =0,...,n, the weighted norms

lh;ll of hj,j=1,...,n, as in Definition 2.1, are finite.
Then for o > —n, Fj(z,s) € L2 (x,w) with:
(1) For each x € R', i=1,...,n—1, Fj(x,s) € L*(w) with

| RGP < colm®

where C(n) depends only on 1.
In R and R™, F.(z',s) and Fy(x™,s) € L*(w) with

[ RGP < coli

| IR 9P < cnlh
Moreover, x — Fj(x,s) is a continuous function from R' to L*(w) with one-
sided limits at x = z°.
(2) For almost every w, F(-,s) € L. Moreover, in R',i=1,...,n—1,
| IBCoIP < coll,
In R® and R,
e 1
Fj(-, 8)||2dw < ——||h;|*.
| IBCsPa < =i

LEMMA 4.2. Assume that for o > —n, g(x,s) € L2 (z,w). That is, the weighted
norm |g; (-, s)|| of g; in R, as in Definition 2.1 is finite for almost every w and

oo 1/2
lastls= ([~ lostoan) <o

Then for o > —n, Gj(x,s) is in L2 (z,w) with:
(1) For eachx € R', i=1,...,n—1,
| 6@k <colllplP i=1...n

where C(n) only depends on 1.
In R® and R™, we have

° 1
[ Gt 9P < g,

=—00 n+o

oo n 1
/’ Gela™, 5)Pdw < ——|lgell.

=—c0 n+o

2) For almost every w, G(-,s) € L2. Moreover, in R® and R™
( y 7 3 w ? )
1
GI? < —— 112,
NG5 < 77+0|ng”|

In the bounded regions R, i=1,...,n—1,

G512 < CmlllgslII.
(3) For o > —n, * — G;(z,5) is a continuous function from R' to L*(w) with
one-sided limits at z°.
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(4) If (Df — xI)g(x,s) € L2 (z,w), then (Df —zI)G(x,s) and sG(x,s) are in
L2 (z,w) and their norms are bounded by of |||(Df — xI)gl||.

(5) If (Df —xI)g(x,s) € L2 (z,w), then (Df —xI)G(z,s) and sG(z,s) depend
continuously on z € R* in L?(w).

The rest of the section is dedicated to the proof of Lemmas 4.1 and 4.2.

First observe the expressions of (3.2) and (3.3) as well as F;(z,s) and G;(z, s)
in Lemma 4.1 and Lemma 4.2 are much simpler if we make the following change of
spatial variable in each R’ that depends on the mode number j.

DEFINITION 4.2. We define the logarithmic change of spatial variables as fol-
lows: To the right going characteristics \,(%) in R?, note that A\, > x, and let

X, =In(\, — ), r=A —e*,
X =1In(\ — %), X, = A_izx,
&(XT) = ¢(>‘T - eXT) = ¢(x)7 8X(5 = _(/\T - I)améb

To the left going characteristics A\¢(4%) in R, note that x > A, and let

X =1In(z — o), x =M\ +e*,
i i —dx
XZZIH(I —)\g), dX[: Ag—m’
B(X0) = p(A\e + ™) = ¢(2), Ox = (z — A0z,

The new variables X and X; are called the log variables in R’. The subscript
will often be dropped for simplicity

The order of variables are listed below for your convenience:

i <y<z<atl <\,

i+1 ; . . .
X < X <Y < X!, for right going waves;
N <zl <z <y<atl
X, <X<Y< X;H, for left going waves.

As a convention, we set X = oo and X?H = 00. Note that in the new variables, we
always have X <Y, i.e., equations are always solved from right to left, regardless
the original waves are left or right going waves.

In the log variable X, we find that v;,j = 1,...,n, satisfies

(4.1) sv; —vjx = gj + hj.

This means that all the modes are unstable for large 0 = Rs. This is consistent
with the observation that all the equations in X must be solved from right to left.

For brevity, we will use the same notation for the same function after changing
the variable from x to X. We will drop the index j for XJZ: if no confusion should
arise.
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The following systems are equivalent to (3.2), (3.3):

, . X
(4.2) vr(X,8) = XX (X7 5) —/ X (g, (Y, 8) + b (Y)dY
X

Xt <X <X r=i+1,...,n
. ) X
(4.3)  vp(X, ) = XXy (XL ) — / X (gy(Y,5) + he(Y))dY
Xi+1

Xi<X<X™ r=1,...,

The norms defined in Definition 2.1 can be expressed in the log variables:

it 1/2
i = |/X W )PdY| L if1<i<n—1,
0o L 1/2
(4.4) ] <= ( [ e >|u;<Y>|>2dy) ,
Xl

S 1/2
| = ( [ e >|u;<Y>|>2dY) .

The functions Fj(z,s) and G;(z, s) expressed in X are:

X
FT(X,SF—/ X (Y)Y, r=it1,..m,
(4.5) X

X
Fy(X, S):_/X-+1 SE (Y)Y, (=1,...,i.

X
G.(X,s) = —/ eS(Xfy)gT(Y, s)dY, r=i+1,...,n,
(4.6) X
Gg(X,S):—/ XY, 8)dY, (=1,...,i.
Xi+1
Using the log variables, Lemmas 4.1 and 4.2 are translated into the following
Lemmas 4.3 and 4.4 respectively.

LEMMA 4.3. Assume that h € L2, i.e., the norms ||h;|| of h; are finite.
Then for o > —n Fj(z,s) € L2 (X,w) with:
(1) X — F;(X, s) is continuous from R* — L?(w) with one-sided limits at X*.

