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Foreword

The theory of hyperbolic equations is a large subject, and its applications are
many: fluid dynamics and aerodynamics, the theory of elasticity, optics, electro-
magnetic waves, direct and inverse scattering, and the general theory of relativity.

The first seven chapters of this book, based on notes of lectures delivered at
Stanford in the spring and summer of 1963, deal with basic theory: the relation of
hyperbolicity to the finite propagation of signals, the concept and role of character-
istic surfaces and rays, energy, and energy inequalities.

The structure of solutions of equations with constant coefficients is explored
with the help of the Fourier and Radon transforms. The existence of solutions of
equations with variable coefficients with prescribed initial values is proved using
energy inequalities. The propagation of singularities is studied with the help of
progressing waves.

Chapter 8 of the second part describes finite difference approximations of hy-
perbolic equations. This subject is obviously of great importance for applications,
but also intriguing for the theorist. The proof of stability of difference schemes is
analogous to the derivation of energy estimates, but much more sophisticated.

Chapter 9 presents a streamlined version of the Lax-Phillips scattering theory.
The last section describes the Pavlov-Faddeev analysis of automorphic waves, and
their mysterious connection to the Riemann hypothesis.

Chapter 10, the only one dealing with nonlinear waves, is about hyperbolic
systems of conservation laws, an active research area today. We present the basic
concepts and results.

Five brief appendices sketch topics that are important or amusing, such as Huy-
gens' principle, a theory of mixed initial and boundary value problems, and the use
of nonstandard energy identities.

1 hope that this book will serve well as an introduction to the multifaceted
subject of hyperbolic equations.

Peter Lax

New York
February 2006

vii






CHAPTER 1

Basic Notions

‘ The wave equation is the prototype of a hyperbolic equation
(I.h) uy —kugy =0, Kk positive.
To ‘aut the positivity of k into evidence, we set k = ¢?; then (1.1) becomes
(I.Q') Uy — cug, =0.

Thi equation governs the transverse motion of a flexible elastic string, the constant
ing the ratio of the tension T and the linear density p. Observe that c has the
ension of velocity.

We expect, in analogy with the motion of finite systems of particles, that the

u(x,0) =a(x), u(x,0)=0>bx).

Thig is indeed so; to find the solution, we write the wave equation in operator form,
l Lu=0,

and |lhen factor the operator L. We get
| L = D} — ¢*D? = (D, + ¢D,;)(D, — cDy).

Eac linear factor on the right is directional differentiation, along the lines x =

ct, respectively. Integrating along these lines successively and making use of
the iitial conditions (1.2), we get, after a brief calculation, the following explicit
expression for u:

a(x +ct) a(x—ct) 1 [rre
5 + 5 + % /x_” b(s)ds .
This

Jerivation shows that the lines x = xo £ ct (called rays) play a special role
for ($ wave equation.

ppose we prescribe u and u, not at t = 0 but along some curve t = p(x).
Thenithe above procedure can still be used to determine the solution u as long as
everviray of both families cuts the curve in exactly one point. We call such curves
spacdike; the analytic condition' sufficient for a curve t = p(x) to be spacelike is
’| be less than 1/c at every point.

e condition |p’| > 1/c also guarantees this; but since it turns out to be a special feature of

the ongdimensional situation, we leave it aside.
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We shall now use formula (1.3) to study the manner in which the solution
depends on the initial data. The following features—some qualitative, some quanti-
tative—are of importance:

(1) The motion is uniquely determined by the initial data.

(2) The initial data can be prescribed as arbitrary, infinitely differentiable
functions with compact support, and the corresponding u is infinitely dif-
ferentiable in x and 1.

(3) The principle of superposition holds.

(4) Influence propagates with speed < c.

We shall show that properties (1)—(4) imply the following further properties:

(5) Motion is governed by a partial differential equation.

(6) Sharp signals propagate along rays.

(7) Energy is conserved.

(8) Spacelike manifolds have the same properties as the manifolds ¢ = const.

We shall further show that motions depend continuously on their initial data;
this implies that the governing equation is of a special type called hyperbolic.

The first two properties follow immediately from formula (1.3). The third
property follows from the linearity of the wave equation. Property (4) means that,
as evidenced by formula (1.3), the value of u at x, ¢ is not influenced by the initial
values outside the interval (x —ct, x +ct). The formula also shows that, as asserted
under (6), the influence of the endpoints is stronger than that of the interior; this
will be made more precise later. To give meaning to (7) we have to define energy.
In analogy with mechanics, we define

1 1
Exinetic = Ep[ “,2 dx, Epotenlial = ET f ui dx.
The total energy is then (using T/p = c?)

Eiotal = %p/ u,2 + czuf dx.
From the explicit formula for u we can verify that the energy density u +c? u is
the sum of a function of x + ct and of x — ct; the integral of such a funcuon is
indeed independent of time.
We shall give now a derivation of the law of conservation of energy for arbitrary
spacelike surfaces; this second method is applicable in rather general situations.
Let P, and P, be two spacelike curves; multiply equation (1.1') by u, and
integrate over the domain contained between P, and P,. We get

0= f/ Ugtty — CPutglt g dx dt .
P

Integrating by parts with respect to x in the second term, we get

P
0= // Uyttyy + CPutggty dx dt — ¢* f uukds
P

P

Py
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where &, T denote the x, t components of the unit normal drawn in the positive ¢
direction. The remaining double integrals are both perfect ¢ derivatives and so they
can be integrated with respect to r. The result is

E(P) = E(P),
where we define the energy E(P) contained in u on the curve P as

1
E(S) = 3 / (tu? = 2c*€u,u, + Prul)ds .
P

We recall now that P is spacelike if
T > cl§|.

From the above form of E we deduce that the energy density (and thus the total
energy) along P is positive definite if and only if P is spacelike.

The law of conservation of energy gives another proof of the result that initial
data along a spacelike curve uniquely determine the motion. We shall see later that
energy conservation is the basic tool for constructing solutions of general hyper-
bolic equations.

Property (8) follows easily from an explicit representation for  in terms of the
values of u and u, along a spacelike curve.

In the next chapter we shall investigate a class of media whose motions have
properties (1)—(4). We shall show that such motions are governed by partial differ-
enual equations satisfying a certain algebraic condition. We shall show that, con-
versely. solutions of differential equations satisfying that algebraic property have
properties (1)—~(8). It is perhaps surprising that the qualitative assumptions (1)~(4)
have such quantitative consequences as (5), (6), and (7).






CHAPTER 2
Finite Speed of Propagation of Signals

We shall be dealing with motions of continuous media. The state of a medium
at any point x = (xy, ..., x¢) of Euclidean space and any time ¢ is specified by the
values of n variables (which in concrete cases are quantities like density, pressure,
velacity. strength of electric and magnetic fields, etc.). We shall denote the state
variables by uy, ..., u,, and their totality as a single vector u.

The state of the medium at any given time is a vector function u(x). We stipu-
late that

(1) all Cg® vector functions f(x) describe a state of the medium;
(2) the state of the medium at any given time s determines its state u(x, t) at
all future and past times.

These functions u(x, t) describe all possible motions of the medium. Knowl-
edze of these motions makes it possible to describe those points g in space-time
that are influenced by the state of the medium at a point p = (x, ).

DEFINITION 2.1 The point p = (x, s) is said o influence the point q if, given any
spatial neighborhood O of x and any space-time neighborhood D of g, there exist
two motions #, and u; which at the time s are equal outside of O but which are
unequal at some point in D.

If the motions are linear, i.e., if the superposition of two motions is also a
maotion—which we assume hereafter—then the last part of the definition can be
rephrased as follows: There exists a motion u that at time s is zero outside O but
which is nonzero somewhere in D.

Having defined influence we can further define: The domain of influence of p
is the set of all points g influenced by it. The domain of dependence of a point q is
the set of all points p influencing it.

EXERCISE Show that domains of influence and dependence are closed sets.

A surface t = f(x) is called spacelike if no point on it influences another.
It 15 called strictly spacelike if there exists a positive quantity § such that all seg-
ments connecting a point p of the surface to any point g sufficiently close to p and
influenced by it makes an angle greater than § with the tangent plane at p.

We assume now that influence propagates with speed < ¢ in the following
sense: Whenever

|xp — xgl > cltp — 141,

p does not influence q; here | x| denotes the Euclidean length of x.

This assumptions has the following consequences:

S
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(1) If the medium at time s has compact support, it has compact support at
all other times.
(2) Every surface t = p(x) where |grad p| < 1/c is strictly spacelike.

THEOREM 2.2 Denote by A the intersection of the domain of dependence of q
with t = r. Suppose that the data of a motion u at time r are zero in an open set G
containing A; then u is zero in some neighborhood of q.

PROOF: Since no point p at time r and outside of G belongs to the domain
of dependence of g, to each such point p there exists a spatial neighborhood G,
of p and a neighborhood D, of g such that any motion which at time s is zero
outside G, is zero inside D,. Since influence propagates with finite speed, there
is a spatial neighborhood G o, of oo with the same property. By compactness there
exists a finite, smooth partition of unity subordinate to the above covering, i.e., a
finite number of functions ¢; (x) such that

M) Y =1,
(2) each g; is smooth, and
(3) the support of each ¢; is contained in one of the sets G, or Goo.

Denote the data of u at time s by f:
u(x,s) = f(x).
Multiplying (1) by f we get

Yeif=) 5=f.

Notice that if the support of p; lies in G then f; = p; f is zero since f was assumed
to be zero in G. Denote by u; the motion with initial state f;; by the principle of

superposition
Z u=u.

Each motion u; vanishes in some neighborhood of g, and therefore their sum van-
ishes in the intersection of these neighborhoods. [}

The theorem justifies calling the set A a domain of determinacy of q at time s.
Later we shall show that the intersection of the domain of dependence of g with
any spacelike surface is likewise a domain of determinacy of ¢ on the surface.

The following result is called the Huygens wave construction:

THEOREM 2.3 Denote by (x, t) any point in space-time. Denote by s any time > t,
and by K (x, t; s) the set of points at time s that are influenced by (x,t). Let r be
any time between t and s; we claim that K (x, t; s) is contained in the set of all
points at time s that are influenced by points in K (x, t; r).

EXERCISE Prove Theorem 2.3. We note that in some interesting cases the con-
tainment is proper; see Appendix A.
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The Differential Equations of Motion. We have assumed that u(x,¢) is
uniquely determined everywhere in terms of its value at time s, s any value. In
particular, the value of its -derivative u, at time s is determined. We denote the
operator relating u,(s) to u(s) by G = G(s):

21) u, =Gu.

G 15 an operator mapping the space of all C* differentiable functions of x with
compact support into itself. We claim that G is a local operator, in the following
sensc: The support of Gf is contained in the support of f. Another way of saying
this is: If f vanishes for all x in some open set U, so does Gf.

To show that G is local, we note that if u(x, s) vanishes in the open set U, then
sinve influence propagates with speed less than ¢, u(x, s + h) vanishes at all points
x whose distance from the complement of U is greater than c|h|. This shows that
u, = Gu vanishes in U, i.e., that G is local.

According to a theorem of Peetre every linear operator mapping C* into C*
that is local is a partial differential operator with coefficients that are differentiable
functions of x. Since G depends in general on s, so will its coefficients; it is easy
to show that the dependence of the coefficients on s is also differentiable.

We have thus shown that motions which have properties (1)—(4) satisfy a partial
difterential equation. We turn now to the problem of characterizing algebraically
the partial differential equations satisfied by such motions. We shall treat first the
special case when the motions are translation invariant in the following sense: If
u(v,t) is a motion, then u(x — y,t — s) is also a motion for any fixed y, s.

The differential equations governing homogeneous motion have, it is easy to
show, constant coefficients. We proceed now to solve these equations by taking the
Fourier transform (FT) in x. Denote as usual the FT by the symbol ™

fe = f fx)e *dx,

& being the dual vector variable of x. Denote by D the vector operator of differen-
tiation with respect to x, ..., x,. The operator G can be written as a polynomial
in /),

G(D)=)_ A;D/,

where Aj is a matrix, j a multi-index, and D/ the symbolic power D!, ..., D,{*.
According to the well-known rule, under FT differentiation goes into multiplication
by (£, so
(2.7) Gu = G(it)i .
Since motions are C* and have, for fixed ¢, compact support in x, they have spatial
Fourier transforms. Taking the Fourier transform of both sides in (2.1) we get,
using (2.2),

u, =G(i&)u.
This ordinary differential equation has the unique solution with initial value f &)
(2.3) g 1 =M fg),
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from which u itself can be determined by inversion.
In the process of deriving this explicit formula for the solution we have proved
this uniqueness theorem:

THEOREM 2.4 If a differentiable solution of (2.1) has compact support for each t,
and if it vanishes at t = 0, then it vanishes for all time.

It follows that not only does every motion satisfy differential equation (2.1), but
every solution of (2.1) that has compact support for each ¢ is a motion.

THEOREM 2.5 Motions depend continuously on their initial data.

PROOF: Consider the set of all C* initial data f with support in some com-
pact set K. They form a Frechet space F, which is a complete metric linear space.
The corresponding motions u, restricted to the strip —1 < ¢ < 1, belong to the
Frechet space U of C* functions in this strip whose support lies in the domain of
influence of K. The mapping relating initial values with support in K to motions
restricted to the strip has the following properties:

(1) it is linear,

(2) it maps the whole space F into the space U,

(3) its graph is closed.

Property (3) means that if f, is a sequence in F converging to f, and if the cor-
responding motions u, tend to an element « in U, then this limit « is the motion
corresponding to f. To verify that this is indeed so, we observe that the limit u
is a solution of the differential equation governing the motion, that it has compact
support, and that its initial value is f. According to the uniqueness theorem, u is
the motion with initial data f.

We recall that continuity means that if f, and all its derivatives tend to f, then
u, and all its derivatives tend to u.

We appeal now to the closed graph theorem: A transformation which has prop-
erties (1)—(3) is continuous. This completes the proof of Theorem 2.5. O

COROLLARY 2.6 There exists a constant M and an integer m such that for all
motions u whose initial data f are supported in K, and for all x,

(24 lu(x, ) < M|flm., It]=<1.

Here | f|m denotes the maximum of the initial value f and its partial derivatives
up to order m.

PROOF: Suppose not; then there exists a sequence of initial data f,, supported
in K such that | f,, | tends to zero but the maximum value of u,, in the strip || < 1
doesn’t. This clearly contradicts the continuity of the dependence of uon f. O

We take now K to be the hypercube |x;| < 1, j = 1,...,k, and define the
initial value f with the aid of the following auxiliary function p:

(1 =x3)m for|x| <1,

P =1 for |x| > 1.
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Welset
f@ =[] peph,

where h is a vector to be chosen later. We take the Fourier transform of f, and
int#ratc by parts m* times. We get

2P f&)=2"m 'ﬂ Tt (l'lllé‘l"')
)

as k| = oo.

We turn now to u(x, 1). Since its initial value is supported in |x;| < I, and
sinde signals propagate with speed < ¢, u(x, £1) is supported in |x;| < 1 +c.
Therefore we can estimate i(&, £1) in terms of u(x, £1) as follows:

#(E, £1) < 2+ 20)*lu(-, £1)|max-
Ju(+, £1)|max is bounded by inequality (2.4); therefore
la€, £ < 2+ 20)*| fIm.

The norm | f|» depends only on m and k; therefore we can rewrite the above esti-
matg as

(2.

li@(€, £1)| < const,

whare the constant depends only on M, m, k and c.

e use now formula (2.3) to express u(§, £1) in terms of f. We denote the
cigdnvalues of the matrix G(w) by o (w), the corresponding eigenvector by 4. Then
the ¢igenvalue of G(i§) is o (i€), and (2.3) becomes

@7 aE, £1) = e Onf(£).

Usigg (2.5) to express f and the estimate (2.6) for i we deduce from (2.7) that for
all rpal &

28 [ 1 1sin&l1e”®| < const [ T 1™
Simjlarly we define g(x) as

g(x) =[x pGph

and fleduce as before that as |§| — oo,

cosé; 1
&) =2"m! L+ ( )
1_[ [T1&(m
We deducc as before that
(2.8} [ Trcos &11e° ) < const [ T ig1™.
Corﬁ bining (2.8) and (2.8") we deduce that
le”| < const [ ] I&1™,

which implies that
29 IReo (i&)| < constlog(2 + |£])
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for all real §.
The eigenvalues o are roots of the characteristic polynomial P:

P, t) =det[t] — G(&)].

THEOREM 2.7 The characteristic polynomial of the differential equation satisfied
by translation invariant motions propagating with finite speed has the following
properties:
(i) its degree in t equals its degree in t, §, and
(ii) its roots T = o (§) satisfy the inequality
|Reo (i€)| < constlog(2 + |£|) for & real.
PROOF: Property (ii) follows by taking & real in (2.9).
The proof of (i) is based on the fact that the Fourier transform of a function u
of compact support,

i) = / u(x)e ¢ dx,
is defined for all complex &, and is of exponential growth:
|i#(£)] < conste?™é!,

Since signals propagate with finite speed, the solution u(x, t) has compact support
for all 1. According to formula (2.3), its Fourier transform u is

i, 1 = eSO f).
Therefore the eigenvalues of G (i£) grow at most linearly in &:
(2.10) lo(§)| < const(l + |§]).

Write now
PE.D=) a1’ a=1,
0

a, polynomial in §. Since a,_, is the sum of products of the roots v at a time, it
follows from (2.10) that

lan—v ()] < const(l + |£]").

This shows that a,_, (&) is a polynomial of degree at most v in &. Since this is true
for arbitrary &, it follows that a,,_, is a polynomial of degree atmostvin§. O

Condition (ii) imposes a restriction on the roots (&) for |&| large; for such
values the highest-order terms Py (&, ) dominate. Py is a form of degree n, called
the characteristic form associated with the differential equation. The null set of
Po(&, T) = O is called the characteristic variety.

It is easy to show, that the following relation holds between properties of the
roots of P and Py:

THEOREM 2.8

(i) If the roots of the characteristic equation satisfy inequality (ii) of Theo-
rem 2.7, then Po(&. t) = O has, for & real, only real roots t.
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(ii) Ifthe characteristic form Py has for real nonzero & only real roots t which
furthermore are distinct, then the roots o (£) of the polynomial satisfy

|IRea (i&)| < const forall real &.

Condition (ii) in Theorem 2.8 is slightly stronger than condition (ii) in Theo-
rem 2.7. Gérding has shown by purely algebraic methods that the two conditions
are equivalent.

DEFINITION 2.9 A partial differential equation u, — Gu is called (strictly) hyper-
bolic if its characteristic polynomial has properties (i) and (ii) in Theorem 2.7.

We give now an invariant formulation of the property of forms discussed above;
this is important for it frees us from a fixed space-time frame:

DEFINITION 2.10 Let Py be a form of degree n in the variables {. A real vector
v is called (strictly) hyperbolic for Py if for any real vector ¢ not parallel to v the
polynomial in s, Po(sv + £), has n real (distinct) roots.

A form is called (strictly) hyperbolic if there exists a (strictly) hyperbolic vec-
tor for it. In this terminology Theorem 2.7 asserts that the characteristic form of the
difterential equations of motions investigated in these notes is hyperbolic, and that
the normal to the hyperplane ¢ = 0 is hyperbolic. In the next chapter we shall see
that the hyperbolic directions are precisely those which are normal to a spacelike
hypersurface.

Examples.

EXAMPLE ]
k

G=) A'D;+B
1

with the A/ symmetric, real n x n matrices, and B an arbitrary real matrix. The
equation u, = Gu, G of the above form, is called a symmetric hyperbolic system
of tirst order.

We shall verify now that condition (ii) holds for the eigenvalues t of the matrix
GE) =) At +B.

When B is zero we obtain, using the result that real symmetric matrices have real
cigenvalues, that for & real the eigenvalues t are real. For nonzero B we use the
following result about symmetric matrices: If A is a symmetric matrix and B an
arbirrary matrix, then the eigenvalues of A + B have imaginary part not greater
than || B].

PROOF: Let w be an eigenvector of A + B of length 1 with eigenvalue t:
(A+Bw=rtw.
Take scalar product with w;
(Aw, w) + (Bw,w) =r.
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Take the imaginary part of the equation above. Since A is symmetric,
Im(Bw,w) =Imrt.
The assertion follows now by the Schwarz inequality. a

When this estimate is applied to G (§), we deduce that the eigenvalues of G (&)
satisfy condition (ii). Observe that symmetric hyperbolic systems need not be
strictly hyperbolic; more about this in Appendix C. We note that Maxwell’s equa-
tions of electromagnetism form a symmetric hyperbolic system.

EXAMPLE2 n =2.

uy=v, uy= CZZu,A,A =c?Au.
Eliminating v, we get

Uy, —cAu=0,
the familiar wave equation, the prototype of hyperbolic equations. The character-
istic polynomial
-, =g+t
is homogeneous, and its roots
T =ME) = £c(EH)'?
are real and distinct for & real and # 0.
EXAMPLE2'n = 2.
u=v, vy= Za;jux.,, — biugy —cu.

Eliminating v, we get the second-order equation

Uy — Za;ju,f,; + biui +cu=0.

The characteristic form of this equation is

i - Zaijé'i’;'j ,

which has real and distinct roots for £ real and # 0 if and only if the quadratic form
3" ajj is positive definite.
EXAMPLE3 n =2.

U =v, U =uy.
Eliminating v, we get u,, — u, = 0. The characteristic polynomial is T2 — £, whose
roots are T = £!/2, Clearly condition (ii) is violated, so that this equation is not
hyperbolic. The characteristic form is P, = T2 whose roots, T = 0, are real but not
distinct. So P, is hyperbolic, but not strictly hyperbolic.

EXAMPLE4 k = 2. .
PE 1) =) Pt 1),
(1]

&, T scalars, and P; homogeneous of degree n — j. Suppose that Py(1,7) = 0
has real roots 7; of multiplicity ng, 3_ny = n. E. E. Levi has shown that if 7,
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is a root of degree ny — j of P;, j = 1,2,..., then the initial values 8;"u(x, 0),
m = 0,1,...,n — 1 of a solution 4 of Pu = O can be prescribed as arbitrary
C™ functions. Anneli Lax has shown that Levi’s condition is necessary for the
existence of solutions. Svensson has extended this result to any number of space
variables.

EXAMPLE 5 n any integer, k = n(n + 1)/2. Consider the following form P, of
degree n in the k variables

Gij» Li=1,...,n, &j =i Po(§) =det|g;].

We claim that this form is hyperbolic; the hyperbolic vectors v are precisely those
for which the symmetric matrix v = (v;;) is positive definite. For this equation
Po(sv 4+ ¢) = 0 means precisely that the matrix sv + { is not invertible, which
implies that there exists a nonzero vector w such that svw = —fw; i.e., s is an
eigenvalue of { with respect to v. But it is well-known from matrix theory that the
eigenvalues of any symmetric matrix { with respect to a positive definite matrix
v are all real. On the other hand, for v nonpositive there exists a matrix ¢ with
complex eigenvalues with respect to v.

EXAMPLE 6 n any integer, k = n®. Consider the following form P, of degree n in
the k variables

(i’jv ;i’]," i7j= lv-~-|n| (,', =Cj’|‘v f,l; = _c;:v
Po(¢', ") =det |§.I‘, + ifil;l .

An analysis similar to the above shows that P, is hyperbolic; the hyperbolic vectors
v are precisely those for which the Hermitian matrix v is positive definite.

Examples S and 6 are due to Lars Gérding.

ExaMPLE 7 Given a hyperbolic form P, of degree n in the variables &, 7, take G
as the companion matrix of Py regarded as polynomial in 7; i.e.,

0 1 0
0 1 o ... 0
Ge)=|0
: e 0
0 0 0 0 1
-a'l —a'l—l oo ) o e -—al

where a; = a;(§) is the coefficient of t"~/ in P,. Clearly the characteristic form
of the operator 3/9t — G is P.

In all these examples it was possible to associate an order d; with each of the
variables u; so that in the i equation

2
Fricie E 8ij(D)u; ,



14 2. FINITE SPEED OF PROPAGATION OF SIGNALS

the total order of each term on the right does not exceed d; + 1, the order of the
left side; i.e., the order of g;; does not exceed d; — d; + 1. From now on we shall
confine our studies to operators of this kind.

The principal part G, of an operator G as above is defined as the matrix formed
by the terms of order d; —d; + 1. The characteristic form of % — G can be expressed
in terms of the principal part of G as follows:

Po(§, T) = det(z] — Go(£)) .

The operator % — G is called hyperbolic if the order of g;; satisfies the above
condition, and if the roots of its characteristic polynomial satisfy condition (ii) of
Theorem 2.7. It is called strictly hyperbolic if Go(£) has real and distinct eigenval-
ues for £ real.

EXAMPLE 8 The equations governing the motion of elastic media are a hyperbolic
system of second-order partial differential equations.

In 1957 the author showed that part of Theorem 2.8 holds also for differential
equations governing motions with properties (1)—(4) that are not translation invari-
ant. In this case the characteristic form Py depends on x and ¢ as well; the roots t
of Py = 0 are required to be real for all real £ and all x and r. The definitive form
of this result is due to Mizohata.
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CHAPTER 3

Hyperbolic Equations with Constant Coefficients

In this chapter we shall show that if u, — Gu = 0 is a strictly hyperbolic
equation with constant coefficients, then its solutions represent motions that have
properties (1)—~(8) listed in Chapter 1. The verification of property (6) will be car-
ried out in Chapter 7.

3.1. The Domain of Influence

Properties (1), (2), and (4) assert that, given initial data which are infinitely
differentiable and of compact support, there exists exactly one solution of the dif-
ferential equation that has the prescribed data and that has compact support in x
for all . As shown in Chapter 2, this solution is easily constructed by Fourier
transformation. Denote, as customary,

@3.hH f& = f e ™ f(x)dx.

Taking the Fourier transform of both sides of the differential equation (2.1) and
using (2.2) gives

9 _ s
5“(5‘ N =GuguE,. .
Integrate this ordinary differential equation:
3.2, (.1 = e, 0).

Since the differential equation is assumed to be hyperbolic, G(i§) satisfies con-
dition (ii) of Theorem 2.7, and this assures us that the exponential in (3.2) grows
at most like a power of £. Then the function on the right in (3.2) decays fast as
|§] — oo, and so has a Fourier inverse. This inverse clearly satisfies the differen-
tial equation. has the prescribed initial values, and is unique in the class of solutions
adnmutted. What remains to be shown is that it has compact support in x for all val-
ues of t. We shall deduce this on the basis of Plancherel and Polya generalization of
the Paley-Wiener theorem, which characterizes the Fourier transforms of functions
with compact support.

Let f(x) be m times differentiable, and suppose that its support is the closed
bounded set K. Denote by sk (&) the support function of K, defined by all real
veclors § as

sk (§) = Tea’?XE-

15
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Note that sk (§) is positive homogeneous: sk (a§) = ask (§) for a positive, and is
a convex function of £. The Fourier transform

F@) = / ¥ £ (x)dx
K

of such a function f is also well-defined for complex values of ¢ and is an entire
analytic function of {. Integrating by parts m times and estimating the resulting
integral by replacing the integrand by its maximum value leads to the following
estimate:

(3.3) Fons = i

ns|
T{l"‘esm)’ s=sK,r)=Im§'.

The converse of this result is the following:

THEOREM 3.1 (Theorem of Plancherel and Polya) Suppose f (¢) is an entire ana-
Iytic function that satisfies inequality (3.3) with some positive homogeneous func-
tion s(n). Then f(x), its Fourier inverse, is zero at all points outside the set of
points {y} that satisfy yn < s(n) for all real n.

SKETCH OF PROOF: If x does not belong to this set, then for some real w
34 xw > s(w).

In the Fourier inversion formula
s = [ Fere=ag,

change the path of integration to § + ipw; by Cauchy’s theorem the value of the
integral is unchanged. Relations (3.3) and (3.4) show that the value of the integral
is less than any € for p large positive. O

In order to apply this to the situation at hand, we have to estimate the rate of
growth of exp G(i¢) for complex ¢. We make use of the following variant of the
Phragmén-Lindelof principle.

PRINCIPLE (Phragmén-Lindelof Principle) Let h(z) be an analytic function in the
upper half-plane satisfying the following:
(i) Jh(z)| < m for z real.
(i) |h(iy)| < me* for y large positive.
(iii) |h(z)] < Me**! for all z in the upper half-plane, then

(3.5 lh(2)| < me*'™*
in the whole upper half-plane.

In most applications the first two estimates are delicate, the third is crude. The
salient point of the lemma is that the constants in the crude estimate do not appear
in the conclusion (3.5). For proof, see the well-known text of Ahlfors on function
theory.



3.1. THE DOMAIN OF INFLUENCE 17

We shall also make use of the following estimate from linear algebra: Let T be
a square matrix with a complete set of eigenvectors. Then

(3.6) |T| < constr,

where r is the absolute value of the largest eigenvalue of M and the constant de-
pends only on the determinant of the normalized eigenvectors of T and the order
of the matrix. This follows from the representation of T as RDR™' where R is the
matrix whose columns are the eigenvectors of T.

For w real, denote the largest eigenvalue of Go(w) by Omax(®).

LEMMA 3.2 There exist constants m and N such that

(i) 1€99®| < m(1 + |§|V) for all real &.
(ii) For any real & and n and any given positive €,

[eCUE YD) < (] 4 yN)elomst=m+einlly  gor y sufficiently large positive.
(iii) There exist constants M and S such that
[e9®) < M for all complex ¢.

SKETCH OF PROOF: Part (i) follows from inequality (2.9). To verify (ii), use
the fact that for y large, positive the eigenvalues of G (i§ — yn) differ by o(y) from
the eigenvalues of Go(—yn). These eigenvalues are homogeneous functions of yn
of degree 1; so the largest eigenvalue of Go(—yn) is yomax(—n). The estimate in
(ii1 1s a consequence of this observation.

To prove (iii), we recall from the end of Chapter 2 that the entry g;; () of G({)
has degree < d; —d; + 1. Itis convenient to represent G by a homogeneous matrix
H defined as

H@) =:7'DT'()GR)D®).
where D(Z) is a diagonal matrix with diagonal elements {4 . It follows that the
elements of H have nonpositive degree, and that for |¢| large, H has the form

(3.7) H() = D™'Go(w)D +0(1/12)),

where @ = {/|¢| and Gy is the principal part of G. Since by assumption G is
strictly hyperbolic, G has distinct eigenvalues; it follows that it has n linearly in-
dependent eigenvectors. Thus the determinant d(w) of the normalized eigenvectors
of Gy(w) is nonzero for each w; since the unit sphere is compact, it follows that
d(w) is bounded away from zero uniformly for all w on the unit sphere. Then by
continuity it follows from (3.7) that for |¢| large enough H(¢) has linearly inde-
pendent eigenvectors whose determinant is bounded away from zero, so by (3.6)
for :¢| large enough
|eH®)| < const eP®X!

where p(¢) is the largest real part of the eigenvalues of H(¢). Using this estimate

in
£0%) = petHW p-!

gives inequality (iii) of Lemma 3.2. The rest follow by using the strict hyperbolicity
of (5. (W]
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Let & and n be arbitrary real vectors; define

h(z) = _ eG(i£+izn) i

@ (z+ iV

It follows from Lemma 3.2 that h(z) satisfies the hypotheses of the Phragmén-
Lindelof principle with s = oy (—n) + €|n|. So

|h(Z)| < mePmx(=m+elnl
Put z = i; we get,
(3.8) 1€999) < m(IZ|Y + 1)eoma(-mehnl
for all complex ¢, where n =Im¢.

Suppose that the initial values u(x, 0) have their support inside the sphere |x| <
r; then (&, 0) is bounded by

- const .
(39 6.0 < e ™

Combining (3.8) and (3.9) to estimate #(£, 1) as given by formula (3.2), we con-

clude that
const

i@, )] <
6E D < T

where n = Im¢. Using this estimate in the theorem of Plancherel and Polya, we
conclude: u(x, 1) is zero if x lies outside the set of points satisfying for all n

eonux(_'))+(€+l’) s

xn < omax(—n) +7,

provided that its initial values u(x, 0) are zero outside a sphere of radius r around
the origin.

Denote by K the intersection of the domain of influence of the origin and the
hyperplane ¢ = 1. It follows from the assertion above that the support function of
K, defined as sk (n) = maxyeck X1, is not greater than oy (—n). We claim:

THEOREM 3.3 The support function of K is equal 10 Oax(—1).

PROOF: Denote by v the eigenvector of Go(—w) which corresponds to the
eigenvalue o (—w). Then, as our analysis before shows, given any e, for p large
enough positive
(3.10) G -PNy| > gPoml=e=ep
Choose the scalar function a(x) with support in a small sphere around x = 0 and
so! that its Fourier transform does not decrease too fast in the direction iw:

@3.11) la(ipw)| > e, p>0.

Put u(x,0) = a(x)v; then expressing & by (3.2) and using estimates (3.10) and
(3.11), we get

3.12) li(ipw, 1)| > ePomu(-@)=2¢p

IThisis easily done; in fact, whenever a(x) vanishes for |x| > €, limsup,_, o log laGipw)|/p =
—e¢, and this suffices.
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On the other hand, by inequality (3.3) every solution whose initial values have
sufficiently small support satisfies for p large positive
(3.13) li(ipw, 1)| < constePsk@+er
Comparing (3.12) and (3.13) we get

Omax (—®) < sx(w) + 3¢.
Since € is arbitrary, this shows that

Omax(—w) < sx(w),

which. together with the previous inequality, proves Theorem 3.3. O

Being the maximum of linear functions, the support function of a closed,
bounded set is a convex function. Therefore we have

COROLLARY 3.4 omax(n) is a convex function of n.

Knowing the support function of K, we can determine the convex hull IA( of
K : it is the set of points y satisfying for all n

(3.14) ¥N < Omax(—1).

When the equation in question is strictly hyperbolic, omax(—n) is a regular al-
gebraic function. In this case the boundary of K contains no straight line segments.
According to the theory of convex sets, it follows that every boundary point of K

is an extreme point, and so belongs to K.

For not strictly hyperbolic equations, on the other hand, it can happen that not
every boundary point of the set defined by (3.14) belongs to the domain of influence
K of the origin; see, e.g., examples 5 and 6 in Chapter 2.

What interior points of the set defined by (3.14) belong to K is a delicate
question; in Section 3.5, as well as in Appendix A, we shall give examples where

not all interior points of K belong to K.

3.2. Spacelike Hypersurfaces

Let P be a hyperplane in x, t space through the origin whose equation is
(3.15) w=0,
where z and v stand for (x, t) and (&, 1), respectively.
THEOREM 3.5 P is strictly spacelike if for all real &
(3.16) 0< an(ﬁ) <00.
T + Omax(—§)

PROOF: Let z be any point in the domain of influence of the origin; we take
for simplicity the t-coordinate of z to be one: z = (x, 1). Then x belongs to K and
so0 by the result derived at the end of the last section

(3.17) —0Omax (§) < x& < Omax(—§).
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Since zv = x£& + t, it follows from (3.17) that
(3.18) T — Omax(§) < 2v < T + omax(—§) .

If (3.16) is satisfied, (3.18) shows that zv lies between two numbers of the same
sign and so is not zero. By (3.15) it follows that z does not lie on P, so P is’
spacelike. The restriction of the r-coordinate of z to be 1 is irrelevant. We conclude
that P is strictly spacelike; this completes the proof of Theorem 3.5. a

When the underlying equation is strictly hyperbolic, and there is more than
one space variable, the converse of Theorem 3.5 holds. For, since omux(—£) is the
support function of K, there are points x and x’ in K for which

Omax(—§) = x&,  Oomu(§) = —x'§.
If condition (3.16) fails there are three possibilities:
(i) t+x£=0,
(i) t+x'E=0,0r

(iii) T + x& and t + x’¢ have opposite signs.

The points x and x’ are boundary points of K. For a strictly hyperbolic equa-
tion the boundary of K is the boundary of the convex hull of K, and so for more
than one space variable it is a connected set. Therefore, in case (iii) there is a point
x" € K for which t + x"”& = 0. So one of the points (x, 1), (x, 1), or (x”, 1) lies
on the hyperplane defined by (3.15), and so P is not spacelike.

EXAMPLE Suppose that G is a symmetric first-order operator

G=EAI'D',

A; symmetric matrices. Here omax(§) denotes the largest eigenvalue of

GE) =) &A;.

Condition (3.16) means that T — Oynax(§) and T + Omax(—§) are of the same sign,
which means that the smallest and largest eigenvalue of the characteristic matrix

3.19) It —-G(&)

are of the same sign. This is the same as saying that the matrix (3.19) is definite;
thus according to Theorem 3.5, (&, ) is normal of a spacelike hyperplane if and
only if (3.19) is definite.

Next we observe that the definiteness of (3.19) is sufficient for the direction
v = (&, 1) to be hyperbolic. For hyperbolicity means that for any { = (#, x) not
parallel to v
Po(sv +1¢)
vanishes for n real values of s. The vanishing of Py means that the characteristic
matrix (st +«)I — G(s& +n) is not invertible, i.e., that it annihilates some nonzero
vector v. Since G(&) depends linearly on &, this can be written in the form

[«I —Gm)v=—s[t] —G&))v.
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According to the spectral theory of symmetric matrices, if the matrix x I — G(£) is
detinite. this eigenvalue equation has only real roots s.

The above result is not surprising since hyperbolic directions were introduced
as a natural generalization of the prototype (0,1). Indeed the foregoing results hold
in general:

THEOREM 3.6 The direction v = (&, t) is strictly hyperbolic if the hyperplane
whose normal is v is strictly spacelike.

PrROOF: To prove this theorem, we factor the characteristic form
n
Po¢' vy =[]' - 06"
Jj=1
where o;(¢') are arranged in decreasing order,
01(§") > 02(8') > -+ - > 0,(£")
for £" real and # 0. Since P, is homogeneous

ao;(£') for a positive
30 . " = 4
(3.20) oj(ag’) ac,_j41(&')  for a negative
and
(3.21) Onax(§) =01().  Omax(=§) = —0n(¢").

Suppose that v is spacelike; we wish to show that v is then strictly hyperbolic,
i.c . that the equation
(3.22) Py(sv+¢) =0
is satisfied for n different real values of s for any vector { = (n, «) not parallel to
v. Using the factored form of Py, we see that (3.22) vanishes if and only if one of
its tactors does:
(3.22)) sT+k —oj(sE+n)=0.
Different indices j furnish different roots s; since the functions o; are distinct ex-
cept at the origin; since ¢{ is not parallel to v, s& + n # 0.

We shall show now that for each j (3.22j) has a real root by showing that

the function on the left in (3.22j) has opposite sign for large positive and negative
values of s. By (3.20) we can write the function on the left as

s [r —0j (E + 2) + £] for s positive,
s s
s [t — On_j41 (E + g) + ;] for s negative.
For |s| large this can be written as

s[t —aj(&) + €] for s positive,

3.23 .
‘ ) s[t —0n_j+1(§) + €] for s negative.
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Since v was assumed spacelike, according to Theorem 3.5 condition (3.16) holds.
Using (3.21) we can state (3.16) in the form: T — 0,(§) and © — 0,(£) have the
same sign.

Since o) and o, are the extreme roots, it follows that for all j, T — 0;(£) has
the same sign. But then the function (3.23) has opposite sign for large positive and
large negative values of s, which proves that each must vanish for some real value
of s. a

The converse of Theorem 3.6 is left as an exercise.

The geometric picture behind this analytic discussion will be discussed in Sec-
tion 3.4.

Let u(x, t) be a solution with compact support in x. The boundary M of the
support is a point set in x, ¢ space that separates disturbed from undisturbed regions
and thus can be thought of as a wave front. What is the shape of these possible wave
fronts?

Denote by s(&, t) the support function of the support of u(x, r) at time . It
follows from Theorem 2.2 and Theorem 3.3 that for ¢ positive

(3.24) s,1) <5(5.0) + tomax(—§) .

Suppose that the sign of equality holds in (3.24) and that the boundary M of the
support of u is a smooth surface in x, ¢ space. Then an easy geometric argument
shows that the normal to M is of the form

(&, —Omax(—§)) = (§, Omin(§)) -

This shows that the normal to M lies in the characteristic variety; such a surface is
called a characteristic surface, see Section 3.4. We shall see in Chapter 7 that, as
the above discussion indicates, characteristic surfaces play an important role in the
more detailed description of motions.

The following useful result is an immediate consequence of Theorem 3.6:

THEOREM 3.7 Let P be a spacelike hyperplane; through every (k — 1)-dimen-
sional linear subspace L in P there pass n distinct characteristic hyperplanes.

PROOF: Let v be the normal to P, and let L be the intersection of P with the
hyperplane whose normal is £, { not parallel to v. According to Theorem 3.6, the
equation

PO(SV+C)=0

has n distinct real solutions s;. Clearly the hyperplanes with normal s;v + ¢ are
characteristic, and they pass through L.

In Section 3.4 we shall give a generalization of Theorem 3.7 where P is re-
placed by an arbitrary spacelike surface, L by any smooth (k — 1)-dimensional
submanifold, the characteristic hyperplane by characteristic hypersurfaces. In Sec-
tion 4.2 we further extend this result to equations whose coefficients may vary with
x and?.
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3.3. The Initial Value Problem on Spacelike Hypersurfaces

THEOREM 3.8 Let S be any smooth, strictly spacelike surface, given as t = p(x).
Let uo(x) be a smooth vector-valued function with compact support. Then there
exists a motion u(x, t) whose value on S equals ug:

u(x, p(x)) = up(x).
Furthermore, u is uniquely determined.

PROOF: We shall construct a solution of the differential equation of the mo-
tion u, = Gu that has compact support in x and that equals uo on S; by the unique-
ness theorem such a solution is a motion.

For simplicity we shall treat the special case when G is a first-order operator:
G=) ADj+B.
We introduce s = ¢t — p(x) as a new variable; denote by v(x, s) the function
u(x. s + p(x)). Using the chain rule, we get
Uy =Vs, Ux=1VUgx— VUspPx.

In terms of v the differential equation is

Vs = Z:Aj(vx1 - vspxl) ’

(14 piA;)v. = Gu.

Since the surface S is assumed to be strictly spacelike, according to Theorem 3.6
its normal v is hyperbolic, which shows that v does not lie on the characteristic
vanety. Since v is equal to (— py, 1), this shows that the coefficient of vs; above is
nonsingular and so we solve for v;:

(3.25) vs = Hv,

where H is a first-order differential operator in the x-variables whose coefficients
are independent of s.
Repeated differentiation with respect to s gives

which can be rewritten as

aﬂ
—v=H".
as"
Detine the functions u,(x),n =1,2,..., by
(3.26) Up = H'ug.
Let N be any positive integer and define vy as the sum
N cn
un(x,s) = ; ﬁ“" .
Clearly vy satisfies the differential equation
N
s

3N T Huy = B ThiadE
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Returning to the original variables and denoting vy (x, t — p(x)) by ry(x.t), we
find that ry satisfies a differential equation of the form

0
(327) EI'N - GI‘N = - p)NkN .

Furthermore, ry has compact support in x and equals uy on S; so ry is a “near
solution” to our problem. We shall make it into an exact solution by subtracting
from it a suitable function wy. For this we need the following:

LEMMA 3.9 Given any smooth function g(x, t) with compact support, the inho-
mogeneous differential equation

(3.28) w—-Gw=g
has a solution satisfying the initial condition
(3.28") w(x,a) =0.

PROOF: Taking the Fourier transform in the space variables we reduce (3.28)
and (3.28’) to an initial value problem for an ordinary differential equation. a

We return to the proof of Theorem 3.8. Let’s assume for sake of simplicity?
that p(x) is bounded, that is, that a~ < p(x) < a™ for all x. We take for the
inhomogeneous term g in (3.28) the function g~ defined as follows:

t - p)¥ky fort > p(x)

“(t) =
g (x.0) 0 fort < p(x).

Denote by w™ the solution of (3.28) with g = g~ and @ = a~. For this choice of
g, w™ satisfies the homogeneous equation

w, —Gw™ =0

fora~ <t < p(x). Since S is spacelike, every point (x, ¢) in this region belongs
to the domain of determinacy of the initial plane t = a~, and so, since w™(x,a™)
was chosen to be zero, w™(x, t) is zero in this region; in particular, w™(x,t) = 0
onsS.

Similarly, we define g* as

\ o fort > p(x)
gtix, 1) = l(t - p)Vky fort < p(x),

and denote by w* the solution of (3.28), (3.28') with g = g* and a = a*. Ac-
cording to the previous argument, w* (x, t) = 0 for¢ > p(x). Since g~ and g* are
N times differentiable, w~ and w* can be made as smooth as we wish by taking
N large enough.

Define u as follows:

(3.29) (1) = IrN —w~ fort > p(x)

ry —wt fort < p(x).
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Since ry satisfies equation (3.27) and w? satisfy (3.28)%, it follows that u satisfies
u, — Gu = 0. Since both w* and w™ are zero on S, and since ry = up(x) on S, it
follows that u = ug(x) on S. This proves the first part of Theorem 3.8.

To prove uniqueness, let u be a solution of u; = Gu that is zero on S. Define
u~ by

u fort > p(x)

3.9 “(x,1) =
( ) ux.0) 0 fort < p(x).

Equation (3.26) shows that not only u but all its derivatives are zero on S, so the
function u~ defined above has continuous derivatives of all orders; furthermore,
u~ satisfies the equation u;” = Gu~. Since a~ < p(x), u_(x,a") is, according
to (3.29'). zero for all x. Therefore, according to the basic property of hyperbolic
motions, u~(x, t) = 0 for all x, t. This shows, in view of (3.29’), that u(x,t) =0
for t > p(x). That u(x,t) = 0 for¢ < p(x) can be deduced analogously. O

If S and ug are C*, then, since N is arbitrary, u too is C*°. The simplifying
assumption that S lies betweent = a~ and ¢ = a™ is not hard to remove; we leave
it as an exercise to the reader. By the uniqueness theorem, u defined by (3.29) is
independent of N.

3.4. Characteristic Surfaces
For simplicity we shall deal with first-order hyperbolic systems of the form

(3.30) Lu=D—tu—) AjDju=0,

A;j constant n X n matrices, u a vector function, D, = 3/9¢t, and D; = 3/dx;.
Given the value of u at¢ = 0, we can determine all derivatives of u# with respect to
x from equation (3.30) and its derivatives with respect to 7.

A hyperplane in x, ¢ space is called free if given the values of a solution u of
(3.30) on the hyperplane we can determine all partial derivatives of u with respect
to x and ¢. A hyperplane that is not free is called characteristic with respect to the
operator / defined in (3.30).

To derive an algebraic criterion for a hyperplane to be characteristic we intro-
duce new variables y, s in terms of which the hyperplane is given by s = 0. We
set

s=tr+xE, y=ux.
then
D,=1tDs;, Dj=§D;+D,,.
Setting this into (3.30) we obtain

(x1 =) &A)DDu—Y A;iDyu=0.

Clearly s = 0 is characteristic if and only if the matrix 7/ — 3 &;A; is not invert-
ible: here (&, t) is normal to the hyperplane.
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Denote by o (&) any one of the eigenvalues of 3 &;A;. Then the condition for
the hyperplane with normal (&, 7) to be characteristic can be written as

(3.3 t—0()=0.

Note that a spacelike hyperplane is never characteristic.
The notion of characteristic can be extended to hypersurfaces:

DEFINITION 3.10 A hypersurface in x, ¢ space is characteristic for the operator L
if all its tangent hyperplanes are characteristic for L

The significance of characteristic hypersurfaces for the propagation of signals
is that they are the carriers of discontinuities. A discontinuous solution is defined
as solution in the weak sense as follows:

A piecewise differentiable function u(x, t) that has a discontinuity across a
hypersurface S is called a weak solution of equation (3.30) if for all C* functions
w of compact support ‘

(3.32) / uL*wdxdt =0,
Rk xR

where L* denotes the adjoint of L,
L*=-D,+ ) DjA;.
When u is everywhere differentiable, we can integrate (3.32) by parts to obtain

[(Lu)wdx dr=0.

Since w is an arbitrary smooth function with compact support, it follows that a
differentiable function u is a genuine solution of (3.30) if and only if it is a weak
solution.

The argument above shows that at all points where a weak solution u is dif-
ferentiable, it satisfies pointwise the equation Lu = 0. In particular, a piecewise
differentiable weak solution that has a discontinuity across a surface S satisfies
Lu = 0 on either side of S.

Take now any open set that is intersected by S; denote by G, and G, the parts
of G that lie on opposite sides of S (see Figure 3.1). Let w be any smooth function
whose support lies in the closure of G. We write (3.32) as a sum

(3.32) [uL‘wdx dt +[uL‘wdx dt=0.
G G» |

We integrate by parts each term. Since Lu = 0 on either side of S, and since w = 0
at those boundary points of G, and G that do not lie on S, we get

(3.33) /(tl - z.s,-A)[ulw ds =0,

M
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FIGURE 3.1

where (&, 1) is the normal to S, [u] the difference in the values of « on the two sides
of §. and dS the surface area element. Since the value of w on S is an arbitrary
smooth function, it follows from (3.33) that

(3.33) (:1 - ga))wr=0

on y. If § were noncharacteristic, the matrix t/ ) &;A; would be invertible, and
(3.33") would imply that [u] = 0. This shows that jump discontinuities can occur
only across characteristic surfaces.

We turn now to the construction of characteristic surfaces. We shall describe
these surfaces implicitly by ¢(x, t) = const; we shall assume that these surfaces
are characteristic for all values of the constant. The normal to the surface ¢ = const
is (D@, D,y); setting this into (3.31) gives

(3.34) D,p —o(D,p) =0,

a nonlinear partial differential equation for ¢, called the eikonal equation.
Since o is a homogeneous function of order | of its arguments, it satisfies the
relation

(3.35) 6($)=Zoj$j'

where o = 90/3§;. Setting this into (3.34) gives

(3.36) Dip—) o;Djep =0.