In particular, for each X € R\,1<i<n—1, Fj(X,s) € L*(w) with

| IR < cln P

=—00

In R° and R"™, F.(X*,s) and F;(X",s) are in L*(w) with

[ IR P < cll ),

=—00

/ Fo(X™, 5)Pdw < C(n)l[hel]”-

=—00

(2) For almost every w, Fj(X,s) € L?. Moreover, in R',1 <i<mn—1,

/ 1E5 () 2w < )1 1

=—00
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In R° and R,

e 1
FT S 2dW< — hr 27
| IRCsPa <

*° 1
o, 8)||Pdw < —— |||
| IRGs)e < ——lnd
PROOF. Extend the domain of hj(X) from R’ to R such that h;(X) = 0 for
X ¢ R
Proof of (1): We will only consider the right going waves in R since the other
cases are similar. Express F). as the Fourier-Laplace transform of h,.,

X
F.(X,s) = —/ e *V=Xh (Y = X) + X)dY

- /OO e *Ch, (£ + X)d¢
13

=0
=Am e [T T H ()R (€ + X))

Since —o < 1, e H(E)h, (€ + X) is in L?(¢). Plancherel’s formula shows
that F.(X,s) is in L?(w) for such fixed o. The shift operator X — h,.(. + X) is
a continuous mapping of R — L2. Therefore, F.(X,s) is in L?(w) that depends
continuously on X. This proves (1).

Proof of (2): Again we will prove the case of the right going waves in R° only.

Let b be the Hilbert space of L? (X7, 00) functions with the finite norm

loc
Il = (1m0 a2
X1
For almost every £ > 0, the function k(§) := h,.(§ + ) is in §. Moreover

IR = e [ e ¢ 4 X)Pax

X1
< e bl
For o > —n, —o < n, the function e =S H (&)k(€) is in L?(¢) and
Fy(- 0 +iw) = F(e " H()k())-

From the Plancherel’s theorem which is also valid for Fourier transforms with values
in Hilbert spaces, we have

/ |maawmﬁw:/ le=oSh(e) | 2de

=—00 =

< / e~ 2(n+o)¢ | Ay ||%d§
0

1
o+n

<

[

LEMMA 4.4. Assume that for o > —n, g(X,s) € L?(X,w), i.e.,

0o 1/2
o= ([~ lolPa) <o
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Then for o > —n, G(X,s) € L2(X,w) with:
(1) For each X € R, i=1,...,n—1,

|G Pa < CollglP. 7=1.m,

where C(n) only depends on n. In R°, and R™ we have
e 1
|Gt s Ps < — gl

=—00 n+o
o0 1

Go(X™, 8)|Pdw < —— 2,
/w:_m (X", 8) w_n+glllge|\|

(2) For almost every w, G(X, s) € L2(X). Moreover, in R® and R",

1
Gilll < ——llg; 13-
1l J|||_n+0|||9g|||

InR,1<i<n-1,
G511 < COmlllgslII*.
Here and C(n) only depends on .
(3) X — G;(X,s) is continuous from R' to L*(w) with one-sided limits at X*.
(4) If 9x g;(X, s) € L*(X,w), then 0xG,;(X,s) and sG;(X,s) are in L*(X,w).
Their norms are bounded by |||0xg;||| in that space.
(5) If 0xg;(X,s) € L*(X,w), then 0xG;(X,s) and sG;(X,s) depend continu-

ously on X € R" in the space L*(w).

PROOF. Proof of (1): In R*,1 <i <n — 1, using the fact that the interval R’
is finite, since o > —n, regardless X* > X1 or X+l > X7
[ e TIRaY |+ | [e” X TIPAY| < Cn).
Xi+1 Xi

Using the Cauchy’s inequality, we have

Xi

(4.7 |G-(XT, )2 < C(n) /Xi+1 lg, (Y, 5)|?dY,
. xit+l
(4.9 GiX ) <) [ laVi)Pay

Observe that the L2 norms of @MY =X") in RO and e(e+mM=X") iy R™ are
bounded by 1/4/2(c + 7). In R%, applying Cauchy’s inequality to

1GA(XY,5)[2 < ( / XYY en( =XN g (v, )| dY)?
(4.9) X! .

> _y1
< Sy T 0P

Similarly, in R"™, applying Cauchy’s inequality we have

1 > _xn
(4.10) Ge(X™,5)? < m/x 10 =X gy, 5)[2dY.
Integrating both sides of (4.7)-(4.10) in w from —oo to oo, the desired result
follows.
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Proof of (2): The L?(X) norm of G,.(X, s) can be obtained from the convolution
inequality (Young’s inequality). Consider R where X! < X <Y < oo,

XX [ T X g, (syiay = [ e Orn 00X (v )y,
b'e X

(/ "X =XDGL (X, 5)2dX) M2
X1

p/ W““”@AK@FMﬁ”%/ e (Y| gy)
X1 0

1
<

IN

e _xl 1
([ e X0, (v ) Pay) 2 = —— g,

for o > —n. The estimate in (2) follows by integrating both sides in w.

The proof for the cases of X € R*,i =1,...,n is similar and will be omitted.

Proof of (3): This ought come from part (1) if we can approximate L? functions
by a sequence of C2° functions and using the fact that the limit of a uniformly
convergent sequence of continuous functions is continuous. For clarity, we will give
a direct proof for the right going waves in R*, 1 < i < n — 1 only, leaving other
cases to the readers.

In R?, let X! < X; < Xy < X%, Without loss of generality, assume that g,
is a smooth function.

|G (X1, 8) = Gr(Xa, )|

Xo b
<| es(XrY)gT(y’ $)dY | + | 2 [es(XrY) _ es(Xsz)]gT(y’ $)dY| = I, + L.
X1 X

The term I, satisfies [0 I#dw < C|X1—Xa| [ [|gr(-, 8)||?dw — 0 as [ X1 — Xa| —
0.
The second term I, satisfies

/ |12|2dwg/ (

There exists K > 0, independent of X7, X5 such that

Xt X1
/ les(Xa=Y) _ es(X2=Y) 12y | l9-(Y, 8)|?dY | dw.
X2 X2

Xi
/ |€S(X1_Y) _ eS(Xg—Y)|2dY S K.
X2

For any € > 0 and w € R, there exists {2 > 0 such that

K/ / lg- (Y, 5)[2dY dw < e.
|w|>Q

Therefore, it suffice to consider the domain |w| < Q.
Notice that

xi
/ les(X1=Y) _es(X2=Y) 120y — o(] X1 — X»]), uniformly for [w| < Q,
X2

[ oy <ol
w|<Q
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This proves that as [ X1 — Xa| — 0, [ [I2]*dw — 0. Hence,
o0
/ |G (X1, 5) — Gr(X2, 8)|%dw — 0.
— 00

Proof of (4): We show that dxG(X, s) and sG(X, s) are in L?(X,w). We will
prove the case of right going waves in R%,5 = 1,...,n — 1 only, since the proof of
other cases is similar.