This implics that ¢ is constant along the curves defined by
o dx;

(3.37) d—" = —0;(Dyp) .

We shall now show that D,¢p—and therefore g;—are constant along such a curve,
and therefore these curves are straight lines. To see this differentiate equation
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(3.34) with respect to x;; we get
0= D;D,¢ — 0;D;Djp = Dypi — a;D;jp; .

where ¢; abbreviates D;p. The constancy of ¢; along the curves (3.37) follows,
therefore these curves are straight lines.

Next we show how to put together the values of ¢ along these straight line
solutions of (3.37) to construct a solution ¢ of (3.34). Choose ¢o(x) = ¢(x,0)
as any C™ function of x. From each point x of R¥ there issues a straight line
in (x.t) space defined by equation (3.37), where the values of D,¢ are those of
D.¢o. Suppose that the first derivatives @ are uniformly bounded in R*; then it
is not hard to show that there is a time T such that these straight lines fill the slab
R x (=T, T) in a one-to-one fashion. We then define ¢(x, t) along each line to
be equal to ¢ at the point where the line starts. Clearly, ¢ satisfies (3.34), and so
the hypersurfaces ¢(x, t) = const are characteristics.

THEOREM 3.11 Through any smooth (k — 1)-dimensional manifold in R* there
pass n characteristic surfaces.

PROOF: Choose ¢ to be 0 on the prescribed (k — 1)-dimensional manifold,
and ¢ to be the solution of one of the n eikonal equations (3.34). O

A hyperbolic operator L of form (3.30) has n characteristic fieldso'"’, ..., o™
corresponding to the n real eigenvalues of _ &;A;. Therefore, through any given
smooth (k — 1)—dimensional manifold in R* there pass n characteristic surfaces,
one of each field o). i We now describe an especially important characteristic
surface, a characteristic cone. These are formed by the set of straight lines de-
fined by (3.37), all issuing from the same point, say the origin (0, 0), in the direc-
tion —Do (w), Do the gradient of o (w), where o (w) is one of the eigenvalues of
Y_wj;Aj, and w runs through all unit vectors. Define H to be the intersection of
this cone with the hyperplane ¢+ = 1. H consists of the points —Do (), |w| = 1.
Define p(w) = Opmax(—w); then

(3.38) H:Dp(w), |wl=1.

We are particularly interested in the characteristic cone corresponding to the
largest eigenvalue oy,,x. We recall from Corollary 3.4 that o, (§) is a convex
function; therefore so is p(£). Since o and p are positive homogeneous as well, it
follows that p is subadditive,

plw+n) < p(w)+ p(n).
Replace n by €&, ¢ any positive number,
p(w+eé) < p(w) +ep(§).

At ¢ = 0 equality holds. Therefore at ¢ = O the derivative of the left side with
respect to ¢ is less than or equal to the derivative of the right side,

(3.39) Y i@ < p®).
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We now recall from the beginning of this chapter the notion of the support
function of a compact set H in R*:

su(€) = rpea,;xé-

For the set H defined by (3.38) it follows from (3.39) that s4(§) < p(£). On
the other hand, it follows from (3.35) that for w = & the sign of equality holds in
(3.39): this shows that

su(§) = p(§) = omax(—£).

The argument above shows that through every point of H lies a supporting
hyperplane: i.e., all points of H lie on one side of it. It follows that H is a convex
hypersurface: i.e., H and its interior, consisting of the set of points

(3.3 (roy(w)., ..., rk(w)), lwl=1,0<r<l,

forin a convex set in RX.

We now turn to the set of points K that belong to the domain of influence of
the origin. and lie on the hyperplane r = 1. According to Theorem 3.3, the support
function of this set K is omax(—¢), the same as the support function of the set H.
It then follows from the hyperplane separation theorem that

THEOREM 3.12 The domain of influence of the origin is contained inside or on
the characieristic cone corresponding 10 Onax issuing from the origin.

EXERCISE Let P(D,, D;) be an n*"-order scalar operator. Show that to 4+ x& =0
is characteristic for Pu = 0 if and only if P(¢,0) = 0.

3.5. Solution of the Initial Value Problem by the Radon Transform

In this section we shall express in a fairly direct fashion solutions of hyperbolic
cquations in terms of their initial data. The prototype for the type of expression we
are looking for is furnished by

u(x,t) =hx —ct) +k(x +ct)

for <olutions of the one-dimensional wave equation u,, — c2u,, = 0. Direct ver-
itication shows that every function of the above form is a solution of the wave
equation, and by choosing h and k appropriately we can satisfy initial conditions
imposed on u.

L.et L be any scalar partial differential operator with constant coefficients and
homogeneous of order n; i.e., L does not contain terms of order lower than n. Such
cquations have special solutions, called plane waves, of the form

(3.40) u(x,t) =h(xw+1t).

Onc can verify immediately that (3.40) is a solution of Lu = 0 if the vector (w, )
is real and satisfies the characteristic equation L(w, t) = 0, and Ah(s) is any func-
tion of the real variable s.

If L is hyperbolic, we may take for (w, t) any point on one of the [%] real
branches of the characteristic variety. The question is: Can every solution, or at
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least those which have compact support in x, be expressed as a superposition of
plane waves? The answer is yes, and the demonstration consists in showing that
we can satisfy arbitrary initial conditions by suitably chosen linear combinations
of plane waves. We shall carry out the details for the classical case of the wave
equation

(3.4]) WUy — Au =0.
In this case every plane wave can be written as h(xw — t), |w| = 1; so we are
looking for solutions in the form
(3.42) u(x,t) = / h(xw—t, w)dw.
|lw|=1
The function h(s, w) has to be chosen so that the initial conditions
u(x,0) = fi(x) = /h(xw. wydw,

(3.43)
u(x,0) = folx) = —/h'(xw. wydw,

are satisfied.

The contribution of the odd part of h to the first integral in (3.43), and of its
even part to the second integral, is zero. part. Therefore, in order to solve (3.43) it
is sufficient to solve the following problem:

Given a function p(x), find an even function £(s, w) such that

(3.44) plx) = /Z(xa), w)dw and €(—s, —w)=L{(s,w).

The solution of this problem is furnished by the Radon transform, whose the-
ory has been expounded by Fritz John, Helgason, and Gelfand-Graev-Vilenkin. We
shall outline the theory in R*, k odd and > 1.

We start with the Fourier representation of f:

(3.45) fy=c [ f®)e*tds,
where f is the Fourier transform of f,
(3.46) fE) =c f flx)e * dx .

So as not to weary the reader (and the author), the letter ¢ in these and subse-
quent formulas denotes the right constant. In formula (3.46) we express § in polar
coordinates as £ = pw and write

flow) = ¢ f fx)e " dx .

Carrying out the x-integration first on the hyperplane w - x = s, we get

(3.47) flow) =c / f(s, w)e 5 ds
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where

(3.48) fs,0) = f fxds.

WxX=s

f is the Radon transform of f. Formula (3.47) shows that f (pw) is the Fourier
transform of f (s, ) with respect to s.

In terms of polar coordinates, we can write the Fourier representation (3.45) of
f as follows:

(3.49) fx)=c / f Fflow)e* ™ p*~'dpdw .

We take the p-integration over all of R, at the cost of cutting the constant ¢ in half.
It is at this point that we exploit the evenness of k — 1.
Inverting the Fourier transform (3.47), we get

(3.47) fi,w)=c / flpw)e®dp.
Applying D; = a:' k — 1 times, we get

D' fis,w)=c f flow)p*~'e* dp.
Setting this into (3.49), we get
(3.50) fx)= c/ Df"'f(xw, w)dw,
a representation of form (3.44), with £(s, w) = Df" f (s, w).
We list now the properties of the Radon transform:
THEOREM 3.13

(1) f (s, w) is an even function,
fl=s,—w) = f(s,w).
(i1) The Parseval relation holds:

2 .
(3.51) /If(x)l dx=cf|D,Tf| dsdw.

(iii) Every even function m(s, w) for which D*""m lies in L? is the Radon
transform of some f in L?.
(@iv) Df = —wD,f
(v) Af = D3f.

PROOF: Properties (i), (iv), and (v) follow from formula (3.48) for f . To
deduce (ii) and (iii), apply ""’ "2 0 (3.47’) and use the one-dimensional Parseval
relation to obtain, after i mtegratmn with respect to w,

‘- -~ ~
/|D;!lf|zdsdw=c/|f(pw)|2p""dpdw.
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The Parseval relation between the L2 norm of f and f~ completes the derivation of
(3.51). O

From the explicit expression (3.48) for the Radon transform, we can read off
the following important consequence:

THEOREM 3.14 If f(x) vanishes for |x| > r, its Radon transform f (s, w) van-
ishes for |s| > r.

We return now to expression (3.42) for the solution of the wave equation.
Choose the function k4 as

(3.52) h(s,w) = DX fi = D¥2 f;.

Setting this choice of h into formula (3.43) we see that u defined by (3.42) has the
assigned initial values. Suppose now that both f; and f, are zero for |x| > r; then
by Theorem 3.14 both fl and fz are zero for |s| > r; it follows that h(s, w) is zero
for |s| > r. Looking at the explicit expression (3.42) for u in terms of h, we see
that if |x| < |t| — r, then the integrand on the right is zero for all w. So we have
proven the following:

LEMMA 3.15 If the initial data of u are zero for |x| > r, then u(x,t) is zero for
|x] < |t] —r.

THEOREM 3.16 In an odd number of space dimensions k, k > 1, the domain of
influence of the origin for the wave equation (3.41) consists of the double cone
x| = |t].

PROOF: According to the results of Section 3.1, if |x| > ||, then (x, t) does
not belong to the domain of influence of the origin. Suppose that |x| < |¢|; to show
that x, ¢ lies outside the domain of influence of the origin, we have to show that if
the initial data of « are zero outside a ball of radius r, r small enough, then u is
zero at x, . But this follows from Lemma 3.15. (]

Define the energy of the initial data f;, f> of a solution of the wave equation

as

(3.53) E= f (1D fil? + f7)dx .
We claim that

(3.54) E=cf|Df'T'e|2dsdw.

where ¢ is defined as

(3.55) ¢= D, fi — fr:

note that ¢ is related to h defined in (3.52) by h = D*~2¢. To deduce this we
combine parts (ii) and (iv) of (3.51) to get

(3.54,) f|D,f.|2dx=cf|D:'f"f‘.|2dsdw,
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while
N
(3.541) [f}dx=c/|0,"’lf2|2dsdw.

D,Lfl fi and D,%J are the even and odd parts of D,%1 ¢, so they are orthogonal.
Therefore adding (3.54,) and (3.54;) yields (3.54).

We can use formula (3.54) to express the energy contained in the data of u at
any time ¢. If follows from formula (3.42) and h = D*~2¢ that

Dsa(t) —u,(t) = (s — 1, w) .

Expression (3.54) does not change if € is subjected to a translation in s; thus we
have proven

THEOREM 3.17 The energy of a solution u of the wave equation (3.41) defined as
E= / (IDcu(x, )1 + ul(x, 1))dx

is independent of t.

Theorem 3.16 is the celebrated Huygens principle. 1t is false in an even number
of space variables.

Given a general hyperbolic equation, we can, following the method outlined
above for the wave equation, express solutions of it as superposition of plane
waves:

<l
(3.42) u(x,N =Y | hjxo+ @) o)do.

I= 1=
The functions h;(s, w) can be expressed as linear combinations of the integrals
with respect to s of the Radon transforms of the initial data of u. The details are
left to the reader.

There are further and more delicate generalizations of the Huygens principle;
see Appendix A.

At the beginning of this section, we set out to express solutions of hyperbolic
equations in terms of their initial data. The expressions we have found are in terms
of the Radon transform of the initial data. Using expression (3.48) for these Radon
transforms yields a formula for solutions directly in terms of their initial data; how-
ever, this formula is best interpreted in the language of distributions. The details
will be carried out, with a slightly different twist, in Chapter 7.

3.6. Conservation of Energy

In this last section of Chapter 3 we shall discuss conservation of energy. For
simplicity, we shall deal with symmetric hyperbolic systems, i.e., equations of the
form

(3.56) u, = ZAju,,- = Gu,
where the A; are real symmetric matrices.
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THEOREM 3.18 Let u be a solution of (3.56) with compact support in x. Then the
quantity

(3.57) lu@? = f lu?(x, 1)* dx
R"

is independent of t.

Quantity (3.57) is called energy.
In view of the importance of this result, we give two different proofs.

PROOF 1: Denote as usual by (u, v) the L, scalar product of the vector func-
tions 4 and v with respect to the space variables. Then quantity (3.57) can be
written as (u, u). Differentiate with respect to  to get, using the differential equa-
tion (3.56),

(3.58) :—t(u, u) = (uy, u) + (u, u;) = (Gu,u) + (u, Gu) = ([G + G*lu, u),

where G* denotes the adjoint of G. Since A} = A,

. .. )

G’ = —mAj =-G;
i.e., the operator G is antisymmetric. This shows that the expression (3.58) is
zero. a

PROOF 2: The Fourier transform of u at time ¢ can be expressed explicitly in
terms of the Fourier transform of the initial values:

(g 1) =TI, 0).
Since i (}_ & A;)t is an antisymmetric matrix, its exponential is unitary; so
lii€, I = la€, 0)1*.

Integrating with respect to £ and using the fact that Fourier transformation pre-
serves the L, norm, we get (3.57). ]

In Section 3.5 we proved the conservation of energy for solutions of the wave
equation using a representation of solutions in terms of the Radon transform of
their initial data. This proof can be extended to solutions of hyperbolic equations
of any order.

In the next chapter we shall take up the problem of formulating and proving a
law of conservation of energy for hyperbolic equations with variable coefficients.
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CHAPTER 4

Hyperbolic Equations with Variable Coefficients

This chapter is about linear hyperbolic equations with smoothly variable coef-
ficients. Such an equation is called strictly hyperbolic if for every choice of y, s the
cquation with constant coefficients frozen at y, s is strictly hyperbolic. We shall
not give a general definition of a nonstrictly hyperbolic equation although we shall
present at least one example.

The characteristic form Py(z, ¢) of a hyperbolic equation with variable coeffi-
cients is a form of degree n in { = (&, t) whose coefficients depend on z = (x, t).
Throughout this chapter we shall assume that the coefficients are infinitely differ-
cntiable functions of z.

Section 4.1 contains the theory of hyperbolic equations in one space variable.
Section 4.2 describes characteristic surfaces. Sections 4.3, 4.4, and 4.5 present
energy inequalities for solutions of symmetric hyperbolic systems, second-order
hyperbolic equations, and higher-order hyperbolic equations, respectively, and the
uniqueness theorems that follow from them.

4.1. Equations with a Single Space Variable

In this section we give a thumbnail sketch of the theory for one space variables,
which is very much simpler than for many space variables. We shall treat first-
order systems; general hyperbolic equations can be turned into first-order systems
by introducing the higher derivatives as new unknowns; this is no longer possible
if therc are more space variables. Courant-Hilbert, vol. II, chap. V.

A first-order system is of the form

4.1 u, = Auy + Bu.

We assume that the coefficient matrices A and B are infinitely differentiable func-
tions of x and t, and that (4.1) is strictly hyperbolic. The latter means that for every
x, 7. the matrix A has real and distinct eigenvalues.

We want to construct solutions of (4.1) with prescribed initial values,

“.2 u(x,0) = up(x);

unless specified otherwise, we assume that ug(x) is an infinitely differentiable func-
tion of x.

Denote by V = V(z) the matrix whose columns are the right eigenvectors of A,
normalized in some convenient fashion so that V depends infinitely differentiably
on z. V satisfies the eigenvalue equation

AV =VT,
37
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where T is the diagonal matrix with elements oy, ..., d,. Introduce a new un-
known v related to u by

u="Vv.

The equation satisfied by v is
“4.r) vy =Tuv +Cv,
where C = V-!BV + V~'AV, — V-'V,. Componentwise this equation reads
4.1j) Vjs = 0jvjx + chkv,, .
The differentiated terms can be combined into a single directional derivative
(4.3j) ‘%” =) ciw
where
(4.9) i. =D —0;Dy.

dj

Equations (4.3j) and (4.4) constitute a system of ordinary differentiable equa-
tions but along different curves. Such equations can be solved by methods used
to solve ordinary differential equations, e.g., Picard iteration. A slightly different
twist is needed at the end.

Let C; denote the trajectory of the j* direction field through some point (y, s);
i.e., C; = (x(t), t), where x(¢) is a solution of the differential equation

dx(t
@5) 0 —oyxn.
These curves are characteristic curves.

Integrate (4.3j) along the j™ characteristic curve C; between the point y, s and

the intercept of C; and the initial line ¢ = 0; we obtain an integral relation

5
(4.6) vi(y,s) = vj(y,0) + /(; chkvk dt.
We abbreviate this as
(4-6’) v=uvy+ Kv,

where vg is determined by the initial values of v and X is an integral operator.
Take some fixed point (xo, #); the two extreme characteristic curves C; and C,,

issuing from it and the initial line ¢t = O together bound a curved triangular region

A; it can easily be shown that any point in A can be connected to the initial line

by a characteristic curve of the j® kind, j = 1,2, ..., n, which lies entirely in A.

That means that the integral operator K defined by (4.6’) maps functions defined in

A into functions defined in A. It is easy to show that K maps continuous functions

defined in A into continuous functions in A, and that it is of Volterra type:

const M™

Tm

4.7 IK™| <

where K™ is the m" power of the operator K, and |K| is the operator norm with
respect to the maximum over A. !
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EXERCISE Prove @.7).
1t follows from (4.7) that I — K is invertible,

a-K =Yk
0

sok4.6') has a unique solution.

Since a solution of the initial value problem for the partial differential equation
is 3 solution of the integral equation (4.6), it follows that the former has at most one
sojution. We still need to show that every solution of the integral equation (4.6) is
a plution of the partial differential equation.

An immediate consequence of the integral relation (4.6) is that the j™ compo-
neft of v has a directional derivative that satisfies (4.3j). It is not quite obvious,
ever, that the solution v has continuous partial derivatives. To show this we
preceed as follows:

Let C! be the space of functions defined in A that have continuous first partial
detivatives in the closure of A. C! is a complete normed linear space. It is easy
to phow that the operator K maps C' into itself and that it is of Volterra type, i.e.,
(4.7) is satisfied in the sense of the C! norm. Then we conclude as before that
K is invertible so that (4.6') has a unique solution in C'. This solution is of
coprse the same as the one constructed before.

This argument can be repeated for the class of m times differentiable functions,
bitrary. and leads to the following existence theorem:

m

THEOREM 4.1 Suppose that the initial function uy(x) is infinitely differentiable;
thén the initial value problem (4.1)~4.2) has a uniquely defined, infinitely differ-
enliable solution. If uy has continuous derivatives up to order m,m > 1, there
exists a solution with continuous partial derivatives up to order m.

Our method of construction yields the following:

CQROLLARY 4.2 The domain of influence of any point is the region contained
between the two extreme characteristics issuing from it.

The construction of solutions of hyperbolic equations in more than one space
vatiable is harder than in the one-dimensional case. We shall give two existence
prqofs: the first one, in Chapter 6, is entirely indirect and is based on inequalities
ved in Sections 4.3-4.5. The second one, in Chapter 7, is more constructive
ang gives some further information about the manner of dependence of solutions
onlinitial data.

4.2. Characteristic Surfaces
We shall again deal with first-order hyperbolic systems of the form
4.B) Lu=D,u=ZAiju =0,

Ajmatrices of order n x n that are C* functions of x and ¢.
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The operator L in (4.8) is strongly hyperbolic if all eigenvalues o of )_&;A;
are real and distinct for all real choices of £. Since the matrices A; are functions of
x and ¢, so are the eigenvalues:

4.9 o=o0(x,1%).

As in Section 3.4, we define a surface S to be characteristic for L if at every
point x, ¢ on S, the normal (&, 7) to § satisfies
(4.10) T-o0(x,1,§)=0.

A weak solution of equation (4.8) is defined in the same way as in Section 3.4
for equations with constant coefficients:

@.11) juL'wdxdt:O,

where L* is the adjoint of L , holds for all C* functions w with compact support,
and just as for equations with constant coefficients, discontinuities of piecewise
continuous weak solutions can occur only along characteristic surfaces.

We now turn to the construction of characteristic surfaces. As before we shall
describe them implicitly by ¢(x,t) = const. The normal to such a surface is
(D@, D,yp); setting this into (4.10) gives

4.12) D —o(x,t,D9) =0,

called the eikonal equation.
Since o is a homogeneous function of £ of order 1,

4.13) o) = oit;.

where g; = 30 /9&. Setting this into (4.12) gives

(4.14) Dip—) 0jDjp =0.

This implies that ¢ is constant along the curves defined by
dx;

4.15) 7:1 = —0j(x,t, Dxp).

In order to determine these curves we need a differential equation for D,¢ along
such a curve. This can be obtained by differentiating (4.12) with respect to x;; we
get

DiDip — ) _0;DiDjp — Dio =0,
which can be rewritten as
(4.16) D& — ) ojt; = Dio .

Here &; denotes D;¢, and D;o is the partial derivative of o (x, ¢, &) with respect to
x;. We combine (4.15) and (4.16) into a system of ordinary differential equations:

)
t 361
“4.17) dt; 90

— = —(x18§).

dt ox;
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This is a Hamiltonian system of differential equations that can be solved uniquely
once the initial values of x and £ are specified, at, say, t = 0.

Solutions of (4.17) are called bicharacteristic; the projection of a bicharacter-
istic into x space is called a ray.

Just as in the case of constant coefficients, we can build characteristic surfaces
out of rays. We choose gy(x) = ¢(x, 0) as any C* function of x. From each point
xo there issues a ray, obtained by solving the Hamiltonian system (4.17) with the
initial value of &; given by D;¢p(x). It is not hard to show that if the first derivatives
of ¢y, are uniformly bounded in R¥, the rays cover some slab R* x (=T, T) in a one-
to-one fashion. We define ¢(x, t) to be equal to the value of gy(y) at the point y
where the ray through x, ¢ originates.

EXERCISE Verify that for ¢ defined this way the surfaces ¢ = const are charac-
teristic.

The analogues of characteristic cones are conoids, defined similarly as in the
case of equations with constant coefficients. They are formed by all the rays issu-
ing from a single point xo, o, as the initial values of & range over all unit vectors
w. Of particular interest are the characteristic cones corresponding to the largest
eigenvalue oma(x, 1, £). In Section 4.3 we shall show, for symmetric first-order
systems, that any point influenced by xo, # is contained inside or on the character-
istic conoid corresponding to oy, issuing from xg, .

1t should be noted that the characteristic surfaces constructed in this section,
including the characteristic conoids, exist only for a finite time interval. Eventually
they develop wrinkles and other singularities. Therefore the description of the
domain of influence in terms of the characteristic conoids works only for a limited
time interval. The domain of influence for all time can be obtained by combining
the local time description with the Huygens wave construction; see Theorem 2.3.

We shall encounter the eikonal equation and bicharacteristics again in Sec-
tion 7.2 on progressing waves.

4.3. Energy Inequalities for Symmetric Hyperbeolic Systems

In this section we shall derive so-called energy inequalities for solutions of
symmetric hyperbolic systems of first-order equations, i.e., equations of the form

4.18) Lu=u—Gu=0
where

3
(4.19) G=) A;D;+B, Dj= .

A, B matrices depending smoothly on x and ¢, A; symmetric. These are analogues
to energy identities derived in Section 3.6.

As usual, we shall denote the L; inner product of # and v with respect to x by
(u. v). and the L, norm of u by ||u]].

THEOREM 4.3 Let u be a solution of (4.18) with compact support in x. Then
(4.20) lu@)ll < " u()],
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where the constant M depends on the magnitude of the symmetric part of B and of
the first derivative of A; with respect to x;.

The proof is based on the following simple lemma:

LEMMA 4.4 Let G be an operator whose domain and range lie in a Hilbert space.
Suppose that G is almost antisymmetric in the sense that G + G* is a bounded
operator, say

@21 IG + G*ll <2M,
where G* denotes the Hilbert space adjoint of G. Then every solution of
u, =Gu

satisfies the energy inequality (4.20).

PROOF OF LEMMA 4.4: To prove the lemma we form E(t) = (u, u), where
(-, ) is the scalar product in Hilbert space. Differentiating with respect to r gives

‘fi_f = (uy, u) + (u, ;) = (Gu,u) + (u,Gu) = (u.G + G*u) .

Estimating the expression on the right by the Schwarz inequality and using the fact
that G + G* is bounded by 2M gives

dE

<2ME.

Multiplying this differential inequality by e~ and integrating with respect to ¢
gives

e MTE(T) < E0) < MTE(T),
as asserted in (4.20). a

PROOF OF THEOREM 4.3: To prove the theorem we have to verify that G as
given by (4.19), its domain consisting of smooth functions with compact support,
is almost antisymmetric. The adjoint is easily computed:

G*'=-) DjAj+B";
adding this to (4.19) gives
(422) G+G'=) (A;Dj-DjA)+B+B'=-) A;;+B+B"
where A; j = DjA;. a

Observe that if expression (4.22) is zero, then we may take M to be zero. This
means that the solutions are isometric; i.e., |lu(t)]| is a constant.

Theorem 4.3 implies that if |lu|| is zero at time ¢+ = 0, then it is zero for all
times. This shows that solutions with compact support in x are uniquely deter-
mined by their initial values. We shall show now how to modify the above proof to
obtain a truly local uniqueness theorem.

Let P, and P, denote pieces of a pair of hypersurfaces in x, t space that have
the same edge; that is, P, and P; are two smooth imbeddings in x, ¢ space of the
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k-dimensional unit ball that agree at the boundary. The domain O bounded by P,
and P; is called a lens-shaped domain, P, and P, its faces.

We shall call a surface in x, t space weakly spacelike with respect to the op-
erator (4.18)—(4.19) if at every point its normal v = (§, 7) satisfies the following
condition: the matrix

(4.23) IEDINY
is nonnegative,

THEOREM 4.5 Let O denote a lens-shaped domain whose face P, is weakly space-
like with respect to an operator L. Let u be a solution of Lu = 0 that vanishes on
Py; then u vanishes in O.

PROOF: Let v denote the outward normal to the boundary of O. Then the
matrix (4.23) is positive on one of the faces, say P, of O, and negative on the
other. We introduce a new variable v in place of u,

u=e"y.
The equation satisfied by v is
4.18) Lv+Av=0.
Take the scalar product of the equation by v; the differentiated terms can be

wrilten as

1 1 1
vov,=§(v-v),, voAv,=§(v-Av),—§v-A,v.

Integrate over O and perform integration by parts; we get the following identity:

// v-(Lv+Av)dxd:

(4.24) =3 /[v v —v- Y AjvE;ldS

PiUPy
1
+//[§Zv~,4j,jv—v»Bv+Av-v]dxdt.
(4

Since u is assumed to be zero on Py, so is v, and therefore the surface integral
over P, on the right side of (4.24) is zero. Since P, is weakly spacelike the inte-
grand in the remaining surface integral over P, is nonnegative, and if A is chosen
large enough, so is the integrand in the integral over O. This shows that the right
side of (4.24) is positive unless v is zero in O. This proves the theorem. O

We show now how to use Theorem 4.5 to find, or at least put bounds on, the
domain of influence of points.
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max
C (2

max
C (w)

FIGURE 4.1

THEOREM 4.6 Let z = (y,s) be any point, CT*(z) the characteristic conoid
corresponding 10 Omay issuing from z in the direction t > s. We claim that all
points t > s influenced by z lie inside or on CT*(2).

PROOF: We have to show that no point w = (x, r), r > s, outside C7*(z) is
influenced by z. For this we need the following:

LEMMA 4.7 If w lies outside the forward characteristic conoid C}*(z) through
2, then 2 lies outside the backward characteristic conoid C™ (w) through w.

PROOF: If x’ is sufficiently far away from y, z lies outside C™**(x’, r). Since
the exterior of C™*(z) is connected, if for some (x, s) in the exterior of C7**(z) the
conoid C™*(x, r) contained in z, there would be a point w”(x", r) outside CT**(z)
for which z would lie on C™*(w"”). C™**(w") consists of rays issuing from w”;
this ray would then coincide with one of the rays issuing from z. But then w”
would lie on C§**(z), a contradiction. 0O

To prove Theorem 4.6 we note that the characteristic conoids C™*(w) are
weakly spacelike. To see this we use equation (4.10): T = omax(x, , £). From this
it follows that t/ — 3" &; A; is nonnegative. Consider now the lens-shaped domain
bounded by C™*(w) and that portion P, of the hyperplane ¢ = s that is contained
inside C™*(w). It follows from Theorem 4.5 that if a solution u of equation (4.18)
is zero on P, then it is zero in O , and in particular u(w) = 0. Since z lies outside
of P, it follows that w is not influenced by z. 0
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A similar theory can be developed for equations of the form
Hu, - Gu=0,

where G is given by (4.19), and H is a positive symmetric matrix function of x and
1.

4.4. Energy Inequalities for Solutions
of Second-Order Hyperbolic Equations

In this section we shall derive energy inequalities for solutions of second-order
hyperbolic equations

4.25) U, — Ea;ju,,.,i + biuy, +cu =0,

a,, positive definite. Let u be a solution of this equation that has compact support
in x. Multiply by u, and integrate over the slab x € RtO<t<T. Integrating the
second term by parts with respect to x; gives

(4.26) // [u,u,, + Za;,-u,,,u,, + ajj juuy; + biuuy; + cu,u]dx dt=0.
Here a;, , abbreviates %a; j- The first term can be written as a perfect ¢-derivative:
1 2
-2.(“' ), .

Since a;; = ajj, the second term can be written as

1 1
z 'z‘(aij“xg“xj)r = Gijlhxly; -

Substituting these expressions into (4.26) and carrying out the integrations with
respect to ¢ gives the following identity:

T
(4.27) / q(u)dxlo + / Q)dx dt =0
where

1 1
(4.28) q(u) = -2-14,2 + 3 Za,-ju,iu,j

and Q is a quadratic form in the first derivatives of u and u itself.

As shown at the end of Chapter 2, the hyperbolicity of (4.25) is equivalent
to the positive definiteness of the quadratic form (4.28). So using the Schwarz
inequality we can estimate Q in terms of g:

4.29) Q < const(q + u?).

Integrating (4.29) with respect to x gives

(4.30) [de 5const(fqu+/u2dx).

Since u is of compact support in x, by a well-known inequality

/uzdx 5const/u§dx,
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the constant depending on the size of the support of u. Substituting this into (4.30)
gives

4.31) /desM/qu,

M some constant.
Let us denote by E(t) the quantity

4.32) E@) = fq(u)dx .
Using (4.31) we can turn (4.27) into the inequality
T
(4.33) E(T) < E(0)+ M/ E(t)dr.
()

It is well-known and easy to show that a function which satisfies the integral in-
equality (4.33) for all T is bounded by
(4.34) E(T) <eMTE(0).

Denote by the symbol |u||; the Sobolev norm

(4.35) llul)? = f uf+ ) Wl dx.

Since the quadratic form q is positive definite,

(4.36) const [|lu(t)|I? < E(t) < const |lu(r)||?.
Combining (4.34) and (4.36) yields the following:

THEOREM 4.8 Every solution of hyperbolic equation (4.25) that has compact sup-
port in x satisfies the inequality

4.37) lu®ly < ey,

where e(t) is an exponential function of t.

Theorem 4.8 implies a global uniqueness theorem. Just as in Section 3.2, we
may in the proof above replace the slab by any lens-shaped domain whose faces are
spacelike and obtain a local uniqueness theorem. Thus we can derive the analogues
of Theorem 4.6.

4.5. Energy Inequalities for Higher-Order Hyperbolic Equations

In this section we shall present Leray’s beautiful derivation of energy inequal-
ities for solutions of strictly hyperbolic equations of order n, n arbitrary. Let the
equation be

(4.38) Lu=0.

The derivation will parallel that for the second-order case: we shall multiply (4.38)
by Mu, M an operator of order n — 1, integrate over the slab0 < r < T, integrate
by parts, and pull out boundary integrals that are positive definite.

First we need the following generalization of Green’s theorem:
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MA 4.9 Let L and M be a pair of partial differential operators with smooth

vatiable coefficients of order n and n — 1, respectively, and let O be any smoothly

bo

(4.

ho

ded domain, 90O its boundary. Then an identity of the form

R9) /f MulLudV = fq(u)dS+// Qu)dVv
[ o

a0
s for every smooth function u, where q(u) is a quadratic form in the partial

detivatives of u of order n — 1 depending linearly on the components of the normal

to
les

Int
to

8 O, and Q a quadratic form in the partial derivatives of u of order n — | and
.

PROOF: A typical term in [ MuLu is of the form
f/aD| o D,,-]MD,, v Dz,,_‘u .

grate by parts, transferring alternately the n differentiations on the right factor
e left factor and the n — 1 differentiations from the left factor to the right factor.

We get

wh|

gr.

re g and Q are as before. The minus sign occurs because the number of inte-
ion by parts, 2n — 1 in all, is odd. This gives the desired formula (4.39). O

REMARK. For n greater than two and for more than two independent variables,

} ([ uta=~ [[ Lt [+ [ 2.

thejquadratic forms ¢ and Q are not uniquely determined by M and L; their form
depends on the order in which the integration by parts is carried out. Nevertheless

the{values of the integrals
(4.40) / q(u)dS and / / Q(u)dxdt
a0 [

are jniquely determined by M and L.

for

It will be convenient in what follows to deal with complex-valued solutions;
these the analogue of Green’s identity (4.39) is easily derivable from (4.38)

applied to the real and imaginary parts of u separately. We get

wh
ie.

(4.39h) Re / MuLudVv = f an()dS + f On(u)dV
a0

Tl’e gn and Qj, are the Hermitian forms induced by the quadratic forms g and Q,
foru=v+iw,
qn(u) = q(v) +q(w), etc.

Frofn now on we shall omit the subscripts h.

ake the domain O to be the slab 0 < ¢ < T, and suppose that u is a solution

with compact support of Lu = 0. Then (4.39h) gives
T
@4 / q(u)dxlo + f Qu)dxdt =0.
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The coefficients of L, M, and g vary smoothly with x and ¢. Fix any point in
the slab and denote by Ly, My, and g the operators formed with constant coeffi-
cients localized at that point. We take Ly and M) to contain only terms of order
n and n — 1, respectively. The coefficients of g are bilinear functions of the coef-
ficients of the highest-order terms in L and M. Therefore for Ly and M, we can
derive Green’s identity
(4.42) Re / MouLoudV = f qo(u)dxlz .
provided that we perform the integration by parts in the same order as we did for
Land M.

We are going to evaluate the left side of (4.42) by Fourier transformation in the
x-variable. By Parseval’s relation

f MouLoudx = / MouLou dt ,
where the symbol ~ denotes Fourier transformation. Assume that u is smooth
and has compact support in x; then
Mou = Mo(i§, D)ii, Lou = Loi§, Dy)i
Abbreviating u by w we get

(4.43) / / MouLou dx dt = f Mo(i&, D)wLo(i&, D,)wd§ dt .

By assumption, L is strictly hyperbolic, which means that L, is; so Lo can be
factored as

Lo(§, 1) = II(t — 0;(§))
and distinct o; real for & real. So

Lo(i§, D) = TI(D, — io;(£)) .

We shall keep & fixed at some real value and not write it out. Express M, by
Lagrange interpolation at the roots o; of Lo. The interpolating polynomials are

Ly =[] —iop:;

J#k
write
(4.44) My = Za"L" .
The coefficients ay are easily evaluated:
@ = Mo(ox) '
Ly(ox)

The quantities Li(0x) = ﬂj#(aj — oy) alternate in sign as k goes from 1 to n.
This proves the following:

LEMMA 4.10 Suppose that the coefficient of t"~" in Mo(t) is positive; then all the
quantities a;, in (4.44) are positive if and only if the roots of Mo(t) separate those
of Lo(t).
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From the definition of L; it follows that
(4.45) Lo= (D, —ioy)L; .
Using (4.44) and (4.45) we get the identity

MowLow = (Z akLkw) Low = ZakLkw(Dr —iog)Lyw.

Take the real part of both sides; since a; and o} are real, we get
R — 1
Re MowLow =Re Y _aLiwD,Lyw = 3 > aDi|Lewl?.

Integrate over the slab; using (4.43) we get the identity

—_— 1 2217
(4.46) Re/f MouLou dx dt = Efza,u.,uu dg| .

Compare (4.42) and (4.46); the left sides are identical and the right sides of both
consist of the difference of two quantities which only depend on the values of u
and its derivatives at ¢t = T and 0, respectively. From this it follows that

1
(4.47) f qo(u)dx = 3 f zauL,dee.

Suppose now that we can find M so that for every real & the roots My(&, 1)
separate those of Lg(&, t); then according to Lemma 4.10 the quantities a; are
positive. Since the interpolating polynomials L; form a base for all polynomials of
degree n — 1, for every real £ the integrand on the right in (4.47) is positive definite:

1 n—1
5 2 alLewl® 2 Y el Dfwl?,
0

where ¢, are positive. It is easy to show that ¢, is homogeneous of degree 2(n —
£ — 1) in &; so there exists a positive constant ¢ independent of £ so that

1
5 2 allawl’ 2 ¢ 3 €| Dw]?.

Integrate this with respect to &; for the left side we have the identity (4.47); the
right side can be evaluated by Parseval’s formula in terms of the square integrals of
the derivatives of u, the Fourier inverse of w. The resulting inequality is

(4.48) /qo(u)dx > c[ z |D*uPdx = cllullf._, .

laj=n-1

where D* denotes any partial differentiation with respect to x and ¢ of order |a|,
and the quantity ||u||,—, the (n — 1) Sobolev norm of u, is defined by (4.48).

Inequality (4.48) shows that for operators with constant coefficients the bound-
ary integrals in Green's formula are indeed positive provided that the roots of M,
separate those of Ly. Next we show that for operators with variable coefficients
they are nearly positive. We need two lemmas of which the first is merely an ap-
plication of the Schwarz inequality:
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LEMMA 4.11
(4.49) / q(u)dx < const ||u]|?_, .
where the value of the constant depends only on the magnitude of the coefficients
of q.
The next lemma is due to Girding:

LEMMA 4.12 Let L and M be a pair of hyperbolic operators with variable coeffi-
cients such that for every x, t in the slab and every real €, the roots in t of My(§, T)
separate those of Lo(&, t). Then there exist two positive constants ¢ and C such
that

(4.48") /q(u)dx > c||u||,2,_, - CIIuII(Z).

where q is the quadratic form associated by Lemma 4.9 with L and M and where

lull? = / )2 dx

PROOF: We take first the case that the support of u is small; denote by g the
localization of g at some point 2 in the support of u. Write

q9=qo0+q:.
By Lemma4.11

4.50) f qwydx < elul?-, .

where € is an upper bound for the coefficients of g, in the support of u. The
coefficients of g, are small in the neighborhood of the point zo; since we have
assumed that u vanishes outside this neighborhood, it follows that € in (4.50) is
small. Combining (4.48) and (4.50) we get

fq =/qo+fq: > cllullz_, —ellull?_,,

which is inequality (4.48') with ¢ — € in place of cand C = 0.
The general case can be reduced to this by a partition of unity. We need the
following well-known lemma from calculus:

LEMMA 4.13 For every smooth function u with compact support there exists a
constant a, depending only on the size of the support of u and on n, such that

4.51) ID/ull < allulla—y forljl<n-—1.
Also, given any positive €, no matter how small, there exists a constant b such that

(4.52) ID/ull < ellulla-y + bllullo for|jl<n—1.
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Let {p;} be a set of smooth functions with small support such that

(4.53) Y pm=1.
Detine
(4.54) uj = pju;

since ¢ is quadratic,
(4.55) q(u;) = q(pju) = plqu) +r;(q),

where r; is linear in derivatives of u of order n — 1, and quadratic in derivatives of
order less than n — 1. Summing (4.55) and using (4.53), we get

Zq(“j) =q)+r@),

where r(u) = Y_rj(u). Integrating over x gives

4.56) /q(u) = Z/q(u;)+fr(u)-

Equation (4.54) shows that each u; has small support and therefore by our previous
derivation (4.48’) holds with C = 0:

(457 [ awn = etz

Estimating [ r(u) by the Schwarz inequality and using (4.52) of Lemma 4.13 gives
/ r(u)
K some constant. Putting (4.57) and (4.58) into (4.56) gives
(459) [ awax = e Tl - elui, - Kiut.
Analogously to (4.56) we have

i = Ll + [ r'w.

Estimating the second term on the right as in (4.58) and combining the resulting
inequality with (4.59) gives

(4.58)

2 2
< €llully_y + Kllullg,

f qQuydx > cllull2_, — 2ellullz_, — (K + K')ul.

which, for € small enough, is the desired inequality (4.48’). This completes the
proof of Lemma 4.12. O

Next we show how Lemma 4.12 can be used to derive energy inequalities:
Using inequality (4.51) we get for functions « with compact support

(4.60) | / [ Q)

T
< const / Nu(r)2_, dr.
0




52 4. HYPERBOLIC EQUATIONS WITH VARIABLE COEFFICIENTS

Denote
/q(u)dx = E().

Let u be a solution of Lu = 0 with compact support in x. Green’s formula (4.41)
can be written as

E(T)=E(0) —/ Q).
Using inequality (4.48") for E(T'), (4.49) for E(0), and (4.60) for Q(u), we get

T
(4.61)  Jlu(T)||1>_, < const [lu(0)||>_, + const / lu@)IZ_, dt + Cllu(T)HII3 .
0

On the other hand, by differentiation and application of the Schwarz inequality and
(4.51), we get

d

27 IONG = ) + Gy, w) = 2lullo llws ]| < const flull;_, -

Integrate from zeroto T':

T
(4.62) lu(T) I3 < lu(0)||3 + const f lull2_, dt .
0

Multiply (4.62) by C and add it to (4.61); using the abbreviation
(4.63) F(0) = lu@Ig + lu@®lz_; .
the resulting inequality can be written as

T
F(T) < const F(0) +constf F(t)dt .
0

As is well-known, this implies that F satisfies the inequality
(4.64) F(T) < c(T)F(0),

¢(T) an exponential function of T.
The last piece of information is contained in the following:

LEMMA 4.14 Given a hyperbolic operator L with variable coefficients, there exist
hyperbolic operators M of one order lower such that My separates the roots of Ly
Jor every real & and for every x, t.

PROOF: Set 5
M(Z! s' t) = _L(Z! &v t) .
a7
0O

REMARK. Differentiating L in any hyperbolic direction produces an M with
the desired property. For two space variables, see Appendix B.

Combining Lemma 4.14 with Lemma 4.12 gives the following:

THEOREM 4.15 Let L be a strictly hyperbolic operator with variable coefficients,
and u a solution of Lu = 0 with compact support in x. Then energy inequality
(4.64) is satisfied, where F is defined by (4.63).
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An immediate corollary is that solutions are uniquely determined by their ini-
tial data. This is only a global uniqueness theorem, since we have to assume a priori
that » has compact support in x. It is no longer clear how to modify the argument
in order to obtain a truly local energy estimate and uniqueness theorem since the
use of the Fourier transformation needs all of space. In Chapter 6 we shall show
how global energy estimates lead to a global existence theorem from which local
uniqueness follows by a classical argument of Holmgren.
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CHAPTER 5

Pseudodifferential Operators and Energy Inequalities

This chapter contains a simple and direct derivation due to Calderén of energy
inegualities for solutions of any strictly hyperbolic equation. The main tool used
is a ring of operators R that constitutes a natural extension of partial differential
operators with variable coefficients.

Let G be a matrix partial differential operator of order m in the space variables
with smoothly variable coefficients; its characteristic matrix g(x, &) = ¢(G) is
obtained by discarding all terms of order lower than m and replacing D by &.
Clearly g is a homogeneous function of degree m.

Those properties of partial differential operators that we want to retain for the
ring R can be expressed in terms of the relation of G to g:

(i) If G|, G, are both of degree m, then
(G + G2) =c(Gy) +¢(G2), ¢(G1G2) = ¢c(G)e(Gr).

(ii) ¢(G*) = (—1)"c*(G), where G* denotes the adjoint of G with respect to
the L; scalar product, ¢* the matrix adjoint.
(ii1) The order of DG — GD is < order of G.
(iv) The order of GH < order of G + order of H.

We turn now to constructing the operators of class R.
Let X denote the class of n x n matrix-valued functions k(x, &) defined for all
real x and &, except £ = 0, that have the following properties:

(a) k is homogeneous of degree zero in &,
(b) k is independent of x for |x| > R, and
(c) k is infinitely differentiable in x, & for & # 0.

XK forms a star algebra under pointwise addition and multiplication, and con-
jugation defined as taking the adjoint of k at each point. We shall associate to
each k of X an operator K denoted as s(k) mapping the space of square-integrable
vector-valued functions u with n components into itself, as follows:

(1) If k is independent of &, K is multiplication of u(x) by k(x).
(2) If k is independent of x, K is multiplication of the Fourier transform of u

by k(§):
K = F'k(@)F.
(3) Ifk(x, &) = Y a;(x)k;(£), then we put K = Y A;K;, Aj and K being
defined as in (1) and (2).

It is not hard to show that every function of class X can be expanded in a series of
the above form, and that the corresponding operator series defining K converges.
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EXERCISE Show that the definition of K is independent of the expansion used.

Each operator X is associated with a function k in J, called the symbol of K.
We define the operator A as follows:
A =F§|F.
Clearly
A =FgPF=-A.

We define the ring R to consist of all operators of the form KA™, K = s(k), k in

JC. Partial differential operators can be expressed in terms of A and operators in
R:

LEMMA 5.1 Let G be a matrix partial differential operator homogeneous of or-
der m, g its characteristic matrix, and define

_ 8(x,§)
gn(x,§) = e
Then
G =i"GyA™

where G, is that operator whose symbol is gy,.

DEFINITION 5.2 C is the class of all operators C mapping L, into L, that are
compact, and for which AC and CA are bounded.

The basic theorem is the following:

THEOREM 5.3 The mapping s : k — K of X into a ring of bounded operators
defined above is a star isomorphism modC, i.e.,
(i) stky + k2) = s(k1) + s(k2), s(kikz) = s(ky)s(k2) + C, C € C.
(ii) s(k*) =sk)*+C, C € C.
(iii) For every K in X, KA — AK is bounded.
(iv) If K belongs to X and C to C, then K C also belongs to C.

COROLLARY 5.4 s(Ik;) = Ms(k;) + C,C in C.

For proof, see Héormander or M. Taylor. Calder6n has shown how to use op-
erators of class R to derive energy estimates for solutions of strictly hyperbolic
equations. Although the method is applicable in general, for simplicity we shall
restrict the discussion to first-order systems, i.e., to systems of the form

(5.1) uy=Gu=Y_ A;D;+Bu,
A;, B matrices depending on x and ¢; denote (x, t) = z.

DEFINITION 5.5 Equation (5.1) is strictly hyperbolic if and only if a(§,2) =
Y & A;(2) has real and distinct eigenvalues for all real values of z and &, £ # 0.

In Section 3.2 we proved the following simple theorem:
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THEOREM 5.6 Let G be an operator in Hilbert space such that G+G” is bounded,
then solutions of

(5.2) u, =Gu
sarisfv the energy inequality

(5.3) lu(T)|| < e(T)llu ),
e some function of T.

An operator G satisfying the above condition is called almost antisymmetric
and so is equation (5.2).

In Section 3.2 we took the scalar product of the Hilbert space to be the L, scalar
product

(u,v) = /m')dx.

For this scalar product, equation (5.1) is almost antisymmetric if and only if the
coefficients A; are symmetric. Thus, in order to be able to use Theorem 5.6 to
derive energy inequalities for nonsymmetric first-order equations, we may have to
alter the scalar product. Instead of changing the scalar product we shall change the
function u:

(5.4) Ku=v.
This is equivalent to changing the scalar product. The equation satisfied by v is
(5.5) vw=KGK'v-K,K™'v.

The task is to choose the operator K so that the equation satisfied by v is almost
antisymmetric with respect to the L, scalar product. To construct a suitable X
we need two lemmas. Denote by a the homogenized characteristic matrix of the
operator G:

&
€1

LEMMA 5.7 If (5.1) is strictly hyperbolic, there exists a real, symmetric invertible
matrix function k(x, t, &) of class X, depending smoothly on t, such that

(5.7 kak™' =5
is real and symmetric, where a is the symbol defined in (5.6).

(5.6) a(z.§) = Y =-A;().

Proof of this lemma will be given at the end of this section.

The operator K whose symbol is k constructed above will serve to symmetrize
equation (5.1). Note that since k depends differentiably on ¢, K, is a bounded
operator.

LEMMA 5.8 Denote by K and K, the operators whose symbols are k and k~'.
Then K G K is almost antisymmetric with respect to the L, scalar product.
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PROOF: According to Lemma 5.1
G =iAA,

where A is the operator associated with a(z, §) defined in (5.6). Then since, ac-
cording to Theorem 5.3(iii), the commutator of K; and A is bounded,

(5.8) KGK, =iKAAK, =iKAK,A + bounded operator.

Denote by S the operator whose symbol is s, defined in (5.7). According to the
Corollary 5.4 to Theorem 5.3, it follows from (5.7) that

KAK,=S+C, CinC.
It follows from the above and (5.8) that

5.9 KGK; = SA + bounded operator.
Since by Lemma 5.7, s* = s, it follows from Theorem 5.3(ii) that
(5.10) $*=8+C, CinC.

Taking the adjoint of both sides of (5.9) we get, using the fact that A* = —A,
(5.10), and Theorem 5.3(iii), that

(KGK))* = —AS* +bd.op. = —AS + bd. op.
= —SA +bd. op. = —KGK, + bd. op.
This completes the proof of Lemma 5.8. O

THEOREM 5.9 Let (5.1) be strictly hyperbolic, and u a solution of it in the slab
0 < x < T with compact support in x. Then u satisfies an energy inequality

lu(D)|l < e(T)|u(0)]l,
the norm being the L, norm.