0
sGr(X,s) = / se*Y g, (X —Y,5)dY
X-Xi

0

d

= (==e*)g, (X —Y,5)dY
/X—Xi dy

0

=g,(X,s) — eS(Xfxi)gT(Xi, s)+ / esyang(X —Y,s)dY.
X-Xi

0
IxGr(X,s) = —es X=X g (X 5) +/ Y 0xg,-(X =Y, s)dY.
X—Xi

Of course, this verifies that sG, — dxG, = g.(X,s). Since each of the terms
in the representations of sG, and dxG, is in L?(X,w). This shows that both sG,
and dx G, are in L?(X,w).

Proof of (5), since dxg;(X,s) € L*(X,w), the mapping X — g¢;(X, s) is con-
tinuous from X to L?(w). Based on this, the proof of (5) follows by inspecting the
terms in the expressions of sG, and 0xG,..

O

REMARK 4.1. Unlike the case for G(X, s) the following is not true for F(X, s):
“If Ox h;j(X) is in L?*(X), then dx F(X, s) and sF (X, s) are in L*(X,w). More-
over, Ox F(X,s) and sF(X,s) depends continuously on X in L?(w).”

5. L? solutions via the Laplace transform

In this section, we derive an explicit formula for the solution V'(z, s) of equations
(3.2), (3.3). We show that these solutions are in L2 (z,w) for o > 7 where 7 is a
constant to be specified and s = ¢ + iw. Moreover, for o > ~, the solution V(z, s)
is a continuous function of z € R' in L?(w) with one-sided limits at = x%. The
jump condition

(5.1) V(zi+,s) — V(z'—,s) = (sYi(s) — Y(0))A?

at the ith shock is satisfied in the sense that both sides are functions in L?(w).

Based on this, the inverse Laplace transform V' (z, t) of V(z, s) is a weak solution
in the sense of distribution. The function e 7'V (z,t) is in L? (x,t) as in Definition
4.1. Moreover, V (z,t) is in L?(t) and is continuous with respect to = in each region
R? with one-sided limits at © = 2. The value of the jump at 2’ is understood as a
function in L?(t).

If V(2'+,s) and V(2°—, s) along the shock A’ are specified then the above can
be used to determine sY(s) — Y?(0). If the initial condition Y*(0) is given, we can
compute Y(s) and Y?(¢). From now on, we require that the jumps of V (z,t) and
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hence V (z, s) are along the direction of A’ but ignore the values of the jumps. The
jump conditions thus simplify to
(5.2) [V (2,8)]y =0, mod A",

The rest of the section is devoted to solving the system (3.2), (3.3) and (5.2).

5.1. An non-homogeneous algebraic system with jump conditions.
We consider an algebraic system for V(z, s) = >} vj(z, s)r;(a"):
(5.3)
Ar —
vp(x,8) = < ’

A — 2t

z’LJrl

IN

S
>vr(a:i,s)+HT(:c,s), <z , r=1+1,...,n,

M—z \° , ; ; .
w(:v,s):(m) ve(x™,8) + Hy(z,s), o' <a<z™t (=1,...,i.

[V(z,8)]s: =0, modA’, i=1,...,n.

In R and R"™, we set 2° = —oc0 and 2"*! = oo, and the terms involving v,.(z°, s)
and v (2", s) drop out from (5.3).
The terms H; satisfy

H 5.1. There is a constant v € R, to be specified below, such that for o > =,
H(z,s) € L2 (z,w). That is, with the fixed o, for almost every w, H(-,s) € L2
with -

[ s <.
Moreover & — H(x,s) is a continuous function from R’ to L?(w) with one-sided
limits at z = z°.

(From the first two equations of (5.3), we have

(5.4) v (= 8) = L (2" 2t s)v, (24, 8) + Hp(z' ) s)
<z <zt r=i+1,...,n
(5.5) ve(2' 4, 8) = @L(x', 2" s)ve (T~ 8) + Hy(2", 5)
g <ax < or=1,...i

In R® and R", recall that 2° = —oo and z"T! = oo, and the terms involving

v (204, s) and v (2™t s) drop out from (5.4) and (5.5).

We now solve (v, (24, s), ve(z1—, s)) from (5.4), (5.5) and (5.2).

Following Lewicka [7], we place the left going wave v,(z°—) and then the right
going waves v, (z+) in an (n — 1) dimensional vector ;. See Figure 5.1. Next, we
define y as a block structured vector:

v (2'-)
X1 o
S i)
Xn .
v (2P4)
In particular, y; contains only the right going modes v, (z'+),r = 2,...,n,

and x,, contains only the left going modes ve(x™—),¢ =1,...,n — 1 while x;,2 <
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. i-1 . i
/\I 1 Rl AI +1
Pz
VX TME) o) k(x4 v,(x”l)v(x'*i)
v P vl N
X Xi Xi/+l

FIGURE 5.1. x; consists of the left and right going characteristics
leaving A%: vy(2'—), £ =1,...,i—1 and v.(z'+),r =i+ 1,...,n

i < n — 1, contains both the left and right going modes leaving A?. To simplify the
notations, we have dropped s in v;(z?, s).