PROOF: It follows from Theorem 5.3(i) that

S.11) K\K=I1I+C, CinC.
Suppose now that X is invertible; multiplying (5.11) by K~ from the right we get
Ki=K'+CK,

so by Theorem 5.3(iv), K, differs from K ~! by an operator in C. From this it
follows that

KGK™' = KGK, +bd. op.,
since according to Lemma 5.8 the operator on the right is almost antisymmetric, so
is the operator on the left. Since K, is bounded, this shows that equation (5.5) sat-
isfied by v = Ku is almost antisymmetric. According to Theorem 5.6 we conclude
that v satisfies an energy inequality; does u. if X is invertible, so does u.

If K is not invertible, we claim that we can add an operator in € to K and make
it invertible. To see this we note that since according to Lemma 5.7 k is real and
symmetric, it follows from Theorem 5.3(ii) that X differs from the symmetric op-
erators (K + K*)/2 by an operator in C. Clearly, if we replace K by its symmetric
part, Lemma 5.8 and (5.11) remain valid. We claim that for the symmetric K the
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origin is an isolated point of the spectrum of finite multiplicity. For otherwise there
would be an orthonormal sequence of elements u; such that

[|Kujl| = O.
Bv (5.11)
(l +C)u,- = K|Ku,~ y
S0
(512) lu; + Cujll > 0.

The sequence u;, being orthonormal, tends to zero weakly. Since C is a compact
operator. it maps this into a sequence converging to zero strongly. By (5.12) it
follows that [lu;|| — 0, a contradiction.

Once we know that zero is an isolated point of the spectrum of K, we can add
to K a degenerate operator M (finite-dimensional range) which belongs to C such
that K + M is invertible. This completes the proof of Theorem 5.9. a

There remains to prove Lemma 5.7. Multiply (5.7) by k from both sides; we
get

(5.13) k*a = ksk .

Since k and s are supposed to be symmetric, so is the right side of (5.13); since k
is invertible. k> = p is positive definite. Thus (5.13) can be written as

(5.14) pa=r,
p positive definite, r symmetric. Conversely, if we can solve (5.14), then k = p'/2
solves (5.7).

To solve (5.14) we make use of the basic assumption that (5.1) is strictly hy-
perbolic. i.e., that at each point the eigenvalues of a are real and distinct. From
this it follows that a can be made diagonal, i.e., that there exists a real nonsingular
matrix m such that

mam~' =d, d diagonal.
Multiplying this by m* on the left and m on the right, we get
m*ma = m*dm,

which is (5.14) with p = m*m, r = m*dm.
In this way we can solve (5.14) by smooth functions p and r in the neighbor-
hood of every point of R¥ x $*~!. Let

2g=1

be a partition of unity by smooth nonnegative scalar functions g; with small sup-
port. We can find smooth solutions of

(5.14j) pia=r;j

in an open set containing the support of each g;. Multiplying (5.14j) by g; and
summing gives a solution of (5.14) in the large with

P=) 4ipi. =3 4.
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As a last step we observe that if p is smooth, sois k = ,/p provided we take the
positive square root. In order for k to belong to the class X it has to be independent
of x for |x| large enough. This will be the case if a(x, &) is independent of x for |x|
large; this can always be accomplished by altering the differential operator outside
the support of the function u for which we are deriving the energy inequality (5.3).

NOTES.

e An alternative way to proceed is to take conclusion (5.7) of Lemma 5.7 as
the definition of hyperbolicity of (5.1); in this way we can admit operators
with multiple characteristics.

o Petrowsky has used Fourier series to symmetrize hyperbolic equations of"
degree n. His technique was extremely unwieldy.
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CHAPTER 6

Existence of Solutions

In this chapter we shall use energy inequalities to show that the initial value
problem for hyperbolic equations has a solution. For the sake of simplicity we
shall deal with the simplest case, symmetric first-order systems introduced in Sec-
tion 4.3:

(6.1) L=D,-) AD,+B,
where A; and B are C* matrix functions of x = (x;, ..., x;) and t, and the A; are
symmetric.

THEOREM 6.1 (Main Existence Theorem) Let s be a C* vector function the slab
B xinRk —T <t < T, f a C*® function of x; then the initial value problem

6.2) Lu=s, u,x)=f(x),
has a C* solution in the slab.

This result will be obtained as a corollary of the following, more precise exis-
tence theorem. Let n be a whole number, and define by H, the Sobolev space of
vector functions v(x, t) defined in the above slab B with finite Sobolev norm of
order n, where

(6.3) liz= | Y |D*vI*dxadr.

g laizn

We denote by H!® the corresponding Sobolev space of vector functions of the
space variables alone.

THEOREM 6.2 Let s be a vector function of class H, in the slab, and f a vector
function of class H'9. Then the initial value problem (6.2) has a solution u of class
H, in the slab.

Clearly, by letting n tend to oo in Theorem 6.2, we obtain Theorem 6.1.

6.1. Equivalence of the Initial Value Problem and the Periodic Problem

As a first step we alter the coefficients A;, B, and the data s and f for |x| and
|| large so that they become periodic functions of x and ¢. Since solutions of a
hyperbolic equation depend locally on the data and coefficients, altering them far
away will not alter the solution locally.

The periodic problem for the hyperbolic operator L is to find for s in H, a
solution w in H, of Lw = s that is periodic in x and . We show now that the
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periodic problem and the initial value problem are equivalent. Suppose we can
solve the initial value problem; denote S(¢) the operator that maps the initial values
of solutions of Lu = 0 into their value at ¢:

S(t) : u(0) > u(t).

According to Theorem 4.3 the operators S(¢) are bounded in the ||ulo norm. We
claim that they are also bounded in the ||u||, norms. This can be seen by differen-
tiating the equation Lu = 0 with respect to x; the derivatives of u, D%u, |a| < n,
satisfy a symmetric hyperbolic system of differential equations, whose solutions
can be estimated as in Section 4.3.

The change of variables u = eP'v, p a positive number, results in a system
of equations for v whose zero-order term has the coefficient B + pI, and whose
solution operator S(T') has, for p large enough, || - ||, norm less than 1. We assume
that L has this form.

To solve the periodic problem Lu = s, u(0) = u(T), we first solve the initial
value problem Lv = s, v(0) = 0. Let w denote the solution of the initial value
problem Lw = 0, w(0) = f, f yetto be chosen. We set u = v + w; clearly Lu =
Lv+w)=Lv+Lw=s,u0) =v0)+w@) = f,andu(T) = v(T)+ S(T)f.
So the periodicity condition is

f=uT+SDf.

Since the norm of S is < 1, this has a unique solution f.
Next we show how the solutions of the initial value problem can be obtained
from solutions of the periodic problem.

LEMMA 6.3 Given any f in H®, there exists a g in the domain of S(T') such that
g8—S(Meg=f.
PROOF: We construct an auxiliary function v in H, with these properties,
v(0) =0, v(T)=f, LvinH,,

as follows: We determine the first n + 1 derivatives of v with respecttotratt =T
so that Lv and its first n t-derivatives are zeroatt = T. From Lv = v, — Gv =0,
we get v,(T) = Gf. From D} Lv = D/*' = D! Gv = 0, we determine recursively
(D,j+'v)(T), Jj < n. Then we set

T '
v(x, t)_h(t)[f+Z(D’ )(T)( ) ]

where h(t) is a C* function such that
2
h(t) = 1 for3T<t<lT
0 forO0<t < 3T.
Clearly, v and Lv belong to H,.

Next we define w as the periodic solution of Lw = Lv. Their difference
satisfies L(w — v) = 0. Denote by g the valueof wat? =0andt = T;thenw —v
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=0isg,andatr =T is g — f. Therefore
) ST)eg=¢g—-f.
a

Next we show that the domain of S(T') is dense in H,f°’; for if not, there would
1 nonzero f in H® orthogonal to the domain of S(T). Taking the norm of both

sides of (6.4) and using the orthogonality of f and g we get, denoting || - | as | - ||,

IF12 + gh? = 11Sgll>.

Sirjce the norm of S is < 1, the right side is < ||g||2; this implies that | g|| = 0, and

SO

C

ini

| f]| = 0, a contradiction.
Since the operator S(T') is bounded and densely defined, it follows that its
sure is defined on the whole space H? and is the solution operator for Lu = 0.

ERCISE Use the solution of the periodic problem to solve the inhomogeneous
:al value problem (6.2).
6.2. Negative Norms

All functions in this section and the next are periodic in x and ¢. For any vector

furjction a we define the —n norm as follows:

DHFINITION 6.4 For any vector function a in Hy we define

(w, a)o
6.5) lall-n = sup ——.
lall-n = 5P ",

In ords, |la|-, is the norm of £(w) = (w, a)o regarded as a linear functional on
H,} where (-, -)o is the Hy scalar product.
DHFINITION 6.5 H_, is the completion of Hj in the || - |-, norm.

REMARK. H_, can be identified as a subspace of the space of periodic distri-
buﬁions.

The scalar product (w, b)o can be defined by closure for every w in H, and

evary b in H_,,. It follows from (6.5) that
6.6) (w, b)o < llwllallbll-n -

It fpllows that for fixed w in H,, (w, b)o is a bounded linear functional on H_,.

Dcfine the n-Laplacian operator A, as
A, = Z (-1 p>

lal<n

Fog any C* periodic function u integration by parts gives

6

) (Antt,u)o=Y_ (D"u, D"u)o = |lul?.

laj<n
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LEMMA 6.6 Given any periodic distribution b in H_,, there is a unique periodic
Sunction ¢ in H, such that

6.8) A,c=b,
6.9) llclla = 15l -

PROOF: First take b in Hy and solve equation (6.8) by, say, Fourier series.
Taking the Hy scalar product of equation (6.8) with ¢ gives, using (6.7) and (6.6),

llell? = (Anc, €)o = (¢, b)o < llcln 161l —m

from which ||c|l, < ||b]l-» follows. Next take the Hy scalar product of equation
(6.8) with any w in H, and integrate by parts:

(w, b)o = (w, Anc)o = Y (D*w, D*c)o

lal<n
< Y ID*wlo ID%cllo < llwlln liclla ,

where in the last two steps we have used the Schwarz inequalities. This shows
that ||c|l, is an upper bound of the linear functional £(w) = (w, b)o in the H,
norm. According to (6.5), the exact upper bound of £(w) is ||b]|-,. Therefore
[Ibll—n < liclla; since we have already derived the opposite inequality, (6.9) follows.

So far we have assumed that b lies in Hp; any b in H_, can be approximated
by a sequence of functions in Hp, and ¢ obtained as a limit in the H, norm. a

THEOREM 6.7 Every bounded linear functional £ on H_, can be expressed as
£(b) = (w, b)o, w in H,.

PROOF: Inequality (6.6) can be stated in the following words: for any w in
H, the linear functional £(b) = (w, b)¢ is bounded, and its norm is < ||w|,. We
shall show now that its norm equals ||w|,. We take first the case when w lies in
H,,; we define b as A,w. By (6.7)

€(b) = (w,b) = (w, Ayw) = [|w]?
By (6.8) and (6.9), [|b]|_» = llw]|,. So the identity above implies
£b) = |wllnllbll-n;

this shows that the norm of £ is > ||w||,. Combined with our previous upper bound
we conclude that the norm of € is ||w||,. For w merely in H,, we reach the same
conclusion by approximating w.

It follows that the space of linear functionals of form £(b) = (w, b), is a closed
linear subspace of the dual of H_,. If it were not all of the dual, there would be
a nonzero b in H_, such that (w, b)g = O for all w in H,. Since H_, is the
completion of Hy, for any £ > O there is an a in Hp such that ||b — a||_, < &. By
(6.5) there is a w in H,, ||w]|, = 1, such that

(6.10) (w,a)o 2 llall-n — €.
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Usirg (6.6), (6.10), and ||b — a||-, < €, we get
(w,b)o = (w,a)o+ (w,b—a) = llall-n —& — b —all-x

k< "b"—n - 3e.
If wi- choose & < ||b||-,/3, it follows that (w, b)o > O, contrary to our assumption.
It fo lows that the assumption is wrong, as asserted in Theorem 6.7 O

6.3. Solution of the Periodic Problem

THEOREM 6.8 Let s be a periodic vector function in H,. The equation Lw = s
has « periodic solution w in H,.

PrOOF: Denote by L* the transpose of the operator L. L* is of the same
gen¢ral form as L; in particular, we can assume that its zero-order term has been
augriented by pl, p a positive number as large as we desire.

LENMA 6.9 L* is bounded from below in the sense that for all b in H_, .,
6.1) IL*bl|-n > const ||b]|_x
with some positive constant.

PROOF: Take first b to be C*. According to Lemma 6.6, b can be represented
as b = A,c, so that (6.9) holds. Denote L*b = a; then

(6.12) (a,c)o = (L*b,c)o = (L*Anc,C)o.-

Integrating by parts, using the fact that L* is of the form —ID,+Y_ A; Dj+ B+pl,
whee the A; are symmetric matrices, we obtain, see (4.22),

6.1:3) (L*Anc, c)o = Q(c, ¢) + p(Anc, ©)o,

where Q is a quadratic form of the derivatives of ¢ up to order n integrated over
the period parallelogram. Using (6.7) we deduce that the right side of (6.13) is
bout ded from below by const |[c[|2. The left side of (6.12) is, by (6.6), bounded
from above by ||c||nllal|-,- Combining the upper and lower bounds of (6.12) we
dedu ce that
llall-» > const|iclla.

Using (6.9) gives inequality (6.11).

since every b in H_,4 can be approximated by C* functions, we obtain
Lemma 6.9. 0O

‘nequality (6.11) shows that the mapping b — L*b = a is a one-to-one map-
ping of H_p4), boundedly, into H_,. Given s in H,, we define on the range of L*
the | near functional £(a) as

(6.1-) €(a) = (s, b)o,

and :xtend it boundedly to all a in H_,. According to Theorem 6.7, £ can be
represented as £(a) = (w, a)o, w € Hp; setting this in (6.14) shows that for all b
inH -n+1

(s, b)o = (w, @)o = (w, L*b)o.
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The right side can be rewritten to give
(s, b)o = (Lw, by,
valid for all b in H_,,,; it follows that s = Lw, as claimed in Theorem 6.8. O

NOTES.

o In this proof we did not use the fact that the coefficient of D, is the iden-
tity, only that it is a symmetric matrix. So Theorem 6.8 is not really about
hyperbolic equations, but about symmetric positive operators; their theory
is due to Friedrichs.

e The theory of distribution uses the duality of C* and the space of distri-
butions; here we have used the duality of H, and H_,.

This streamlined existence proof is from the author’s 1955 paper. Other proofs
based on a priori L? inequalities can be found in Friedrich’s paper. A much earlier
proof based on a priori estimates was given by Schauder in 1937.

Earlier existence theorems relied on some form of approximation to the Rie-
mann function; see Chapter 7. In particular, Hadamard dealt with the fact that
the Riemann function is a distribution by introducing the ingenious concept of the
finite part of a seemingly divergent integral.

6.4. A Local Uniqueness Theorem

In this section we use a method of Holmgren to deduce a uniqueness theorem
from the existence theorem derived in the previous sections.

We use the notion of a lens-shaped domain O introduced in Section 4.3,
bounded by two spacelike hypersurfaces P, and P,. We start with a spacelike
hypersurface t = f(x). x € R¥, where the function f(x)is > 0 on a compact
subset P; of R¥, and < 0 on the rest of R¥; P; is that portion of the hypersurface
that lies above Py; O is the domain contained between P, and P, as in the figure
below:

/p.

THEOREM 6.10 Denote by u a solution in O of Lu = 0 that equals 0 in Py; then
u=0o0nP,.
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PROOF: Denote by L* the adjoint of L = D, — )" A;jD, + B. By Green’s
theorem, for any differentiable function v,

//(Lu)vdx dt =[ uL®vdxdt

0 0

+f(n,l - anAj)wvdS—/u -vdx,
P Py
where n, and n; are the components of the normal to P;.
By assumption Lu = 0 in O and u = 0 on Py; if we choose v to satisfy
L*v =0, (6.15) becomes

(6.16) /(n,l—anAj)u-vdS=0.
P

6.15)

Choose the initial values of v on the spacelike surface to be equal to
(n, ] - Z njA;)u on P,, and extend it to the rest of the surface to satisfy the pe-
riodicity condition imposed in Section 6.1. For this choice we deduce from (6.16)
that (n, I — Y _njA;)u = 0 on P,. Since P, is spacelike, the matrix n,/ — Y_n;A;
is invertible; therefore u = 0 on P,, as claimed. O

NOTE. Theorem 6.10 can be used to give estimates on the domain of depen-
dence and influence of points. In particular, we can derive the analogue of Theo-
rem 4.6 for first-order hyperbolic systems that are not necessarily symmetric.
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CHAPTER 7

Waves and Rays

Introduction

In Section 7.1 we shall show that the initial value problem for distribution
initial data has a unique distribution solution. In Section 7.2 we show how to
approximate smooth solutions by so-called progressive waves. In Section 7.3 we
show that progressive waves make sense for solutions with distribution initial data,
and in Section 7.4 we apply these notions to study the propagation of singularities.

The rest of this introduction is a brief review of the relevant portions of the
theory of distributions.

Square brackets, parentheses, and curly brackets denote the L? scalar product
in the slab R* x (=T, T), R, and (=T, T), respectively,

[u,v] = f/ u(x, t)v(x, t)dx dt,
(u,v) = fu(x)ﬁ(x)dx,

{u,v} = fu(t)f)(t)dt.

We denote by D, Dy, and D, respectively, the space of C*™ functions with com-
pact support of x,t, of x, and of ¢, respectively, in the slab R* x (=T, T). We
denote by € the space of C™ functions of x, ¢ in the closed slab —T <t < T that
have bounded support.

The duals of these spaces are denoted by primes, and the associated bilinear
form by square, round, and curly brackets, respectively. We shall refer to elements
of D', D, and D; as distributions in the slab, space, and time, respectively.

Just as any uniformly continuous function defined in a slab can be regarded as
a continuous function of + whose values are continuous functions of x, so every
distribution defined in a slab can be regarded as a distribution in r whose values are
distributions in x. More precisely, we make the following definition:

DEFINITION 7.1 For any d in O’ and u in & m = (u,d) can be defined as a
distribution in D by setting {p, m} = [pu, d] for every p in D,.

EXERCISE Verify that as defined above, m is a distribution in D;.

LEMMA 7.2
(i) Letd be any distribution in D', and u any function in 8. Then
a.n Dy(u,d) = (Dyu,d) + (u, D,d) .

69
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(ii) Let G be any partial differential operator with respect to the x-variables
whose coefficients are C* functions, G* its adjoint. Then

(1.2) (Gu,d) = (u,G*d) .

EXERCISE Prove Lemma 7.2.

LEMMA 7.3 Let d be a distribution in D' that satisfies a partial differential equa-
tion of the form D,d — Gd = 0 in the slab R* x (=T, T), where G is a linear
partial differential operator with respect to x, with C*® coefficients. Then d is a

C® function of t in the sense that for every u in &, m = (u, d) is a C* function of
L.

PROOF: Since d is in D', for every R and S < T there is an integer N and a
constant such that

(.3) |lv,d]| < const |v|y

for every v in D whose support is contained in (x| < R, [t] < S. Here |v|y =
maxq <y | Dv|.

Take any p in D, whose support is contained in [—S, S]. We shall show that
form = (u,d),

(7.4) I{p, m}| < const|plo,

where the constant depends on S and on the function u. First we take the special
case when p satisfies the following N linear conditions:

(7.5) f:fpdt=o, j=0,1,...,N—1.

Then we may represent p as D g, g a C* function whose support lies in [—S, S].
We write

{p,m} = [pu,d] = [p,ud] = [D"q, ud) = (-1)"[q, D} (ud)]

N
= D—”"( ¢ )[q, (DY 'u)(D!d)].

Next we make use of the fact that d satisfies D,d = Gd; therefore D!d = G'd,
and we rewrite the right side of (7.6) as

¥y (IZ)[qD,N"u, G'd)=(-D") (IZ)[qG“D,”-‘u, d].

Now we apply inequality (7.3) with v = ¢gG*¢*D¥~‘u to obtain

I{p, m}| < const|q|wy
where the constant depends on |u|,y. Since D,Nq = p, |qln < const|p|o, this
proves inequality (7.4) for all p that satisfy (7.5). For p in general we construct a
function r in D, whose support lies in [— S, S] so that

(7.6)

/tj(p—r)dt =0, |r|ly <const|plo.

We then set p = D¥q + r and proceed as before.
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The same technique can be used to derive the estimate
(74 l{p, Dm}| < const |plo

for any positive integer i. From this inequality we conclude, using the Riesz repre-
sentation theorem, that D;m is a signed measure. Since this holds for all i, m is a
C™ function. ]

REMARK. The partial differential equation that d is required to satisfy in
Lemma 7.3 need not be hyperbolic.

7.1. The Initial Value Problem for Distributions
We shall study hyperbolic first-order operators of the form
(1.7 L=D,-G=D,-) A;D;-B,
whose coefficient matrices A; and B are C* functions of x and ¢.
THEOREM 7.4 The initial value problem
a8 L'd=-Dd—-G'd=0, d0)=¢,
has a unique distribution solution d for every prescribed initial value € in D,.

PROOF: The statement makes sense, since according to Lemma 7.3 every dis-
tribution d that satisfies a partial differential equation of form (7.8) is a C* function
of 1 with values in D;,.

Next we show the following:

LEMMA 7.5 Let d be a distribution solution of L*d = 0, and u a C* solution of
Lu = 0. Then (u, d) is independent of t.

PROOF: Differentiate (1, d) with respect to ¢; using relations (7.1) and (7.2)
as well as (7.7) and (7.8) we get

D,(u,d) = (Du,d) + (u, D,d) = (Gu,d) — (u,G*d) =0.
m]

We can use Lemma 7.5 to define the solution d(s) of equation (7.8) as follows:
For every f in D, we set

7.9 (f,d(s)) = w(0),0),

where u is the solution of Lu = 0 whose value at time s is f: u(s) = f. We
shall show that d(s) as defined by (7.9) is a distribution. Clearly, (7.9) is a linear
functional of f, since u(0) depends linearly on f. In addition, it is a continuous
functional of f, since #(0) depends continuously on f in all the H, norms, as
shown in Chapter 6. But then it follows by Sobolev’s inequality that 4(0) depends
continuously on f in the C" norm for functions f whose support is contained in
some fixed compact set S.

LEMMA 7.6 (f,d(s)) as defined by (7.9) is a Lipschitz continuous function of s.
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PROOF: Take any value r # s, and denote by v the solution of Lv = 0 whose
value at r is f: v(r) = f. Then by (7.9)

(f,d(r)) = (v(0),8).
SO
(7.10) (f,d(s)) — (f,d(r)) = (u(0) — v(0), £).
We have seen that the H,,; norm of a solution v can be estimated in terms of the
H,,, of its initial value att = r:
lvlla+r < constll fllnsr -

We write
v(s) —v(r) = _/q D,vdt,
SO we can estimate '
lv(s) = v(r)lia < Ir = slllvlln+1 < constr — ||| flla+1 -
Since v(r) = f, we deduce that
(7.1D lv(s) = flln < const|r — s|ll flln+1 -

The function v — u satisfies the equation L(v — u) = 0, so we can estimate its value
att = 0 in terms of its value of t = s:
lv(0) — u(0)||» < const||u(s) — u(s)|lx

(7.12) = const [|v(s) — flln < const|r — s||| fllns1,

where in the last step we have used the inequality (7.11).

The support of f lies in some compact set in R¥; therefore, since signals prop-
agate with finite speed, «(0) and v(0) are supported in compact sets. Since € is a
distribution in Dy, it follows that for g in D, supported in some compact set,

|(g. €)] < const|g|;

for some positive integer j. By Sobolev’s inequality |gl; < const||g|l, for n >
J + k/2; therefore

(7.13) 1(g. &) < const|Iglln .

We choose now g = u(0) — v(0); using (7.10), (7.12), and (7.13) we get
I(f.d(s)) = (f.d(r))| < const]|u(0) — v(0)|l, < const|r — sl fllas1-

This proves the Lipschitz continuity of (f, d(s)). a

It follows from Lemma 7.6 that d(s) as defined by (7.9) is a distribution in D’;
by (7.9), its value at s = 0 is £. We shall show now that d satisfies L*d = 0. We
rewrite equation (7.9) as

(u(s), d(s)) = (u(0),d(0)),

valid for all solutions of Lu = 0. Now we apply the converse of Lemma 7.5: if d is
adistribution in D such that (u(s), d(s)) is independent of s for all C* solutions of
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Lu = 0, then d satisfies L*d = 0. The proof is the same as the proof of Lemma 7.5
run backwards.
This completes the proof of the existence theorem, Theorem 7.4. O

EXERCISES
(1) Show that if {€;} is a sequence of distributions in £; that converge to the
distribution ¢, then the solutions d; of L*d; = 0 with initial value ¢; tend
to d, the solution of L*d = 0 with initial value £.
(2) Show that signals carried by distribution solutions of a hyperbolic equa-
tion propagate with finite speed.