We can also express x as the union of n dimensional vectorsin R?,i =1,...,n—

1:

Vi1 (2')

G 3
_ . o Un (CCZ"')
(56) X = : y Cz = ’U1($Ci+l—)
<n—1 .
v ()

Each ¢; contains boundary values of waves entering R* from A* or A**'. To ensure
that the two expressions of x are identical, we put the right going modes in R?
before the left going modes, because the right going modes are issued from A¢ while
the left going modes are issued from A*+!,

Define the following matrices D = diag(D; ... D,,) where

i i—1 =1 —i i n
' Ae(@i=t) =zt ), 7\ A(@) =2t ) ) -

System (5.4) and (5.5) can be expressed as for all 1 <7 <n,
v (271 4) Hi(z"7 1+, s)

Vi— 1( - 1+) s Hi—l(xi_l—’—as)
i :D’L it 4
vig1 (21 -) X Hi (o=, 5)

v (21 =) H, (21 —)5)

The last column vector shall be denoted by H;.
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For i = 0 or n + 1, the formulas are modified to

v1(zt-) Hyi(z'—, )
((5.7)0) S I S
v (21 =) H,(z'—,s)
vy (2"4) Hy(z™+,s)
((5.M)n41) : = : =Hny1.
v (™) H,(z"+,s)

Using Majda’s basis, any u € R” can be expressed uniquely as:

u—ZaJrJ 0 ) 4+ o AT+ Z a;x; (T

Jj=i+1
Let B; be the matrix of which the columns are the Majda basis. Then
(a1,...,00)" = B M.
Let
B = (I(i—l)x(i—l) 0 0 )
0 0 —Itn—iyx(n—i)-
Then R
(al7 cees (1, T QG4 _an)T = EiBi_1u7

Let the left and right going waves in R* and R*~! be

7 n

VI (z) = 3 ve(ayre(ad), Vit () = 3 o) (al), x e R
1 i+1
Vleft Z ’Uh Vrlf]ht Z Uk 7 T € Ri_l.

;From the jump condition at z*, we have
Vright(xi+) + Vleft(CCi—l—) — Vright(xi_) + Vleft(xi_) + SiAi.

Written in the coordinates,

th(:c —rp(@—h) — Zvr(xi‘f')?"r(ﬁi)
1 i+1

n

_wa—i—m kax—rk(z 1)—|—S’ZAZ

Applying P; : E B ! to both sides of the equation, we have
vr(z' =), v (@ =), v (), v (2 4))T

/—\

[ n

=P(> wve(a'H)re(@') = Y vp(a’ =) (@ ).

1 i
For 1 <i <mn, define the (n — 1) x (n —i+ 1) and (n — 1) x ¢ matrices
M! = —By(ra(@ ), ... (@),
M} = Py(ri(@'), ..., ri(a")).
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Here M} and M represent the projections of impinging waves to the departing
waves at the shock A?. The waves leaving A® can be expressed by the waves hitting
A’ from the left and right as

Ul(Ii_)
(' ) vi(x'—) o (a'+)
Vi—1\T =) | _ 7l : ]
(5.8) Vi1 (x'+) - v (:;i—) o U‘@i'f‘)
vn(a'ii-‘r)

Note that in the right hand side of the above, (v;(z°—),...,v,(z°~))” comes from
the lower half of (5.7) with i replaced by i — 1, and (v1(2*+, ..., v;(z'+))” comes
from the upper half of (5.7) with 4 replaced by i + 1. In other words, the waves
hitting A’ come from A*~! and A“*!. This motivates the definition of matrix M
with the following block structure:

M{ o [©]  [M]€]
(M) [6]  [M3e]
M = [©r5] (O] [M56]

oM [0] M

n

In the above, the ith block of rows represents the scattering of impinging waves
hitting A’ from the left and right to the outgoing wave leaving A’. M{ and M, are
(n —1) X n matrices that represents the contribution of Hy and H,,4+1 to x1 and x,
respectively. The zero matrix [©] on the main diagonal is of size (n — 1) x (n — 1).
The matrix © to the left of M} has (i — 2) columns and © to the right of M}
has (n — i — 1) columns so that the combined size of matrices in each [ ] is of
(n—1)x(n-1).

Let M be the (n — 1)n x (n — 1)n matrix resulting from removing the first and
the last n columns of M. Using the matrix M, from (5.7) and (5.8), we derived the
following equation for {x;}" ;:

(5.9) X=MD’x+M H:
or (I — MD%)x = MH,

where D? is the power of the diagonal matrix D, H is from the right hand side of
(57), (57)0, and (57)n+1
H = (Hy,..., Hy 1)
DEFINITION 5.1. Let E(s) := det(I — M D?®) and

oym = sup{o : inf |E(c + iw)| = 0}.

In the next section, we show that the roots of Z(s) correspond to eigenvalues
of the linearized system. Moreover, this condition is equivalent to that s is the
root of the SLEP function (determinant of the corresponding SLEP matrix [15])
as defined in [10].
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LEMMA 5.1. Let v be any constant that satisfies v > max{—n,on}. Then the
inverse matriz (I — M D®)™! exists and

I(1 = MD*)™H| < C(v)
uniformly in the region o > .

PROOF. There exists N > 0 such that if o > N then |[MD?®| < 1/2, and thus
|(I — MD?®)~'| < 2. So what left is the region ¥ := {y <o < N}.
Using the log variables the entries in D? can be expressed as

(/\T(ﬂi) — zi+1>5 7 eS(Xi+17Xi) <)\e(ﬂi1) _ Ii1>s _ es(X“lei).

@) —z ) A1) — o

Each entry of M D? is uniformly bounded with respect to s = o + iw € ¥. Using
minors to express the inverse matrix (I — M D®)~!, the numerators are bounded
with respect to s. The denominators are Z(s) := det(I — M D?). Since v > o, we
have that Z(s) # 0 for s € 3.

Assume that there is a sequence {s, }7° = {0y, +iw, }3° C X such that =(s,) — 0
asn — 00. Since the real parts of s,, are bounded, without loss of generality, assume
that 0, — 09,7 < 09 < N. Let 7, = 0¢ + iw,. Since Z(s) is uniformly continuous
with respect to o, we find that Z(7,,) — 0 as n — oco. This is a contradiction to
R, = 0o > opm. Therefore, there exists C1(y) > 0 such that |E(s)| > Cq(v) for
s€X.

This proves that |(I — M D*)~!| is uniformly bounded by a constant C(vy). O

For o > 7 := max{—n, 0}, from Lemma 5.1 the inverse matrix (I — M D*)~1
exists and is bounded by C(7). System (5.9) has a unique solution

x(s)= (I —MD*)"*MH.

The solution (v, (z, s),ve(z, s)) of (3.2) and (3.3) can be obtained if we extract
the ith block vector ¢; = (v.(z°+, ), ve (21—, s)) from Y, see (5.6), and substitute
them into (3.2) and (3.3). Since x satisfies (5.9), the jump conditions are satisfied
at each x’.

JFrom the assumption that the vectors H;,i = 0,...,n, are in L?(w) bounded
by
JD SICTCRPELY NG ) SIEACRSIES Dl SRV ACEIIE)
W=T00 =0 W=T00 =1 ¢=1 i=1r=i—1

Since the matrix (I — M D?®)~! is uniformly bounded with respect to s, we found
that x(s) is in L?(w), so is the vector (;(s) = (v (2+, 8), ve(x?T1—, 5)).

Using (i(s) = (v (2'+, 8), ve(2*T1—,5)), we can compute v;(z,s) in each R’.
It remains to show that the solution so obtained is in L? (z,w). To this end, we
consider the right or left going modes separately in each R*.

For i =0 or n, v;(z,s) = H;(z,s). Therefore, all the desired properties on v;
are satisfied.

For 1 <i<mn-—1,let vj(x.s) = ¢;(x,s) + Hj(x,s) where

N — T
Ap — zit1

T G )(z> rz it o) = )Sww*l,s), r<i

) —
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Since the regions R are finite and s is bounded to the left in C, there exists C'(y) > 0

such that
)\r x s /\[—CC s
- < _ <
1(322) 1=, (2 ) I<ct)

if ¢ > . from this it follows that

o0

[ Swtsrwsce) [ a6k,

=—00

Based on this, we have that V(z,s) is in L2 (z,w).

It is easy to verify that V(z,s) is a continuous function of z into L?(w) for
x € R'. The proof shall be omitted.

We have proved the following lemma:

LEMMA 5.2. Assume that v > max{—n,on} where n is the constant in the
definition of L2 and oy is as in the Definition 5.1. For the forcing terms H; of
(5.3), assume that the Hypothesis H 5.1 is satisfied.

Then there exists a unique solution V(x,s) to the system (5.3) that is in
L2 (z,w). Moreover, for the fived v,

[ W < o[ Qe+ Y Y i o

=-00 w=-00 i=1 (=1

ZZ (z°—, 5)|?)dw].

The mapping x — V (x,s) is continuous from R to L*(w) with one-sided limits at
xt.

5.2. Solving the system of integral equations. To solve v;(z,s) from
(3.2), (3.3) and (5.2), all we need is to write the integral terms as H,(x, s) and use
Lemma 5.2.

The main result of this section is the following theorem:

THEOREM 5.3. Assume that h(z) € L2(z) and e Vg(z,t) € L2 (x,t), i.e., for
almost every t, g(z,t) € L2 (x) with [~ e | g(-,t)||*dt < co. Then for any
constant vy > max{—n,on}, there exists a unique solution V(z,s) € L2 (z,w) to
(3.2), (3.3) and (5.2). The mapping x — V (z,s) is continuous from R' to L*(w) .
Moreover

o0 oo
[ el om(f lats)Ede+ 2.

w=—00 wWw=—00

The inverse transform V (z,t) = L7V (z, s) satisfies that eV (x,t) € L2 (z,t)

with

oo o0

| e venia < e[ e gl e+ ).

The function V(xz,t) is a weak solution in the sense of distribution. Moreover,
the mapping t — V (x,t) is continuous from RT — L2 (z); and the mapping x —
e~V (x,t) is continuous from x — L2(t). In this sense the initial value and the
jump conditions are satisfied in L* spaces.
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Finally there exists a C° semigroup T(t) : L3 — L? such that the mapping
(h,g) — V can be expressed as

V(,t)=T(t)h(-) +/0 Tt —7)g(-,7)dr.

PROOF. In R’, let gj(z, s) be the Laplace transform of g;(z,t). Then g;(z, s) is
in L2 (x,w) for o > 7. In deed, it is in the Hardy-Lebesgue class H(y) with values
in the Hilbert space L2, (). Therefore, g € L2 (z,w) for o > v. Let

TN - dy ‘ ;
HT:EJS ::/ : SgTy7S +h'7‘y ) JIS <z 7 r=z—|—17...,n
@)= [ G0 o) + )52

Hy(z,s) := / ()\” )5 (gely. 8) + hely) W <<, g=1,..
pitl )\j ) )\j )
As a convention, 2° = —co, 2" = co. Rewrite H; = F; + G;, where F; and G; are
defined in §4.
For ¢ > v := max{—n,on}, we show that H;,1 < j < n satisfy conditions in
Lemma 5.2.
(i) From Lemmas 4.1 and 4.2, for every 1 < i < n, the vectors

FT(Ii+7S)7 Fg(l’i—,s), GT(xi+7S)7 Gg((Ei—,S)

are in L?(w) and their norms are bounded by

CONC[ Tt 9Edw) + [l
These properties pass to the vectors H,.(z'+, s) and Hy(x'—, s).

(ii) From Theorem 4.2 and 4.1 again, Fj(z, s) and G;(z, s) are are in L2 (z,w).
Moreover, in Theorem 4.2 and 4.1, it is shown that these terms are continuous
function of z into L?(w) for # € R* with one-sided limits at 2. These properties
are passed to H,(z,s). The norms in L2 (x,w) again are bounded by

con( [ T e s)2dw) 2 + ).