NOTE. For a matrix -valued distribution M we define (4, M) as a distribution
in 1 whose values are row-vector-valued, the j component being (u, c;), where c;
is the j* column of M. We define L*M by letting L* act on each column vector
of M.

DEFINITION 7.7 The Riemann function—more precisely, Riemann distribution—
for the hyperbolic operator L is the matrix distribution R(x, t; y, s) that satisfies in
the x, t-variables L*R = 0, and has prescribed data §(x — y)/ at time s, where /
is the identity matrix,

(7.14) R(x,s;y,8)=86(x —y)I.
THEOREM 7.8

(i) For any C* solution of Lu = 0, and for any t,
(7.15) u(y,s) = /u(x.t) -R(x,t;y,s)dx,

where the integration is taken in the sense of distributions, and u' denotes the
transpose of u.

(ii) Each row r; of R satisfies in the variables y, s the equation
L'r/=0.

PROOF:

(i) It follows from Lemma 7.5 that for each column c; of R, (u(t), c;(t)) is
independent of ¢. By (7.14), all components except the j™ of c;(s) are zero, and
the j™ is 8(x — y). So (u(t), ¢;(t)) = (u(s), ¢j(s)) = u;(y, s), the j* component
of u(y, s). This proves (7.15)

(ii) Formally, apply the operator L/, , to (7.15); the left side is zero. Since for
any fixed time ¢, u(x, t) can be prescribed arbitrarily, it follows that L;,. . annihilates
R. which is the same as L, ; annihilating the rows of R.

To make this formal argument rigorous, take any C* test function w’(y, s) of
compact support, multiply (7.15) by L™ w, and integrate with respect to y and s.
The left side is zero, and we argue as before. 0O

Of course, the usefulness of this explicit expression depends on what we know
about the Riemann function; its mere existence tells us nothing. The next two
sections will be devoted to this task.
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7.2. Progressing Waves

In Section 3.5 we showed that expressing the initial value in terms of its Radon
transform leads to an expression of the corresponding solution of a hyperbolic
differential equation with constant coefficients as an integral of plane waves, that
is, functions of the form A (x - w + o't, w)r, where o (w) is an eigenvalue of C(w) =
3" wjAj, r the corresponding eigenvector, and  a unit vector in R¥. When the
coefficients A; are functions of x and t, we replace plane waves by progressing
waves, which are sums of terms of the form

(7.16) h(p(x, ))v(x, 1),

where h is an arbitrary function, ¢ a scalar function, called the phase, satisfying
the eikonal equation described below in (7.18), and v a right eigenvector.
Set hv given by (7.16) into the equation L(hv) = 0, L defined by (7.7):

(7.17) L(hv) = K'[@,] — C(D@)lv + hLv,

where C(w) = C(w,x,1) = Y w;A;(x,1), Dy the x-gradient of ¢, and b’ =
D;h(s). We choose ¢ and v so that the first term on the right in (7.17) is zero. To
avoid the trivial case v = 0, ¢, is required to be an eigenvalue 0 = o (D, x, t) of
C(Dey, x,1):
(7.18) Dyp =o0(Dgy, x,1),
and v = ar, where r is the corresponding normalized eigenvector of C(Dg, x, t),
and a some scalar-valued function called the amplitude, which will be determined
in the next step.

It follows from (7.17) and (7.18) that the function hv satisfies the inhomoge-
neous equation

L(hv) =hLv.

We shall add to it a function of the form A, (p)v, chosen so that it approximates a
solution of L(h,v;) = —hLv. Analogously to (7.17),

L(hlvl) = h',((p,l - C(D(p)vl +h|LU| .
We choose h; as an antiderivative of h, h] = h, and v, so that
(7.19) (@1 — C(D@))vy = —Lv.

Since the matrix ¢, — C(Dy) is not invertible, equation (7.19) has a solution only
if the right side is orthogonal to the left null vector ¢ of ¢,/ — C(Dg), that is,
£Lv = 0. Since v is of form ar,

€Ly = {Lra, — ZEA,-raxj +allLr.

Normalizing the left eigenvector so that £r = 1 we can write the above equation as

(7.20) ia +ca=0,
dt
where
(7.21) i =D, —{¢AjrD;j and c={Lr.
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The initial value of a is available to be chosen appropriately.

The solution v; of (7.19) is determined only modulo a,r; the function a, will
be determined at the next step of approximation.

We construct recursively a sequence of correction terms, all of the form
h;tp)v,, where the functions h; satisfy h} = h;j_, and the v; satisfy

(7.19)) lo: — C(DY)lv; = —Lvj_;.
This determines v; modulo a multiple of the right eigenvector a;r; the compatibility
condition for solving (7.19;) gives an inhomogeneous differential equation for a;_,
analogous to (7.20).

The partial sum uy = Y_§ h;v; satisfies the equation
(7.22) Luy = hyLuy.

We recall from Section 4.2 how to solve the eikonal equation (7.18). Differen-
tiate (7.18) with respect to x;, denoting Dj;¢ by ¢; we get

D,yp; = O, + Z:O'% Dyy; .

This can be rewritten as
(7.23) ¢j =0y
where ° is differentiation with respect to ¢ along the curve
(7.23’) fj = —Gwi.

Note that (7.23)—(7.23’) constitute a Hamiltonian system. A solution of it is called
a bicharacteristic. The projection of a bicharacteristic into R* is called a charac-
teristic ray, or just a ray.

From the definition of o (w) as an eigenvalue of C(w) = }_ wj;Aj, it follows
that o is a homogeneous function of w of degree 1. Therefore Euler’s relation
holds:

o(w) = Z“"“’“’k'
Setting this into the eikonal equation (7.18) and setting w = D¢, we get
Dip =) oy,
Using the dot notation (7.23'), we can rewrite this as
¢=0.

In words: the phase ¢ is constant along rays.
We have now the solution of the initial value problem for the eikonal equation
in hand.

THEOREM 7.9 Let gy(x) be a C*® function in R* whose first derivatives are
bounded by M. The eikonal equation (7.18) has a unique C* solution ¢ in the
slab —T <t < T whose initial value is ¢y. The value of T depends on M.
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PROOF: Prescribing ¢g provides the initial data for ¢; required to solve the
Hamiltonian system (7.23)7.23"). For T not too large the rays cover the slab
R* x (=T, T) in a one-to-one fashion. Take ¢ to be constant along rays; this
defines ¢ in the slab as a solution of the eikonal equation with the prescribed initial
value. 0

NOTE. The solution is local in time; in general, singularities, called caustics,
develop after a finite time.

Equation (7.20) is a differential equation for the amplitude along a curve de-
fined by

(7.24) i = —LAr .

We show now that this curve is a ray, that is, the same as defined by (7.23'). To see
this, take the eigenvalue equation

C(w)r = (Zkak)r =or
and differentiate it with respect to wj:
Ajr + C(w)rwl =0ur + Ol -
Multiply on the left by the left eigenvector £:
LAjr + eC(w)ru,j =0, &r + aer,,,l .
Since £C(w) = 0¥, and ¢r = | by normalization, we deduce that
tAjr =0, .

Setting w = Dy, we see that the right sides of (7.24) and (7.23') are equal.

Finally, we show how to use progressing waves to solve approximately initial
value problems. We saw in Section 3.5 that all initial functions can be represented
as a superposition of functions of the form g(x - w), w a unit vector. Accordingly,
we choose the initial value of the phase ¢ to be x - w. We then decompose g(x - w)
according to the right eigenvectors r;(x, w) of C(w, x, 0):

glx-w) =) gr;.

where g; = ¢;g = Ze}"”g‘"”, ¢; the normalized left eigenvectors, and where
the superscript m denotes the m™ component. The first term of the progressing
wave, given by (7.16), is at t = O of the form h(x - w)ar. In our case we take
h(s) = g™ (s) and choose a(0) = e}”)(x, w) to be the initial value of a; then we
sum the waves over all j and m.

The second and subsequent terms of the progressing waves are formed as fol-
lows: We subtract from kv, traveling waves of the form k, 3_ b;r; and choose the
initial values of b; so that }_ b;r; equals the initial value of v;.

The last step, after taking the sum of all these progressing waves, is to integrate
this sum with respect to @ over the unit sphere. The result is an approximate
solution u of Lu = 0 with the prescribed initial values. We make this statement
more precise.
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THEOREM 7.10 Given initial data f in class CM and with compact support, we
can construct using progressing waves, an approximate solution u of class CX,
u(0) = f, for which Lu belongs to CX, K arbitrary, M sufficiently large.

We shall not present a direct proof of this proposition; rather we shall show
how to use progressive waves to construct an approximation to the Riemann func-
tion. To prepare the way, we present in the next section a discussion of compound
distributions and their integrals.

7.3. Integrals of Compound Distributions

We shall confine the discussion to the situation at hand, where the variables
x, 1 lie in a slab B, and the parameter w is a point of the unit sphere S.

DEFINITION 7.11 Let m be a distribution in a single variable, and ¢ a C* scalar-
valued function, defined in the slab B, whose gradient is nowhere zero. The com-
pound distribution m(yp) is defined as follows:

Let ¢ be a C*™ function with compact support in B. If the support of c is
small enough, it is possible to introduce coordinates w, ..., wi4; in an open set
containing the support of ¢, where w; = ¢. Then we set

(7.25) [c,m(p)] = / c(z(w)m(wy)J (w)dw, - - - dwgy

whete J (w) is the Jacobian determinant of the mapping w < z = (x, ). The dw,
integration is taken in the sense of distributions, all the others in the ordinary sense.
When the support of ¢ is not small, ¢ can be decomposed by using a sufficiently
fine partition of unity, as ¢ = Y_ c;, where each ¢; has small support. We then
define [c, m(p)] as Y_[c;, m(p)].
EXERCISES
(1) Show that the definition (7.25) is independent of the particular mapping
w — z employed.
(2) Show that the definition of [c, m(¢)] is independent of the partition of
unity employed to decompose c.
Compound distributions have the customary properties:

LEMMA 7.12

(i) The chain rule holds: Dm(p) = m'(¢)De.
(i1) If m is C* in a neighborhood of ¢(zo), then m(¢p) is C* in a neighbor-
hood of zp.
(iii) If the x-gradient of ¢(x, t) is nonzero, then for any u in Dy, (u, m(p)) is
a C® function of t.

EXERCISE Prove Lemma 7.12.

We turn now to distribution-valued functions £(w) defined on the unit sphere
S; that is, for each w in S, €(w) lies in D’(B). We call £(w) integrable over S if for
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each u in D(B) the integral
(7.26) / (u, {(w))dw
S

exists and is a continuous linear functional of u. For integrable functions £(w), the
integrated distribution

/ (w)dw =€
5
is defined by setting (u, ] equal to (7.26).

LEMMA 7.13

(i) Let £(w) be an integrable distribution-valued function, and L a partial dif-
Serential operator with C* coefficients. Then L{(w), too, is an integrable function,

and
L[de:/LEdw.

(ii) Ifw = &' is a C™ invertible map, then
fe(w)dw = f l(w)J (w)dw'.

EXERCISE Prove Lemma 7.13.

We shall apply these notions to the terms that arise in the approximate solutions
of initial value problems by progressing waves. These are of the form

(71.27) {= /a(z, w)m(¢(z, w))dw,

where a(z, w) and ¢(z, w) are vector and scalar C* functions of their arguments,
the z gradient of ¢ is nonzero, and m is a distribution of a single argument. It is not
hard to show that (7.27) is an integrable compound distribution in D’(B). Recall
that the singular support of a distribution is the smallest closed set outside of which
the distribution is C*.

THEOREM 7.14 Let zg be a point in B with the following property: the gradient of
@ with respect to w is nonzero at all points w for which ¢(zo, w) lies in the singular
support K of m. Then the distribution (7.27) is C™ in a neighborhood of z.

PROOF: Apply a sufficiently fine partition of unity to decompose a as the
sum Y _ a; on the unit sphere where the support of each a; lies in a small w set ;.
This decomposes the distribution (7.27) as the sum of distribution ¢;, each of form
(7.27). For each of these distributions there are two cases:

(i) ¢(z0, ) does not belong to K for any w in §;.
(ii) For some wj; in Sj, ¢(z0, w;) lies in K.

In case (i) ¢; is obviously a C* function. In case (ii) it follows from the assumption
about z¢ that we may for all points in a small neighborhood of z introduce new
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parameters £, ..., &k in S; so that ¢ = £,. We then express ¢; as an integral with
respect to the £-variables as

g = f b(z, £)J (2, ME)dE, - - iy

where b(z,¢) = a(z, w({,2)), and J is the Jacobian of the mapping { — w.
The integral with respect to ¢; is taken in the sense of distributions; the result is
a C™ function of z and the rest of the {. This proves that ¢; is a C* function
of - a

We conclude this section with the Radon transform representation of § in R¥,
k odd.

EXERCISES Take in the definition (3.48) of the Radon transform f = §.

(1) Show that 8 = &; here & on the left is the 8-function in R*, on the right
in R. Therefore by formula (3.50) for the inversion of the Radon trans-
form

(7.28) 5(x) =c/5"‘-”(x -w)dw,

where 8§~V denotes the (k — 1)* derivative of 8.
(2) Give a proper proof of formula (7.28).

7.4. An Approximate Riemann Function
and the Generalized Huygens Principle

We recall from Section 7.1 the Riemann function R for the hyperbolic operator
L as the matrix solution of the hyperbolic equation L*R = 0, whose value at time s
is 8(x — y)I, where § is the delta function in R* and 7 the n x n identity matrix.
Formula (7.28), and the theory of progressing waves developed in Section 7.2,
gives an approximation Ry to R that is a sum of terms of the following form:

(7.29) / a(x,t, w)h(p(x,t, w))dw,

where h is a derivative or integral of some order of é in R, and a is a C* matrix-
valued function of its arguments. The calculations in Section 7.2 show that L*Ry
belongs to CM, M arbitrary, provided that N is taken large enough, and the initial
value of Ry is 81.

The exact Riemann function R differs from Ry by a smooth function; this can
be seen as follows: denote by Ey the solution of the initial value problem

L*Ey =L*Ry, En(0)=0.

Clearly. R = R, — Ey satisfies L*R = 0, R(0) = &1, which characterizes it as the
Riemann function. The function Ey can be made as smooth as we wish by taking
N large enough. Note, furthermore, that R is zero for x, ¢ outside the domain of
influence of (y, s).

THEOREM 7.15 The Riemann function R(x, t; y, s) is a C* function of (x, t) and
(y. &) except when (x, t) and (y, s) are connected by a ray.
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PROOF: Since the correction term Ey can be made C* by taking N large
enough, it suffices to show that Ry is a C* function of (x, t) except on the raysf
connecting (x, t) and (y, s). We shall show that each term (7.29) contained in Ry
has this property. We appeal to Theorem 7.14, according to which such a term is
C® at all points (x, t) provided that the gradient of ¢ with respect to w is nonzero
at all points where ¢(x, 1, ) belongs to the singular set of the distribution h. Since
h is obtained from the § distribution by differentiation or integration, these are the
points where ¢(x, t, w) = 0.

To verify this condition, we calculate the partial derivatives of ¢ with respect
to w. Denote by g such a partial derivative, g = 9¢/dw;. Differentiate the eikonal
equation (7.18) with respect to w;; we get

D,g -0, D, g=0.

According to equation (7.23') this equation says that the derivative of g along a ray
is zero; therefore g is constant along this ray. At¢ = s the phase function was
taken to be (x — y) - w; therefore g = d¢/dw; = x; — y;. Suppose (x, t) does not
lie on any of the rays issuing from (y, s); origin; then at least one of the x; — y; is
nonzero, which shows that the w-gradient of ¢ is nonzero at x, f.

To conclude that the gradient of ¢ on |w| = 1 is nonzero, we observe that ¢ is a
homogeneous function of w of first degree. This shows that the derivative of ¢ with
respect to |w| equals ¢, which equals 0. Therefore the gradient of ¢ on |w| = 1 is
not equal to 0. ‘

According to Theorem 7.8, the transpose of R(x, t; y, s) is the Riemann func-
tion for L* in the variables y, s. It follows then from what we have just proven that
R is a C* function of (y, s) as well, provided that (y, s) is not connected to (x, t)
by aray. ([}

We come now to the main result of this chapter.

THEOREM 7.16 Let u be a distribution solution of the strictly hyperbolic equation
Lu = 0 with C* coefficients. Let (y, s) be a point with the property that the initial
value f(x) = u(x, 0) of u is C* in a neighborhood of all points x that lie on a ray
emanating from (y, s); then u is C* in a neighborhood of (y, s).

PROOF: Decompose the initial data as f = f) + f2, where f is zero in an
open set containing all points x that lie on a ray emanating from (x, fo). and f3
is C® everywhere. Then u = u; + uz, where u; is the solution of Lu; = 0,
ui(x,0) = f;,i = 1, 2. Clearly, u, is C* everywhere.

To show that u; is C* in a neighborhood of y, s, we approximate the distribu-
tion f) by a sequence of C*™ functions A, by setting

hm(x) = /f: (Nplm(x — y)m*dy, ‘
where p(y) is a C*® function of compact support, [ pdy = 1. Since fi = 0

in an open set containing all points x that lie on a ray issuing from (xo, o), the
same is true for all functions A, for m large enough. Denote by vy, the solution of
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Lv,, = 0, vy(x,0) = h,(x); clearly v, tends in the sense of distributions to u,.
We represent v,, in terms of the Riemann function as in (7.15):

(7.300 Um(y, s) = / R(x,0; y, s)hm(x)dx .

According to Theorem 7.15, R(x,0; y, s) is a C™ function of x away from
the intersection of rays emanating from (y, s) with the initial hyperplane. Since
/i, and all functions h,, are zero in an open set containing this exceptional set, in
formula (7.30) we can pass to the limit m — ooc:

(7.30) u(y,s) = f R(x,0) fi(x)dx .

We appeal once more to Theorem 7.15 on the differentiability of R with respect to
¥, s to conclude that u is C* for the set of (y, s) specified in Theorem 7.16. 0O

According to Theorem 3.16, in an odd number of space dimensions the value
at some point (x, t) of a solution of the wave equation doesn’t depend on the val-
ues of the initial data except at those points where the characteristic rays issuing
from (x,t) intersect the initial hyperplane. This property is called, after its dis-
coverer, the Huygens principle. Theorem 7.16 says that the smoothness at (y, s)
of solutions of any strictly hyperbolic equation with C™ coefficients depends on
the smoothness of the initial data only at those points where the characteristic rays
issuing from (y, s) intersect the initial hyperplane. Theorem 7.16 is called the
Huygens principle in a generalized sense.

Representation (7.28) of the & function holds only for an odd number k of
space dimensions; an extension to even k is not hard. More troublesome is that our
proof is local in time, for solutions of the eikonal equation are local in time. The
extension of Theorem 7.16 to large times is due to Donald Ludwig.

The last result of this section is about the propagation of discontinuities.

THEOREM 7.17 Let f be initial data that are C™ on either side of a C*® hyper-
surface K lying in the initial plane, and f and its partial derivatives have jump
discontinuities across K. Then the distribution solution of Lu = 0, u(x,0) = f,
is C™ except on the n characteristic hypersurfaces issuing from the discontinuity
K ; u and its partial derivatives have jump discontinuities across these character-
istic surfaces.

SKETCH OF PROOF: Describe the discontinuity K by an equation ¢(x) = 0,
@ a scalar function. Given any integer M, we can decompose f as f = f; +
f2, where f is a finite sum of the form a;(x)m(¢(x)), where a; is a C* vector
function, m is some integral of the §-function, and f; belongs to CM. We can,
using the technique of Section 7.2, construct progressive waves w; whose initial
value is f) and which consists of terms of the form

aj(x,t)m(pj(x,1)), j=1,...,n.

Here ¢;(x, t) is the solution of the j™ eikonal equation with initial value 9. We
have shown that g; is constant along rays; therefore ;(x, t) = O only on the rays
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issuing from those points x for which ¢(x) = 0, and this set is the hypersur-
face K along which the discontinuities of the initial data occur. The rays issuing
from K form the characteristic hypersurfaces issuing from K. It follows that w
is C* except on the characteristic surfaces issuing from K. Since w differs by
a C¥ function from the solution of Lu; = 0, u;(x,0) = f,(x), it follows that
u) is smooth away from the characteristic surfaces. The solution u; of Lu; = 0,
u2(0, x) = fa(x), is smooth everywhere, so Theorem 7.17 follows. a

REMARK 7.18. In Courant-Lax we have shown how to deduce the generalized
Huygens principle from Theorem 7.17, for which we gave a direct proof.

REMARK 7.19. Hormander has introduced the important notion of wave froﬁt
set, and has shown that it propagates along rays. This is a further generalization of
Theorems 7.16 and 7.17. |

REMARK 7.20. There is an important extension due to Melrose and Taylor of
the generalized Huygens principle to solutions of mixed initial and boundary value
problems; see the expository article by Taylor.
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CHAPTER 8
Finite Difference Approximation to Hyperbolic Equations

8.1. Consistency
Ve shall discuss first-order symmetric hyperbolic systems

(8.1) Dyu = ZAiju,

wher: u = u(x, t) is a vector variable, and the A; are real symmetric matrices that
depghd smoothly on x but not on t. D; denotes partial differentiation with respect
to ;. j= 1,...,k.

Froblems in physics and engineering often call for numerical approximations
of sdlutions whose initial values are given. The most powerful and most general
metlads for constructing the needed approximation is to discretize the variables x
and !. replace derivatives by difference quotients, and solve the resulting equations
in a { nite number of variables. We seek to approximate the values of the function u
only: 1t points of a lattice in x, t space. Denote by h a multi-index (h,, ..., k), and
dend e by n an integer. Denote the spatial and time scales by & and ¢, respectively,
and ( enote by u}} an approximation to the value of u at the point x = h3 and time
t=1re.

+ difference equation connects the values of u}, at various points of the lattice.
Herd we shall discuss the simplest schemes, explicit two-level ones; these express
uj*! in terms of the values of u? at the previous time level. For simplicity we first
treat: the case when there is only one space variable. Then equation (8.1) takes the
form

(8.2) Du = AD;u;

h is ¢ scalar index, and the difference scheme is of the form

(8.3) upt! = Z Cjup,; -

Here C; are matrices that are functions of x = h§; the integer j ranges over a set
of a finite number of indices.

Yo relate the difference equation (8.3) to the differential equation (8.2), and
the matrices C; to the matrix A, we express uj*' and u}, ; in terms of u and its

derivatives at x = hé, t = ne, using Taylor’s formula:

(8.4) uit! = u? + Dyue + O(€?),
(8.5) uh,; =up+ jD.us + 0(8?).

83
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Setting these into the difference equation (8.3) gives
(8.6) ujy + Due + O(e?) = Y _ Cjup + Y _ jC;Doud + 0(8%).

According to equation (8.2), D,u = AD,u. Setting this into (8.6) and writing
€ = A4, we deduce the following two consistency conditions for the coefficients
C; of the difference scheme:

8.7) Yci=1. ) ici=xA.
If these are satisfied, it follows from (8.6) that
Ut — uhs, (n + 1e)| < O(e? +6%).

We shall keep the ratio A of € to & constant so that we can write the above estimate
as

(8.8) |uf*' — u(hs, (n + 1)e)| < 0(8?).

We now consider the simplest case: only C_; and C) are different from zero.
Then the two consistency conditions (8.7) yield a unique value for the two coeffi-
cients:

8.9) C_, = %(I —1AA), C = %(l + AA).

The resulting difference scheme is called the Lax-Friedrichs scheme:
(8.10) Wyt = C_yuf_y + Cuuf, -

Note the following important distinction between the differential equation (8.3)
and the approximation (8.10): whereas the initial value problem for (8.3) can be
solved equally well for ¢ positive or ¢ negative, (8.10) is set up to solve the initial
value problem only in the positive time direction.

8.2. Domain of Dependence

The value of u] is determined by the values of u 1 and u}}; these in tumn
are determined by the values of u~2, u}~2, and u}.3 . Contmumg |n this fashion
backward in time, we find that u? is determined by the initial values uj)_,, u)_,.,,

.., uY, .. We can express this result as follows:

The domain of dependence of uj, on the initial data consists of all lattice points
in the interval [(h — n)é, (h + n)8).

In Section 4.1 we showed that the domain of dependence of u(x,?), ¢t > 0,
on the initial data lies in the interval cut out of the initial line by the leftmost
and rightmost characteristic curves. These characteristic curves propagate with
speed —0nin and —0Omax, the smallest and largest eigenvalues of the matrix A. When
A does not depend on x and ¢, these characteristic curves are straight lines, and the
interval they cut out of the initial line is [x + omyint, X + Omaxt].

Setting x = hd, t = ne, the domain of dependence of x, ¢ for the difference
scheme consists of integer multiples of § on the interval [(h — n)é, (h + n)8] =
[x —t/A, x + t/A]; here we have used né = ned/e = t/A, since A was defined as
€/é.
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In their seminal paper Courant, Friedrichs, and Lewy observed that if the
scheme is to converge to the solution of the differential equation, then the domain
of dependence of the difference scheme must include all points of the domain of
dependence of the differential equation. That means that

8.1 A—I 2 Omax» -’A—I = Omin,

the celebrated CFL condition.

8.3. Stability and Convergence

1t turns out that the CFL condition is not only necessary but also sufficient for
convergence of the LF scheme. The most important step in proving convergence
is to prove the stability of the scheme. Stability means that the L2 norm of the
solution of the difference scheme at the n'" step, |lu"||> = 8§ 3", [u}|?, is bounded
by « constant multiple of the L2 norm of the initial data ||u®|2 = § ¥, |u?|?; the
constant is typically an exponential function of ¢ = ne.

To derive such an estimate we note that the CFL condition (8.11) implies that
the matrices C—y and C, in (8.9) are nonnegative. The stability of the LF scheme
(8.10) follows from the following general theorem due to Friedrichs:

THEOREM 8.1 (Stability Theorem) Consider a difference scheme of the form

(8.12) u:“"' = Z Cju:+j , j ranging over a finite set,
Jj
where the coefficients C; are symmetric matrix functions that satisfy

(8.13a) Ci > 0,
(8.13b) chi =1,
(8.13¢) C; is a Lipschitz continuous function of x = hé.

Then the scheme is stable in the sense that
814 lulls < €200,
where |u"||2 = 8 Y |u}|%, and M is the Lipschitz constant.

PROOF: Take a vector w, to be specified later, and take the scalar product of
(8.12) with w; we get

8.15) u:“-w:ZCju:H-w.
J

Since Cj is a nonnegative symmetric matrix, by the Schwarz inequality

Cjiu-w<,/Ciu-u,/Ciw-w,;

applying the arithmetic-geometric mean inequality on the right, we get

C,u-ws%Cju-u-l-%Cjw-w.
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Take u = uj, ; and use the above inequality to estimate the right side of (8.15); we
get

1 1
®.16) W w3 Y Gl uh 45 Y Cw v
J

Since Zj C; = I, the second sum on the right adds up to %w - w. Now choose
n+1,

w = u,"; multiplying (8.16) by 2 gives
2 n n
| < Zcf“h+j Uy
J
Sum this over all 4 and multiply by §; we get
lur*'2 <6 ZCJ“Z-H Upy e
h.j
Introduce h + j = k as the index of summation in place of h; we get
(8.17) lu™'N2 < 8 Ciup - uf,
jk
where C; = C;(h8) = C;((k — j)8). Sum first with respect to j; > C;(ké) = I,
and since C; are Lipschitz continuous and j ranges over a finite set,
Y Ciks - j&) =1+ OM)S.
J

Setting this into (8.17) gives
8.18) ™12 < (1 + OM)8)|u" |12

Using (8.18) repeatedly we obtain

lulls < (1 + O8Nl < e |u)); .

This proves the stability of the scheme. ]

Obviously, Theorem 8.1 holds in any number of space variables.

We now show how to combine the error estimate (8.8) and the stability estimate
(8.14) to prove convergence of the scheme as § tends to zero.

Denote by S(e) = S the operator that relates the initial data of solutions of
(8.2) to their values at time €. Since we have assumed that the matrix A does not
depend on 1, the operator that relates the initial values of solutions to their value

att = ne is S". Denote by C; the operator that relates the «"*! to u" by equation

(8.12). Estimate (8.14) can be expressed so: the L? norm of the operator C} is
< O3,

Denote by P the operation of discretization that maps a continuous function
u(x) into its values at the lattice points hd:

P :u(x) = {uhd)}.

We convert the error estimate (8.8) into a norm estimate:
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LEN MA 8.2 Consider a difference scheme of form (8.12) whose coefficients C;
satiyfv the consistency condition (8.7) with the differential equation (8.2). Denote
by g any twice-differentiable function of x of compact support; then

(8.1) |PSg — CsPglls < 0(8%).

PROOF: In inequality (8.8) set u(x, ne) = g. Square (8.8), sum over h, and
multiply by é. Since g is of compact support, the number of terms in the sum is
0(5 1), taking the square root yields (8.19). a

ere is the basic approximation theorem:

THEOREM 8.3 Consider a hyperbolic differential equation of form (8.2) and a dif-
ferer-ce scheme of form (8.12) that is consistent with the equation in the sense of
(8.7 . and that is stable in the sense of (8.14). Then for any sufficiently differen-
tiabie initial value f of compact support, the difference between the solution of the
diffeential equation and the approximation furnished by the scheme (8.12) is

(8.20) |PSY f — CY Pf|; < OB)e? ™.
PROOF: We start with the identity
N-1
(82 ) PSVf—CYPf =) Cl(PS—CsP)S¥i*'f.
Jj=0

When f is sufficiently smooth, S¥~/+! f is twice differentiable; so inequality
(8.1V) gives

(8.2) |(PS —CsPYSN=i* f|| < O(8?).
Sinc: the scheme is assumed to be stable,
(8.2%) Il <Gl < (1 + O(M)s) < M,

Sinc: (8.2) is hyperbolic, || S¥|| < e2*¢). We can use (8.22) and (8.23) to estimate
the r ght side of (8.21):

N-1
PSYf—CYPf| <) 2™ 0@5)*:
é
0

since N = t/e = t/)8, this is < e?M” O(8). This proves (8.20). a
INOTES.
(1) Lemma 8.2 and Theorem 8.3 hold equally for functions of k space vari-
ables, except that then we need k+ 1 consistency conditions of form (8.7).
The proof is the same.

(2) The requirement that the coefficients A and C; be independent of ¢ is
inessential. The statement of Theorem 8.3 becomes

|PT1s5f - T1CesPs], < 0®:

the proof is the same.
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(3) We have shown in Theorem 8.1 that schemes with nonnegative coeffi-
cients are stable. It follows that such schemes converge to solutions of
differential equations with which they are consistent. In particular, the
LF scheme converges.

8.4. Higher-Order Schemes and Their Stability

Error estimate (8.20) shows that if we need an accurate estimate of the solu-
tion, we have to choose § very small, which means that the evaluation of CY f
takes many steps. An intelligent way to reduce the number of steps needed is to
choose the coefficients C; of the difference scheme (8.3) so that u;"“ is a better ap-
proximation of the exact solution than (8.8). This can be achieved by using Taylor
polynomials of higher order in the place of (8.4) and (8.5) :

1
ult = u? + Dyue + ED,zue2 + 0(e),

2
Wl_; =ul + jDus + %Dfusz +0@%.
Setting into
upt! = ZCI“ZH
gives
1
u? + Dyue + ED,Zue2 +0@) =) Ciup Y jC;Dyus
(8.24) i
+5 ) j*C;Dlus* + 0(8%).

For simplicity, we first take the case when the coefficient matrix A in equation

(8.2) is independent of x as well as r. In this case differentiation of
Dyu = AD,u
gives
D.Dju = AD*u, D!u= AD,Du = A*Du.

Setting these relations into (8.24) and equating the coefficients of u, D,u, Dfu on
the two sides gives

(8.25) Yoci=1, Y jci=rA, Y j*Ci=24%,

where € = A§ as before. These three equations for the C; should be solvable if we
take all C; but C_,, Co, C), equal to zero. Indeed, the reader can easily verify that

1
826 C_ = §(A2A2 —2A), Co=1-)A%, C = %(A’A’ +AA),

is the unique solution of the equations. The resulting difference scheme is called
the Lax-Wendroff scheme:

(8.27) uit = C_yuf_, + Coull + Cruf),, .



8.4. HIGHER-ORDER SCHEMES AND THEIR STABILITY 89

The domain of dependence of this scheme is essentially the same as for the LF
scheme (8.9), (8.10). Therefore the CFL condition is again a necessary condition
for the convergence of the scheme

8.11)) A7 > 0max,  —A7' < Omins

where Omax and oy denote the largest and smallest eigenvalues of the symmetric
matrix A. But this time the CFL condition does not imply that the matrices C; are
nonnegative. In fact, it is easy to see that at least one of the matrices C_; or C,
has a negative eigenvalue, except in the trivial cases when the eigenvalues of A are
1 or —1 and the corresponding matrices C has eigenvalues of 1 or 0 and C_, has
eigenvalues of 0 or 1. I call these cases trivial because then equation (8.2) can be
solved explicitly.

One might surmise that if one doesn’t impose at the outset that only C_,,Co,C)
are different from zero, one could satisfy the consistency relations (8.25) by non-
negative matrices; alas, this hope is in vain.

THEOREM 8.4 The consistency relations (8.25) cannot be satisfied by nonnegative
matrices except in trivial cases.

PROOF: First we take the scalar case; for simplicity we take A = 1 and a
positive:

(8.28) ch= 1, Z:jcj =a, Z:jzcj =02,

¢; and a scalars. Suppose c; > 0; by the Schwarz inequality and (8.28),

a= chj - Z(jc}“)c}’z < (ijcj)lﬂ(zcj)ln —a

Equality holds only if the two vectors { jc;/ 2] and [c}/ 2} are proportional; that
means that exactly one c; is # 0, and therefore by (8.28) equal to 1. This is one of
the trivial cases.

We now turn to the matrix case. Denote by w one of the eigenvectors of norm 1
of the symmetric matrix A. Let (8.25) act on w and form the scalar product with
w. Denoting Cjw - w by ¢; and the corresponding eigenvalue of A by a, we obtain
equation (8.28). If all the C; were nonnegative matrices, the c; would be nonnega-
tive numbers, and so by the result above we are in one of the trivial cases. O

The positivity of the coefficients C; was an essential ingredient of the proof of
the stability theorem, Theorem 8.1. To prove the stability of the LW scheme (8.26),
(8.27) we need a new method. When A and thereby C_,, Cy, C, are independent
of x, we can use the Fourier transform. Define the Fourier transform of 4" of the
array {u}} by
(8.29) @"0) =) uhe™.
Detine the symbol of the difference scheme (8.12) to be

(8.30) CO) =) Cje”.



90 8. FINITE DIFFERENCE APPROXIMATION TO HYPERBOLIC EQUATIONS

Taking the Fourier transform of (8.12) we obtain
@t 6) = C(0)ia"©).
Using this relation repeatedly gives

(8.31) " @) = C()"i®).
We now recall Parseval’s relation, which says that
(832) lu)* = 8 / |a"(6)1*do ,

where d@ is d6/2x. Combining (8.31) and (8.32) gives

333 i =8 [ 1@,

which leads immediately to the following stability criterion, valid in any number
of space dimensions:

THEOREM 8.5 The difference scheme

(8.12) ut' =Y cup,,

with constant coefficients is stable if the norm of the powers of its symbol C(6)
defined by (8.30) are uniformly bounded :

(8.34) IC"0) = K

for some K, for all 0, and all n.

PROOF: The norm of u" is easily estimated from (8.33) when (8.34) is avail-
able:

lu" 1y < 8K* j 1a%@)1* do = K*|1u°llj .
In the last step we used Parseval’s relation (8.32). This inequality can be expressed

in terms of the operator C; linking u"*' to u": the norm of the n'® power of Cj is
< K for all n. ]

Here is a useful necessary and a sufficient condition for (8.34) to hold:

COROLLARY 8.6

(i) If C(0) satisfies (8.34), then the eigenvalues of C(0) are < 1 in absolute
value for all 6.

(i) If1C(8)| < 1 for all 8, then condition (8.34) holds with K = 1.
PROOF:
(i) The spectral radius of C (@) equals lim,_, o |C" (C)IRAN
(ii) This condition is obvious.
O
We now show how to use criterion (ii) to prove the stability of the LW scheme.

THEOREM 8.7 The LW scheme (8.26) and (8.27), with constant coefficients, is
stable provided that the CFL condition is satisfied.
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f PROOF: Abbreviate AA as A; then the CFL condition says that the eigenval-
uef of A lie between —1 and 1.
| Next we compute the symbol of the LW scheme:

: _ 1o e -0 PLIPY: i0
(8.535) C(O)—Z(A A)e ™ +1-A +2(A + A)e

= A%(cos6 — 1)+ I +iAsinf

ang
i

C*(6)C(#) = (A%(cos6 — 1) + I)® + A%sin?6
(836) = A*(cos8 — 1) + A*(2(cos6 — 1) +sin?) + I
' = (A* = AY(cosO — 1)2 + 1.

Sigce the eigenvalues of A are < 1 in absolute value, A* — A? is negative; this
pr(’ves that C*(0)C(0) < I.
Take any vector w; then

ICOW = (COW, COW) = (w, C*B)COIW) < (w, w) = |w|*;

in he last step we have used C*(9)C(6) < I. The above inequality asserts that

|C18)] < 1 for all §. By part (ii) of Corollary 8.6 it follows that the scheme is

sl*)le. O
- NOTES.

(1) Condition (i) of Corollary 8.6 on the spectrum of the symbol of a dif-
ference scheme is the discrete analogue of the condition of hyperbolicity
on the symbol of the differential operator (8.2). Both were derived by
Fourier analysis of the growth of solutions.

(2) We have proven the stability of the LW scheme in the L? norm. In Sec-
tion 4.1 we have shown that solutions of hyperbolic equations in one
space variable are stable in all the L? norms, 1 < p < oc. However,
it was shown by Brenner et al. that the LW scheme is not stable in any
L? norm except for p = 2. In contrast, the LF scheme is stable in all
L? norms.

(3) Condition (i) of Corollary 8.6 is necessary for stability of schemes in
any number of dimensions. It is called the von Neumann condition; von
Neumann formulated it in his study of the discretization of the equations
of fluid dynamics. He conjectured that the criterion guarantees stability
even for schemes for nonlinear equations. Similar stability conditions
were also formulated by Olga Ladyzhenskaya.

|| We now turn to the intriguing problem of showing that von Neumann'’s crite-
riop, mildly strengthened, implies the stability of difference schemes with variable
coéfficient.

l
THEOREM 8.8 Suppose that the matrix A(x) depends Lipschitz continuously on x.
Then the scheme (8.26), (8.27) is stable if the CFL condition is satisfied.
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PROOF: We have already computed the symbol C(6) of this scheme; formula
(8.36) gives
(8.37) C'(®)CO6) = I + (A* — AP)(cos6 — 1)°.

The CFL condition requires that the eigenvalues of A(x) lie between —1 and 1 for
all x.
We define D(6) = (cos8 — 1)I; then (8.37) can be rewritten as

(8.38) C*(6)C ) + (A — AYYD*0)D®B) =1 .
We define the matrix function K as
(8.39) K(p,6) = C*(p)C(6) + (A’ — AYD*(p)D(®) .

LEMMA 89 K (g, 6) has the following properties:

(i) The integral operator with kernel K (¢, 0) acting on vector-valued func-
tions is symmetric and positive,

(i) K6,0)=1,

(iii) K(0,6) = C(8) and,

(iv) K (@, 6) depends Lipschitz continuously on x.
PROOF:

(i) Denote by K the integral operator with kernel K (¢, 8). Using formula
(8.39) we get

®v.0) = [[ k.0 @8 U
- f [ C*@)COWU®) - U(p)do dy
(8.40) + / (A2 = AYD*(@)DO®) - U(p)d6 dy
- f cOU@as - [ cwude

+/BD(9)U(9)d0-/BD((p)U(¢)d¢.

Here B denotes a square root of A> — A%, and we have used the fact that B com-
mutes with D. Clearly (8.40) is positive or zero.

(ii) This follows from (8.38).
(iii) This follows from the fact that C(0) = I and D(0) = 0.

(iv) This follows from the fact that the ingredients of K (g, 8), powers of A,
are Lipschitz continuous.

0
Set in (8.40)
UB) =) ane™, Uw)=) ace'®;
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we get

[ kw00 v@iisde = Y Knian-ar.
where
(8.41) Kme = [ K(p,0)e ™~ dody.

Since K (g, 0) is a positive kernel, it follows that the block matrix X = (K¢p) is
positive. The Fourier coefficients of K (¢, ) are given by formula (8.41); therefore
K itself can be expressed as

(8.41) K@) =) Kne'™.

Property (ii) of Lemma 8.9, K (6, 6) = I, can be expressed using (8.41’) in terms
of the K,,, as follows:

(8.42) Y Ku=1I, Y Km=0 forr#0.
12

m—t=r

Property (iii) of Lemma 8.9, K(0,8) = C(0), can be expressed in terms of the
K .,, using formulas (8.41) and (8.30), as follows:

(8.43) Z Kmt=C-_n.
4

We are now ready to tackle the stability of the scheme (8.26), (8.27). For

simplicity denote uf as uy and u}*' as v,. Then we can write the scheme as

(8.44) vh =Y Cjlins;.
i

Let w denote a vector to be specified later, and take the scalar product of (8.44)
with w; since the C; are symmetric, we have

v;,-w=ZCjuh+j'w=Zuh+J-onw.
J J

Using relation (8.43) and switching j to —j, we get
Vpow = Zu;,_j -Kjow.
j.

Since the block matrix K, is positive, we can apply the Schwarz inequality on the

right:
(vn-w)? < (Zuh-j . szuh—c)(z w- K,-ew) .
J.£ jt

It follows from (8.42) that

E w-Kjjw=w-w;
jt
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so the above inequality says that
(vp - w)? < (Zuh-j . Kjtuh—t)w ‘w.
.

Now we choose w = v, and obtain

2
Jun* < Zuh-j - Kjeup_o .
J.l

Sum this over h and multiply by §; we get
ol <8 unj- Kjettnoe.
h.j.t
We now recall that the matrix K, depends Lipschitz continuously on x. Writing
x = hé and introducing h — j = k as a new index of summation, we get
(8.45) ol <8 ue - Kje(h8)urs j—e .
k.j.e

On the right side replace K¢ (h8) by K (k8); then using relations (8.42) we realize
that the right side of (8.45) thus modified is 8§ >_uy - ux = llul|. Since Kje(x)
is Lipschitz continuous and since j ranges over a finite set of integers (in fact,
—1,0, 1), the error committed by the replacement is O@)|lull>. So we deduce
from (8.45) that

(8.46) Ivl? < (1 + 0@)lul}
This proves the stability of (8.26), (8.27). a

The reader will no doubt observe that we have in hand the elements of a proof
of a much more general stability result.

THEOREM 8.10 The difference scheme

(8.3) vp = chuh-{v-j , lJI=N,
J
is stable provided that its symbol satisfies these conditions:

W XC =1,
(ii) C(x, 0) depends Lipschitz continuously on x,
(iii) C*(0)C(0) < I, with the inequality holding at all 8 except 6 = 0,
(iv) for 0 near0,
C*(®)C®B) < I — Q(x)6% + 0(8%*"),

where Q(x) is positive definite, and q a natural number.

NOTE. It follows from formula (8.36) that for the LW scheme g = 2 provided
that in the CFL condition (8.11) the strict inequality holds.
For the LF scheme (8.9), (8.10)

C@)=1Icosf@ +iAsinb,
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)

C*(0)C(8) = I cos’0 + A%sin?0 < I — (I — AY)sin®6.
This shows that for the LF scheme ¢ = 1 provided that the CFL condition holds
strictly.

PROOF: First we treat the scalar case. It follows from assumption (iii) of
Theorem 8.10 that I — C*(6)C(6) is a nonnegative trigonometric polynomial of
degree 2N. According to a classical theorem of Fejér and F. Riesz, a nonnegative
rigonometric polynomial of degree 2N can be represented as the absolute value
squared of a trigonometric polynomial D (@) of degree N. It follows therefore that

C*(6)C(©)+ D*(0)D®) =1.

It is not hard to show that if C(x, ) satisfies condition (iv) of Theorem 8.10 and
depends Lipschitz continuously on x, then so does D(x,8). This allows us to
define the kernel K (¢, 0) as

K(p.0) = C*(9)C(0) + D*(9)D(9);

then the proof proceeds as the proof of Theorem 8.8 via Lemma 8.9.

This last argument can be extended to the matrix-valued case thanks to Murray
Rosenblatt’s extension of the Fejér-Riesz theorem to matrix-valued trigonometric
polynomials. a

NOTE. One can avoid appealing to the Fejér-Riesz theorem by choosing D(0)
as the positive square root of I — C*(6)C(0). Defined this way, D(6) is not a
trigonometric polynomial, but its Fourier coefficients die down fast enough so that
crucial estimate (8.46) can be deduced from inequality (8.45).

We now return to the LW scheme.
When the coefficient A in equation (8.2), D,u = A D,u, depends on x, the LW
scheme (8.26) has to be modified slightly. Differentiating the equation gives

D,Du = AD*u + A,D,u,
D?u = AD,D,u = A*D?u + AA,D,u.

Setiing these relations into (8.24) and equating the coefficients of u, D,u, D?u on
the two sides gives

DG=1. Y iCi=A+8AA.. Y j’C;i=A.

Here we have chosen € = §, i.e., A = 1, for the sake of simplicity. These equations
are casily solved for C_;, Cyp, C;:

1
(847) Cy = -;—(AZ—A—sAAx). Co=1-4A%, C = 5(A2+A+8AA,).

This scheme is merely a perturbation of the scheme (8.26), (8.27); we shall now
show that its stability can be deduced from the former with the help of the follow-
ing:
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THEOREM 8.11 Let F be an operator in a Hilbert space whose powers are
bounded in norm: |F"|| < K. Let G be a bounded operator, |G|| < M. Then

I(F +8G)"| < K(1+ MK&)".
PROOF: By the noncommutative binomial theorem,
(F+8G)"=F"+8) FIGF"™/™'+....
The norm of the sums on the right is bounded by

K +nK*Ms + (;)szsz +...=K(Q1+MK8".

O
Denote by F the operator linking {u}} to {uZ*'} by formulae (8.26) and (8.27),
and denote by G the operator with coefficients C. = —AA,/2, Cp = 0, and

C; = AA,/2. The operator C; with coefficients given by formula (8.47) can then
be expressed as F + §G. According to Theorem 8.8, F is stable and therefore
|F"| < K forn < N. By Theorem 8.11, F + 4G is stable too.

Denote as before by S the operator that relates the initial data of solutions to
their values at t = €, and by P the discretization operator:

P :u(x) = {u(hd)}.

Denote the operator F + 8G as C;. In analogy with Lemma 8.2, we deduce from
(8.24) and (8.47) that for any three-times-differentiable function f of compact sup-

port

(8.48) IPSf = CsPfll < O@).
From this and the stability of Cs, we deduce, as in the proof of Theorem 8.3, that
(8.49) |PSY f - CYPf| < O™

This proves the convergence of the LW scheme in the L? norm. Note that since
the error in (8.48) is O(8?), the approximation error (8.49) is O(8), a significant
improvement over (8.20) in Theorem 8.3.

Gil Strang constructed different schemes of arbitrary high order of accuracy
that are stable under a suitable restriction on A.

8.5. The Gibbs Phenomenon

Let’s take another look at the LW scheme; for simplicity take A = 1, and the
scalar case:

1 1
vp = :,Z-(a2 —a)up_y + (1 —a®)up + 5(02 + a)upy

The CFL condition requires a to be less than | in absolute value. We choose
discontinuous initial data
0 forh<O

Up =
1 forh=>0.
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From the definition of v, above

0 forh < —1
1@’ +a) forh = —1
1+ 3@—a% forh=0
1 for h > 0.

Up =

It follows from this formula for v, that when a is negative, v_; undershoots the
initial data; for a positive an overshoot occurs at A = 0. Let’s take a to be positive;
the amount of overshoot is %(a — a?). The maximum of this quantity occurs at
a = 1, where it amounts to 3, about 12% of the magnitude of the jump in the
initial data.

The explanation of the overshoot is that the LW scheme is designed to give
a good approximation to the solution of the initial value problem at ¢+ = 0 for
three-times-differentiable initial data. When the scheme is applied to discontinuous
initial data, the features designed to give a good approximation for smooth data
produce instead gross distortions.

The same happens when a function is approximated by the partial sums of its
Fourier series. For smooth functions the partial sums give an excellent approx-
imation to the function. When applied to a discontinuous function, the features
that produce an excellent approximation lead instead to an over and undershoot of
about 8% of the size of the discontinuity, called the Gibbs phenomenon.

A clever strategy for avoiding a Gibbs phenomenon was devised by Ami Harten
and Gideon Zwass. They proposed monitoring the smoothness of the solution be-
ing computed, and at points where the solution appear to lack smoothness, switch-
ing from a high-order scheme to a low-order scheme. We shall illustrate how the
method works by using LW as the high-order scheme and LF as the low-order one.

The criterion that tests the smoothness of the computed solution « at & is the
ratio
(8.50) Bk

Uhs) — Up
When ry, is near 1, the solution is smooth at k; when r, differs appreciably from
1, then either u is not differentiable at h, or u, has a maximum or minimum at or
near h.

Using (8.50) we can express
r
up = m“h—l + l_+’_uh+l .
Setting this into the LW scheme
a*—a a*+a

vy = up—y + (1 — a®)uy, + Un+l s

2
we get

a’—a 1-a? at+a r(l-a?
Si = _— - .
(8.51) Up ( 3 +l+r )“h |+( > + 177 )uh+l
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For r positive the coefficient of u,_, in (8.51) is a decreasing function of r, while
the coefficient of uy4 is an increasing function of r. Therefore in the interval
% < r < 2, the minimum value of the coefficient of u,_, is (2 — 3a + a?)/6, while
the minimum of the coefficient of uy,, is (2+ 3a + a)/6. Both of these quantities
are positive in the interval —1 <a < 1.