The existence of V' (x, s) now follows from Lemma 5.2. The continuous depen-
dence of V(x,t) on the time ¢t > 0 will be proved in §7.
(iii) Let Q; : x — R be the projection of x to v;(z;,s) where z; = g if
1+1<j<nand z]l =21 if 1 < j <. Then from (3.4), we have
(5.10)
mi+1

wled) = B0 G0+ [ B GO H) + om0

mi+1

. . . d
:@J<x,zj,t>w<z;-,t>+/_ ) (2..0hy (1)
x® J

// oyt —T)gj(y,T)ﬁ

where * is the convolution in time ¢.

The last two integrals in (5.10) are the local terms involving values of h and g
in R only. The first term in (5.10) is a global term involving values of g and h in
all R,i=0,...,n
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Observe that
(20, 1) = QLLTM (1 — MD*) ™« (MH(t)).
Further more,
He=(Hg,....,Hp1)7,
where
Hi(t) = (Hy (27 ,0), . H (270 t), Hypy (T =), Hy (28— 1)
From their definitions,
Ii+1

0= [ B0 = 0 0 )5 L

§ - 21 B . d .
Hy(z' ' t) = / O (@ y, t) * (gely, 1) +5(0)hz(y))M fy (=1,...,i-1

It is now clear the first term in (5.10) can also be expressed by an integral
equation with an L! kernel applied to h and g in all R? (nonlocal). The solution is
finally expressed by

T(t): (h,g) = V.
O

5.3. Relation with the characteristic method. Since the entries of D are
positive and less than one, if 0 = Rs is sufficiently large, say ¢ > ¢ >> 0, then
E(s) # 0 and |[MD?| < 1. The inverse matrix can be expressed as powers of M D*:

o0
(I-MD*)™' =) (MD*)".
k=0
In this case the inverse Laplace transform of x can be expressed as

X = LY (MH)+L T (MD*)MH)+LH((MD*)2MH)+- - +L(MD*)* MH)+ - - .

The term E’l(M H) represents the scattered waves created by the the initial
data h and the forcing term g adjacent to the shock hitting each shock and scattered
from the shock. These waves evolve according to (3.4) and hit the shocks again that
yield the scattering waves £~1(M D* MH). The term £~1((D*M)* M'H) represents
waves £~ 1H scattered from the shocks k times.

Although written as an infinite series, for any given time t* > 0, there exists a
finite k(t*) € N such that the support of £=1((MD*)* MH) is disjoint from [0,*]
for k > k(t*). There are only k(t*) terms involved in computing x up to 0 < ¢ < ¢*.
The condition |MD?| < 1 is not needed for the series to be convergent.

To prove this, consider the jth mode in R!. For the right mode r > i+ 1, using
the log change of variable and the inverser Laplace transform,

) A — TN ° .
w9 = (5200 ) wlat
becomes _ _ _ _
vr(:c“rl—, t) = v (' +,t — (X, — Xfrl)).
Similarly,

v+, t) = ve(x T —t — (X[ — X))).
Using the formula k(t*) times, the conclusion follows from the fact v;(z,t) = 0 for
t<0.
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We have recovered the characteristic method for computing the initial value
problem (2.2).
6. Eigenvalues and resonance values
Let
V=eMV(z), z€R,i=0,...,n,
Yit)=eMY'!, i=1,...,n,

be a solution for (2.2). Then A is an eigenvalue with the associated eigenvector
(V(x), {Y?}™,) for the eigenvalue problem:

(6.1) Ve +MXDf —al)~'V =0,
V] — AYTAL = 0.

The eigenvalue problem is posed on L2 x R™ with V' € D(A). The first equation
comes from AV = AV. Let V(z) = Y v}(x)r;(a’) in R’

LEMMA 6.1. Assume that (V(z), {Y*},) is an eigenvector associated to an
eigenvalue \ with R\ > —n where 1 is from the definition of L2,. Then V(x) =0
forx € ROUR".

PrOOF. In R° and R"™, we have

A
v?(a:): (;\J _51) v(xt), —oo <<t
i —

A -2\
v (z) = ()\?_ x") vi(z"), " < <oo.
y

Since A > —n, in order to satisfy the conditions
[uf] < oo, [luf|l < oo,

we must have vj(z'—) = v;(z"+) = 0 for all j = 1,...,n. From this V(z) = 0 for

r € ROUR" O

LEMMA 6.2. A = 0 is alway an eigenvalue. The corresponding eigenspace is the
n-dimensional linear subspace of L2, x R": V(x) =0, {Yi}} € R™.

PROOF. Obviously A = 0 is an eigenvalue with the said eigenvectors.

On the other hand, if (V(z), {Y?}}) is an eigenvector for the zero eigenvalue,
then we can show V = 0 as follows. For any Y? € R, from (6.1), using A\ = 0, we
have [V],: = 0. From Lemma 6.1, V(z) = 0 in R°. If V(z) = 0 in R, then from
[V]zi+1 = 0, we have V (z**14) = 0. Using (6.1), we have V = 0 in R*™!. Therefore
V(x) = 0 in every R’ by induction. O

REMARK 6.1. In the U variable, A = —1 is alway an eigenvalue which reflect
the dynamics of the shock position z*(t) for the original system (2.1):

XU(t) + X'(t) = 0.
The eigenvalue A = —1 has a simple interpretation. In the viscous profile,
shocks are traveling waves that have 0 as an eigenvalue corresponding to the shift of
traveling wave positions (shock positions), say by A&?. In the similarity coordinate

x = &/7, the shift of shock position decays algebraically like Ax? = A¢H/7. If we
use t = In 7 as time, the decay becomes exponentially in time with the rate A = —1.
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We next study the non-zero eigenvalues. We will also show that non-zero
eigenvalues are the zeros of the determinant of the “SLEP” matrix as defined in
[14, 10].

Let Q(x,y, \) be the principal matrix solution for the following system:

Ve +AXDf —al)~'V =0,
[Vl]e: = 0.

First Q(x,y,\) can be defined for the pair (z,y) in each R’. Then it can be
continued using the condition [V],: = 0 across the boundaries z = 2,1 <i < n.

If \o is a non-zero eigenvalue, then let S* := \gY?, we can compute the eigen-
function V(x) based on the jumps {S*}" ;. For example,

V(z'+) = S'AY, V(z) = Q(z,z, \)V(z!), z € R.

The condition V(2"+4) = 0 bust be satisfied, based on Lemma 6.1. This leads to
the condition on the vector {S%}7}:

(6.2) > Q™27 M)A = 0.
j=1

DEFINITION 6.1. The SLEP matrix M (X¢) is an n xn matrix whose jth column
is the vector Q(z™, 27, \g)A?. The SLEP function p(\) = det M(\) [14].

THEOREM 6.3. (1) A # 0 is an eigenvalue in the region NN > —n iff det(I —
MD?*) =0. (2) The region R\ > —n contains only normal points of the resolvent
equation. (3) The condition det(I — M D?*) = 0 is equivalently to that the SLEP
matriz defined in Definition 6.1 is singular.

PrOOF. (1) If det(I — M D*) = 0, then system (I — MD*)x = 0 has a non-
trivial solution x. This means that in R?, system (5.4), (5.5) has a nontrivial
solution v, (', \),r = i +1,...,n and v,(z"1,s),£ = 1,...,i with g; = 0 and
hj = 0. Then an eigenfunction V(x) corresponding to A can be constructed using
(3.2) and (3.3).

On the other hand if V'(z) is an eigenfunction corresponding to a non-zero eigen-
value )\, then the system (I — M D*)x = 0 has a non-trivial solution y. Therefore
det(I — MD*) = 0.

(2) If det (I — M D*) # 0, then (I — M D*)~! exits for such A. From the previous
section, if h € L2, then we have a unique solution V' € L2 for the resolvent equation

Vo +AXDf —2I)™'V =(Df —xI)"*h, [V], =0 mod A",

Certainly [|[V]] < C||h| for some constant C (uniform boundedness theorem in
Banach spaces). This shows if A is not an eigenvalue then it is a resolvent point in
RA > —n.

(3) If A # 0 is an eigenvalue, then V(x) # 0. This can happen iff (6.2) has a
non-trivial solution {S*}7. Thus, the SLEP matrix M()) must be singular. The
converse of this is also true. Therefore

det(I — MD* =0, < detM(\) =0.
0

REMARK 6.2. The left hand side of (6.1) defines a Fredholm operator on L2, x
R™ [10]. This has been used in constructing the eigenvalue/eigenfunctions for the
Dafermos regularization of the conservation laws.
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Let 0, be the largest real parts of the zeros of Z(s), i.e:
Om = supqo : there exists w such that Z(c + iw) = 0}.

Then o,, < op and the two can be different.

For any o9 > —n, the function a(w) := Z(0¢ + iw) is quasi-periodic, with the
frequencies defined by a finite linear combinations of \X;H — X;|, i=1,...,n—
1,7=1,...,n.

If the frequencies are rationally related, then «(w) is periodic. In this case
inf,, |2(og+iw)| = 0 generally implies that there exists wg such that Z(cg+iwy) = 0.
There are countably many eigenvalues lying on the vertical line {o = oo} with equal
vertical spacings. This has been verified in examples consisting of two shocks [14].

If the frequencies are not rationally related, then it is possible to find o9 > oy,
such that inf,, |Z2(o¢ + iw)| = 0.

DEFINITION 6.2. If s € C and 0 < |Z(s)| < ¢ for a small number § > 0, then
s is called a resonance value of order §, or a ¢ resonance value. A vertical line
Rs = op in the complex plane that contains resonance values of arbitrarily small
order is called a resonance line and oy is called the coordinate of the resonance line.

Note if o is the coordinate of a resonance line, then
inf |2(0g +iw)| = 0.
w

If a resonance line with coordinate greater than o, exists, then o,, < op;. The
existence of resonance lines has not been verified by model equations.

EXAMPLE 6.1. (1) For system (2.2) of two equations with two Lax shocks,
under general conditions, Z(o + iw) is periodic in w. Non-zero eigenvalues are on a
unique vertical line, and are equally spaced [14].

(2) For systems of three equations with three shocks, careful computation shows
that

8
E(s)=1- Zajebfs, b; < 0.
j=1

There may be resonance values on a vertical line if the frequencies b;,j =1,...,8,
are not rationally related.

(3) By moving the third shock A® to infinity, a system of three equations with
two Lax shocks can be treated as a special case of example (2). We find that

b2S

[1]

(5) =1 —a1e’® — age
As a simplified example, consider the function

E(S) =94+ 677r(a+iw) + e*Tra(a'Jriw).

If the parameter « = p/q is rational, with p, ¢ being odd, then o = 0, w = kq, with
k being odd is an eigenvalue. The eigenvalues are equally spaced on the line o = 0.
If « is irrational, then o = 0 is the coordinate of a resonance line. |Z(0 + iw)| can
be arbitrarily small but can never be zero.
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7. Continuous dependence on time or space of the L? solutions

For the L? solution constructed through the L-transform, we have shown that
x — e "V (x,t) is a continuous function in L?(¢). In this section, we show that
the t — V/(-,t) is a continuous in L2 (z).

Since we do not assume that the solution is differentiable, we cannot prove
the assertion by the characteristic method. However, using the inverse Laplace
transform, we can show that the solution comes from a combination of several shift
operators, Based on this, the continuous dependence on time can be proved.

In R, i = 1,...,n — 1, consider the mode V,.(z,t) = L~ 'V,.(x,s),r = i +
1,...,n. The other modes can be treated similarly. Using the log variables,

v (X, 1) = L7 0 (X, s)
. X
L XXy (X )] — £ / ) (b (V) + gu(Y, 8))dY].

Given that v, (X'+,s) € L?(w), ¢9-(X,s) € L?(X,w) and h, € L?(X), it is not
hard to show that each of the term of the inverser Laplace transform is continuous
in L?(X). Indeed, the inverse of e*¥ is a shift operator which is continuous in
L3(X).
Using
L7He ™ F(s)}(t) = f(t — a)H(t - a),

where F(s) = Lf(t), we have

wi (X, 1) 1= L7 e X Xy (X 8)] = v (X t+ X — XDH(t+ X — X,
Xi—t< X <X

Since w; is a shift of the L? function v,.(X% X — X?) to the left by ¢ followed by
the truncation at X = X?, w; depends continuously in ¢ in the L? norm.
If we recall that h,.(Y) =0 for Y > X we can rewrite

X Xi-X
—/ eS(X_Y)hT(Y)dY:/ e *h, (X + €)d¢
X 0
= Lh.(- + X).

Therefore

wy (X, t) == L7~ /XX XV (V)AY) = he(t + X).

Thus, we(X, ) is also a continuous function of ¢ in L?(R?).
X
wa(X,0)i= £ [ Xy (vs)ay)
X

Xi-X
N /0 L7 e g, (X +&,9)]d¢

Xi-X
—/O gr(X + €.t — E)de.
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If we replace the integrand g, (X + &, ¢ — &) in the last low by a C§° approximation

with a small error in L2 norm, we can easily show that fOXLX gr(X +&t—&)dE is
a continuous function of ¢ in L?(X).

Some small change will be needed in the proof for V in unbounded regions R°
and R"*!. Details will be omitted.

Note at t = 0, w1(X,0) = w3(X,0) = 0 and w2(X,0) = h(X). The results are

summarized in the following

LEMMA 7.1. The solution V(z,t) constructed as L=V (z,s) is a continuous
function of t in the space L?. Moreover, V(x,0) = h(z).

8. Differentiability of solutions for initial data in D(A)
Recall that the differential operator A is defined as

A(V)=—(Df — xI)V,, oneach R,
with
D(A) :={V:V, (Df —al)V, € E=L2, [V(2)]s: €span(A?), i=1,...,n}.

H 8.1. Assume that h(z) = > hj(x)r;(a’) € D(A), and g(z,t) = > gj(x, t)r; (")
satisfies that

e Vg(x,t) € L2 (z,t), e "(Df —xl)g,(z,t) € L2 (x,1).
That is, for almost every ¢
9(t), (Df —al)gs(t) € E = Ly,
with

‘/t: 6—2’Yt(||g(.7t)||2 + ||(Df _ xI)gm(-,t)H?)dt < 0.

REMARK 8.1. (1) Note that the condition (Df —xI)V, € L2, is not equivalent
to that V, € L2 since the variable z is unbounded.

(2) We do not assume that g(z,t) satisfies jump conditions at the jumps x =
2t i=1,...,n. In general, g(-,t) ¢ D(A).

THEOREM 8.1. If h and g satisfy Hypothesis 8.1, then the L? solution con-
structed in §5 is differentiable. That is, for almost every t, V(-,t) € D(A) and
Vi(-,t) € L2 with

/:) e (VEDI + IV DI + AV, O]1)dt

< c(n)? +/ e (llgC Ol + 1(Df = 2D)ga (-, 1)|[*)dt).

t=0

Moreover, in each R the L? functions e~ V'V (x,t), e 7'Vi(z,t) and e ' AV depend
continuously on x in L(t).
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Proor. Let F;,G; be defined as in §4. For i +1 <r < n,
C )t
sky(x,s) = /z Smhr(y)d?}
= [ =200 = ) he0)dy

7

(e Pr—2)° K —2)*

= (@) = G @) / O =gy )y

b (e (A —x)® (Ar —:c)s

= ho (&) = () / et (= 0oy

(From (3.2), we have

svp(z,8) = <:\T__;> svp(2,8) + G (x, 5) + sFy(z, 5).

Let z;(x,s) = svj(z,s) — hj(z), then

(8.1) zr(x,8) = (:::;) Zp (', 5)
+/w%mh) (y)dy + sG,(z,s).

Here (Ah); is the jth component of vector valued function Ah.
Similarly we can show that for 1 < ¢ <1,
)\g — X

(52) oy 5) = (ﬁ)gw)

+ /:Ej+1 H (Ah)l(y)dy + 5Gg(:c7 5)

;From H 8.1, we can apply lemmas 4.1 and 4.2 to [, % (AhR)e(y)dy and
sGy(z, s) respectively, The second row of (8.1) or (8.2) defines a function H,(z,s) €
L2 (r,w) that depends continuously on z in L?(w).

Let Z(z,s) = Y1 zj(x, s)r; (@), then the jump conditions on V and h imply

that
(8.3) [Z(x,5)]y =0 mod A"

Applying Lemma 5.2 to the systems (8.1), (8.2) and (8.3), we find the function
Z(z,s) = sV(x,8) — h(z) is in L? (x,w) and depends continuously on z in L?(w).
Note that as shown in Lemma 7.1, V(z,0) = h(z).

Observe that

sV(x,s) — h(z) = sL(V(z,t) — H(t)h(z)).

In the Hilbert space L2, the inverse Laplace transform of the right hand side is
OV (-,t) — 8(0)h(-). From the Plancherel’s theorem, e~ (9,V (-, t) — §(0)h(-)) is an
L?(t) function in L2 .

We now consider the spatial regularity. From (3.2) and (3.3), one easily obtain
that

(Aj = 2)0vj(,8) = —svj(z, s) + gj(z,s) + hj(x), 1<j<n
Therefore,
(Df —x)Vy(z,s) = g(x,s) — (sV(x,s) — h(x)).
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Both g(x, s) and sV (z,s) —h(z) are in L2 (z,w) if 0 > 7. Therefore AV (z,s) €

L2 (r,w). By inspecting terms in the right hand side we conclude that (Df —
21)V,(z,s) depends continuously on z in L?(w). Using the inverse Laplace trans-

form, we find that e " AV (x,t) is in L2 (z,t) and depends continuously on z in
L2(t).

d

Using Sobolev’s embedding theorem, we have

COROLLARY 8.2. Under the conditions of Theorem 8.1, in the space L2, the

solution V (x,t) of (2.2) is O(e?*) in sup norm.
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