We form a hybrid of the LW and LF schemes by setting
(8.52) C=sC%+(1-scCF.

Here s = s(r) is a swirch that turns off the LW scheme when r = r, differs
appreciably from 1, and turns on the LF scheme. The function s(r) is chosen to be
equalto latr =1andOforr < % and r > 2. In this range we have shown that the
LW scheme expresses vy as a linear combination of u,_, and uj, with positive
coefficients that add up to 1. The LF scheme also has this property, therefore so
does the hybrid scheme (8.52). It follows in particular that

min(up—1, Up, Up41) < vy < Max(up-1, Up, Ups1) -
We can express this property in the following words:

THEOREM 8.12 When the CFL condition is satisfied, the hybrid scheme (8.52) is
stable in the L™ norm |u|x, = max |up|, and does not exhibit the Gibbs phenom-
enon.

Hybrid schemes of the above type have been constructed for symmetric hyper-
bolic systems in any number of space dimensions by Xu-Dong Liu, and applied to
quasi-linear hyperbolic systems of conservation laws as well. Solutions of these
can develop spontaneous discontinuities—shocks, whereas discontinuities of solu-
tions of linear hyperbolic equations always originate in initial discontinuities.

Since hybrid schemes are nonlinear even when used to solve linear equations,
the simple proof given for Theorem 8.3, which shows that stability implies con-
vergence, cannot be used. Not much has been proven about the convergence of
hybrid schemes, but the evidence of numerical calculations shows that they work
very well indeed.

In the next section we outline another—linear—approach for the approxima-
tion of solutions of linear hyperbolic equations that contain discontinuities.

8.6. The Computation of Discontinuous Solutions
of Linear Hyperbolic Equations

The error estimate (8.49) shows that for smooth initial data the approximate
solution furnished by the LW scheme differs from the exact solution by O(82).
When the cruder LF scheme is used, the error, as estimated by (8.20), is only
O(8). A natural question arises: when the initial data are piecewise-smooth but
contain discontinuities, does it pay to use the more accurate LW scheme? In this
section we show that the answer is yes; Michael Mock and the author devised a
way of preventing the gross errors that arise at the discontinuity from polluting the
calculation in the smooth regions. The tool is preprocessing the initial data and
postprocessing the numerical answer.



8.6. SOLUTIONS OF LINEAR HYPERBOLIC EQUATIONS 9

We start with a quadrature formula going back to Newton:

THEOREM 8.13 Let s(x) be a C*™ scalar function with bounded support defined
on .. Given any positive integer q, there is a quadrature formula that is accurate
of order q, of the form

(8.53) / s(x)dx =38 Z wys(hd) + 0(89),
o 0

where the weights wy, depend on q, but wy, = | for h > q.
Here are the values of the weight for low values of g:

¢I|wo|w|IW2|WJ

A ERERE
319
AHEIEIR
4lslslzll

For a derivation see any old-fashioned text on numerical analysis.
The following is an immediate consequence:

COROLLARY 8.14 Let s be a piecewise C™ function on R with compact support
and a discontinuity at x = 0. Then for any positive integer q,

o <]
(853 / s(x)dx =8 w,s(hd) + 0(59),
-00

where wy, = 2wy, w), = Wy, and
5(0_) +s(04)
—

We shall study discontinuous solutions of first-order hyperbolic systems of
PDEs in one space variable, not necessarily symmetric:

(8.54) Diu = ADu+ B,

s(0) =

where A and B are C™ matrix-valued functions of x. Discontinuous solutions of
(8.54) satisfy the equation in the sense of distribution. An equivalent formulation is
this: Let v(x, r) be a C™ solution with compact support in x of the adjoint equation

(8.54%) D,v = D,A*v — B*v.
Then
def
@), v() f u(x, 1) - v(x, dx
is independem of ¢. Another way of expressing this is
(8.55) W(T), v(T)) = (u(0), v(0)) forall T.
Take any two-level forward difference scheme to approximate solutions of (8.54):

(8.56) u:“ = ZC]UZ.,_] , Cj=Cjh).
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Take any other function v;, defined on the lattice, form the scalar product of (8.56)

with vj*!, and sum over all h; we get

n+l o n+l _ VL. & 3 S, norel o iy,ntl.
Z“h " Vh _chule Un —Z“k Citk = pyZj;
h h.j k.j

in the last step we have introduced k = h + j as a new index to be summed over.
If the lattice function vy satisfies the adjoint relation

(8.56") v =Y Cik - jHv?],
then the above identity can be stated as follows:
(8.57) (un+l’ vn+|)5 = (ull’ v”)& ,

where the scalar product ( , )s is the L? scalar product over the lattice

(u,v)s = 5214;, cp.
It follows from (8.57) that for any N,
(8.555) @™, v™)s = @® %,
a discrete analogue of (8.55).
DEFINITION The scheme (8.56) approximates differential equation (8.54) with
accuracy of order q if for all C*™ solutions u(x, t) of (8.54) that have compact
support in x, the following holds: Define uj as u(h$, ne), u;',"" by formula (8.56),
and wi*! as u(hé, (n + 1)€); then
"wn+l _ ull-f-l"‘s < O(3q+l) .

REMARK. Formula (8.19) shows that the LF scheme is accurate of orderg =1,
and formula 8.47 shows that the LW scheme is accurate of order g = 2.
THEOREM 8.15

(1) If the scheme (8.56) approximates the differential equation (8.54) with ac-
curacy q, then the adjoint scheme (8.56*) approximates the adjoint of equation
(8.54) with the same accuracy q.

(ii) If scheme (8.56) is stable, so it its adjoint (8.56%).
EXERCISE Prove Theorem 8.15.

The proof offered for Theorem 8.3 also proves the following more general
result:

THEOREM 8.16 Suppose that the difference scheme (8.56) approximates the dif-
ferential equation (8.54) with accuracy of order q and is stable. Take any C*®
initial function f(x) of compact support; denote by u(x, t) the solution of equa-
tion (8.54) with initial value f(x), and denote by uj, the solution of the difference
scheme (8.56) with initial value ug = f(h8). Then for any time T with Ne =T,

| Pu(T) — u¥|l5 < O(89);
here Pu(T) = {u(hé$, T)).
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We now turn to initial data f that are piecewise C* with a discontinuity at
x = 0. The first step is to preprocess the initial data. Define u2 as follows:

(8.58) ul) = wy, f(h8),
where the w;, are defined in Corollary 8.14.

THEOREM 8.17 Impose the same assumptions on the difference scheme as in The-
orem 8.15, but take the initial data f to be piecewise C*® with a discontinuity at
x = 0. Denote by u(x,t) the distribution solution of equation (8.54) with initial
value f, and by uj the solution of the difference scheme with preprocessed ini-
tial data (8.58). Then for any time T = Ne and any C*® vector-function g(x) of
compact support,

(8.59) fu(x, T) -g(x)dx =8 Zu,':' -g(hd) + 0(89).
PROOF: Denote by v(x, t) the solution of the equation adjoint to (8.54) whose
value at T is g(x):
v(x,T) =g(x).

Now we use relation (8.55); noting that v(x, T) = g(x) and u(x,0) = f(x), we
get

(8.60) fu(x. T) - g(x)dx =/f(x) -v(x,0)dx .

Next we note that the adjoint difference scheme (8.56*) is a two-level backward
difference scheme; denote by v} that solution of (8.56*) whose value at N is g(ké):
v,f’ = g(ké).

According to Theorem 8.15, the difference scheme (8.56*) approximates the ad-
joint of (8.54) with accuracy of order g and is stable. Therefore by Theorem 8.16
applied backwards in time,

(8.61) lPv(0) — v°lls < O(&7),

where Pv(0) = {v(hé, 0)}.
We now use relation (8.555); noting that v,’:’ = g(hé) and, by (8.58),
u) = w;, f(h8), we get

(8.60%) 8) up -ghd) =8 wjf(hd) vj.
Next we show that the right side of (8.60*) differs by O (7) from
(8.62) 8w, f(hd) - v(h3,0).

We estimate the difference of the two by using the Schwarz inequality and estimate
(8.61):

8w, f(h8) - [vh — v(h8, 0)] < IIf'lls V" — Pu(O)lls = OY).
Here f’ denotes {wy, f (h4))}.
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We now apply (8.53') of Corollary 8.14 to s(x) = f(x) - v(x, 0) to conclude
that (8.62) differs by O(87) from

f f(x) - v(x,0)dx.

This show that the right side of (8.60*) differs from the right side of (8.60) by
0O(89). But then the left sides differ by the same amount; this proves estimate
(8.59) of Theorem 8.17. m]

Theorem 8.17 can be stated in the following words: the solution u} of the
difference equation with preprocessed initial data (8.58) differs in the weak sense
from the exact solution u(x, T) by O(89).

As the last step, we show how to use the weak error bound (8.59) to obtain
pointwise estimates of the solution u(x, T). We have shown in Chapter 7 that
discontinuities propagate along characteristics. Therefore we know the exact loca-
tions of the discontinuities of u(x, t). We now show how to use Theorem 8.17 to
reconstruct with good accuracy the values of u(y, T) at points not too close to the
discontinuitiesof w atr = T.

Denote by m(x) an auxiliary function with the following properties:

(i) m(x) is g + 1 times differentiable and is supported on [—1, 1].

(i)

(8.63) /m(x)dx:l. fxfm(x)dx=0. j=1....9-1.

The function m,(x) = m(x/€)/¢ has the corresponding properties:

(i) m¢(x) is supported on [—¢, €], and its derivative of order g + 1 is bounded
by O(£~972).
(ii") same as (ii).

Suppose that the interval [y — €, y + €] is free of discontinuities of u(x, T). A
good approximation to u(y, T) is furnished by the weighted mean

/u(x. T)my(x — y)dx .

Changing to x — y = z as variables of integration, and approximating u(x, T) by
its Taylor polynomial at y, we get

/u(x, T)my(x — y)dx

= /u(: + vy, T)my(2)dz
(8.64)

= /[u()‘) +z2Du(y) + -+ 227 DI7N(y) + 0(89)|my(2)dz

=u(y)+ 0(9);

in the last step we have used the identities (8.63) as they apply to m,.
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We now apply the conclusion of Theorem 8.17 (8.59) to g(x) = m,(x — y).
The coefficient of §7 in O(87) in (8.59) is bounded by max |D§+'g|; according to
(i'). for g = my, this quantity if bounded by O(£-9-2). So we conclude that

f u(x, Tyme(x — y)dx =8 ) upme(hd — y) + 0(™97287).
Combining this with (8.64) we conclude that
(8.65) uly, T)=38 Eu,“,’m,(h8 —y) + 0% + 0(™17289).
We choose £ so that the two error terms in (8.65) are equal:
e =099, so £=3u7
and (8.65) asserts that

u(y, T) =8 ulm(hs — y) + 0(6%7).

For g large the error term approximates 7/2.

Similar approximations can be obtained for derivatives of u(y, T).

When y is located at a point of discontinuity, we can estimate u(y + 0, T)
by choosing for m a g + 1 times differentiable function supported on [—1, 1] that
satisfies instead of (ii) the relations

0 1
/ m(x)dx =0, / m(x)dx =1,
(if') , -1 0

1
xjm(x)dx=0=/ xXm(x)dx =0, j=12,....,p—1.
-1 ()}

The case ¢ = 2 has been done by Majda and Osher; they proved a pointwise
estimate.

8.7. Schemes in More Than One Space Variable

We shall study difference approximations to symmetric hyperbolic systems in
two and more space variables:

(8.66) Dyju = ADyu + BDyu .

A and B are real, symmetric matrices that depend smoothly on x and y. We shall
study difference approximations of the same form as before

(8.67) uptt =3 " Ciup,

but this time h and j are multi-indices with j = (i, j2). Here u} is an approxi-
mation of the solution sought at (x, y) = h8, t = en. We derive the consistency
conditions between (8.53) and (8.54) by approximating u;',“ and u}, ; using Tay-
lor’s formula, and using the differential equation (8.66) to relate the ¢-derivative to
the x and y derivatives. The resulting relations are the two-dimensional analogues
of equation (8.7):

(8.68) dYCi=1, Y iCi=2rA, ) jCj=ArB,
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where A is the ratio of € to 8.

The analogue of the LF scheme is to set equal to zero all coefficients C; except
those pertaining to the nearest neighbor of h; we denote these as Cg, Cw, Cn, and
Cs, in obvious notation. Since these four matrix coefficients are restricted by only
three equations, there is a redundancy. We choose, in analogy with (8.9),

1/1 1/1

Cw =-2-(§1 —A.A) y Cg = 5(51 +A.A) y
1/1 1/1

Cs =§(§l —AB) , Cn= E(El +AB) .

Choose A so small that

(8.69)

1 1
(8.70) MAl< 3. ABl<3:

then the four matrices Cw, Cg, Cs, and Cy are positive. It follows therefore from
Theorem 8.1 that with this choice the scheme (8.69) is stable, provided that A and
B are Lipschitz continuous functions of x and y.

Take the case that A and B are independent of x and y. In Chapter 3 we
determined the convex hull of the domain of dependency K of the pointx = y =0,
t = 1, on the initial plane ¢+ = 0 for solutions of the PDE (8.66). We found that the
support function sk (€, n) of K is

sk, n) =maxo(§A +1nB),
where o (M) denotes an eigenvalue of M. Take £ = n = +1; we conclude that

sg(xl, £1) < |A + B|,

@7 skGEL£D) < |A— BI.

The domain of dependence of the point (0, 0, 1) on the initial plane for solutions of
the difference equation (8.67), (8.69) consists of the lattice points contained in the
rectangle whose vertices are (£nd, 0), (0, £nd), where ne = 1; so the vertices are
(£271,0), (0, £17"). Denote by s5,(£, n) the support function of this rectangle;
clearly

(8.715) sEL D) =27, si(FL, D) =2r"".

The CFL condition says that for a convergent scheme the domain of dependence of
the difference scheme must include the domain of dependence of the differential
equation. Comparing (8.715) with (8.71) this is satisfied if

8.72) [A+B|<A!, |JA-B|<r7".

Condition (8.70), sufficient for stability—and thereby for convergence— im-
plies condition (8.72), but is more stringent.
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NOTE. The most general four-point scheme satisfying the three consistency
conditions (8.68) is of the form

Cw =1(11+M—1A), cE=l(11+M+M).

2\2 2\2
C—l ll M —AB C . ll M +AB
5—2 2 ’ N_2 2 ’

M any symmetric matrix. The choice M = }(A? — B?) gives a stable scheme
under condition (8.72).

We now turn to second-order schemes, analogues of the LW scheme. The
second-order consistency conditions, analogues of (8.25), are, for A = 1, as fol-

lows:
ZC,':I, Ejlcj=A. ijCj=B,
Y =4 Y =B, Y jihCj=AB+BA.

These are six conditions; they can no longer be satisfied by setting C; = 0 except
for j = 0 and the four nearest neighbors. We have to use all eight neighbors, which
allows for many choices. But, just as in the one-dimensional case, see Theorem 8.4,
it is impossible to satisfy (8.73) with all positive C;, except in trivial cases.

A straightforward way of constructing a scheme that is second-order accurate
is to expand u(x, t + 8) into a Taylor series,

(8.73)

u(x,t+8) = u(x,r) + Du(x, 1) + %D,zu(x, 8% + 0(8%),

and then use differential equation (8.66) to express the ¢ derivatives in terms of
x, y derivatives:

u(x,t +8) =u(x,t) + ((AD; + BD,)u)é
1
+5(A’D; + (AB + BA)D,D, + B’D))u + 0().

We approximate Dyu by (ug — uw)/25, Dyu by (un —us)/28, D2u by (ug —2uo+
uw)/28%, Du by (un—2up+us)/28%, and D, Dyu by (ung—unw—use+usw)/48.
This determines the nine coefficients C; in the two-dimensional LW difference
scheme. The symbol C (0, ¢) of the scheme, defined as

C@.0) =) Cjel®®
is easily calculated:
C@®,¢) =1 — AX(1 — cos8) — B*(1 — cos p)

(8.74) 1
- E(AB + BA)sinfsing + i(Asin@ + Bsing) .

Compare this with the symbol of the one-dimensional LW scheme given by for-
mula (8.35). The main difference is that in the two-dimensional case both the
Hermitian and anti-Hermitian parts of C are polynomials in both A and B. Since
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A and B do not in general commute, the matrix function C(0, ¢) is not a nor-
mal matrix. Consequently, the von Neumann necessary condition, as explained in
Corollary 8.6, that the eigenvalues of C(0, ¢) be < 1 in absolute value, no longer
implies that the norm of C (6, ¢), given in (8.74), is < 1. And, in fact, the norm
of C(8, ¢) is not less than one. However, Burt Wendroff and the author showed
the uniform boundedness of the powers of C (6, ¢) by employing the notion of the
numerical range of a matrix, defined as follows:

DEFINITION The numerical range of a matrix M is the set of all complex numbers:
of the form Mw - w as w takes on all unit vectors with complex entries.

The properties of the numerical range that we need are contained in

THEOREM 8.18
(i) The numerical range of a Hermitian symmetric matrix is the interval on
the real axis between its smallest and largest eigenvalues.
(i1) The numerical range of any matrix M includes all its eigenvalues.
(iii) If the numerical range of M lies in the unit disk, then the norm of M
is <2
(iv) If the numerical range of M lies in the unit disk, so does the numerical
range of all its powers M".

PROOF:
(i) is just the variational characterization of the smallest and largest eigen-

values of a Hermitian matrix.

(i) follows if we choose w to be a normalized eigenvector of M; Mw - w =
ow-w=o.

(iii) The real and imaginary parts of the numerical range of M are the numer-
ical range of the Hermitian and anti-Hermitian parts of M. Therefore by
part (i), the Hermitian and anti-Hermitian parts of M have norm < 1,
from which |M| < 2 follows.

(iv) is the celebrated Halmos-Berger-Pearcy theorem. 0

NOTE. Hausdorff and Toeplitz proved that the numerical range of any matrix
is a closed, convex subset of C; we shall not need this interesting result in what-
follows.

THEOREM 8.19 The numerical range of the symbol C(0, ¢) of the two-dimen-
sional LW scheme (8.74) lies in the unit disk, provided that

Al<<, 1Bl< 2
—8’ —8'

PROOF: Separate C into its Hermitian and anti-Hermitian parts R and J:
C=R+iJ,
where
R=I1-K,

1
K = A*(1 — cos8) + B*(1 —cos¢) + E(AB + BA)sinfsing,
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and
(8.75) J = Asinf + Bsing.
Using the abbreviation

l—cos@=e, 1 —cosp=f.

we can write K as

1 1 1
7 — —A%% 4+ -Bif 4+ ~J2.
(8.76) K =A% + B f*+2)

Our aim is to estimate Cw - w for any unit vector w:
Cw-w=Rw-w+iJw-w=r+ij;
r and j are real, therefore
ICw - w|2=r2+j2.
By the Schwarz inequality
j2 =Uw- -w)?< |.Iw|2.

Since R=1I1—-K.r = Rw-w=1- Kw - w. Using formula (8.76) we get
1 1 5
r=1- §|Aw|2e2 - 5|Bw|~f~ - 5”""2'

Squaring this gives
rP=1-a%-bf - |Jw’ + (Kw-w)?,

where we have used the abbreviations

(8.77) |Aw|=a, |Bw|=b.
Adding to this the above estimate for j, we get
(8.78) rr4+ji<l—-dP -bf 4+ |Kw-w?.

Using the original definition of K. we have
Kw-w=ad’e+b*f +ReAw - Bwsinfsing.
Estimating the last term by the Schwarz inequality gives
|Kw - w| < a’e+b*f + absinfsing.
Estimate the last term by the arithmetic-geometric inequality:
a*sin®6 + b*sin’ ¢
> .

Recalling thate = 1—cos 6, f = 1—cos g, % < 1-cos 6, and "L:*’- < l-cos¢.
we get

|Kw-w|25a2e+b2f+

|Kw - w| < 2a%e +2b2f ;
squaring this gives
|Kw - w|® < 8a'e® +8b* 2.
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Setting this into (8.78) gives
r* 4+ j2 < 1—a*(1 - 8a%)e? — b(1 — 8b%) .

The right side is < 1 if 8a® and 8b? are < 1. Recalling the definition (8.77) of a
and b, these inequalities amount to |A| < %, |B] < % ; this completes the proof of

Theorem 8.19. (]

We now combine parts (iii) and (iv) of Theorem 8.18 to conclude that if A and
B have norms < %, all powers of the 2D LW scheme are < 2. We now appeal to
Theorem 8.5 to conclude that when A and B are independent of x and y, the 2D
LW scheme is stable, and so by Theorem 8.3 convergent, with an approximation
error O(82).

As already remarked, the six consistency conditions (8.73) for second-order
accuracy do not determine the nine coefficients C; uniquely. It is easy to verify
that

M

Che = Caw = Csp = Csw = 3

M
C&:C{V=C§=C’E=7,
o="-M,
satisfy the homogeneous equations (8.73). The symbol of this scheme is

—M(1 —cos@)(1 —cosg).

COROLLARY 8.20 The numerical range of C (8, ¢) — "2;52 (1 —cos8)(1 —cos ),
where C (8, ¢) is defined by (8.74), lies in the unit disk, provided that A*> + B* < .

EXERCISE Verify Corollary 8.20.

It follows, as before, that the modified LW scheme whose symbol is given in
Corollary 8.20 is stable, and therefore convergent, when A and B are independent
of x and y, and satisfy A + B2 < £.

The challenging task is to prove the convergence of the schemes discussed
above when A and B are functions of x and y. We face this issue in the next
section.

8.8. The Stability of Difference Schemes

As mentioned, one difficulty in proving the stability of difference schemes in
several space variables is that the symbol of the schemes is no longer a normal op-
erator. Another difficulty is that nonnegative functions of many variables may not
have representations as squares, or even as sums of squares of smooth functions.
So a new method of proof is needed.

It is analytically very convenient—although artificial from the numerical point
of view—to make the difference operators act on functions of continuous spatial
variables. Thus the approximate solution u" at time + = n§ is a function of the
space variables x in R, and the operator relating u” to u"*' is of the form
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(8.79) ' = (Y G ),
where T,j is the translation operator

(7}’14)(.\') =u(x + jé).

The summation in (8.79) is over a finite number of multi-indices j. The symbol
of the scheme is defined as

CE) =) Cir)e';
& is a multivariable &, ..., & ., and j& = ji& +--- + jikk.
The key estimate. due to Louis Nirenberg and the author, is
THEOREM 8.21 Let P; be a difference operator of the form
Pi=) PWT.
1j1sN

Pj(x) symmetric matrix functions that depend twice differentiably on x. Suppose
that the symbol of Ps,

P(x.§) =) Pi(x)e'*,
is Hermitian and nonnegative:
P(x.§)=0.

Then
Re P; > —consté .

where Re P denotes the Hermitian purt of Ps:
2Re Ps = Ps+ Py .
where * denotes the adjoint in the Hilbert spaces L2(RY).

NOTE. Unlike the one-dimensional case, where the coefficients of the scheme
had to be merely Lipschitz continuous, here the coefficients of the scheme—and
therefore of the hyperbolic equation whose solution they approximate—have to be
twice differentiable.

PROOF: The first step is to localize the problem. Let (g;(x)} be a Garding
type partition of unity:

(8.80) Z gy =1,

where the support of each ¢, has diameter O(v/8). The first derivatives of the g,
are then O(1/+/8), and so

(8.81) lon(x) = en (NI < O /VE)Ix — yl.
Our aim is to estimate from below the real part of (Psu, u); by definition

(Psu.u) = / Z Pi(x)u(x + jb) - u(x)dx .
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LEMMA 8.22 Define u, = @uu; then Y (Psuy, uy) differs by o®)|u|)? from
(Psu, u) forany u in L2.

PROOF:
(8.82) (Psu,u) — ) _(Psun, un) =
h

f Y Pxux +j8) - u(x)(l - enx+ j$)¢h(x)dx) :
j h
Using the identity (8.80) we see that
1 2
(8.83) I - ;m(x +i®en() = ; (on(x + j&) — u(x))* .

Using (8.81), and the fact that at any point y only a finite number of ¢, (y) are
# 0, we conclude that the sum (8.83) is O( j28). Set this into (8.82), and Lemma

8.22 follows.
0

LEMMA 8.23 Let P; be a difference operator whose symbol P () is Hermitian and
independent of x. Denote by ¢(x) be a real scalar function with Lipschitz constant
K. Then for all u in L?

(8.84) IRe(¢ Psue, pu) — Re(Pspu, pu)| < O(K?8)|Jul’.

PROOF: Since P(£) is Hermitian, its coefficients satisfy P_; = Pj*. The
amount A inside the absolute value sign in (8.84) can be written as

(8.85) A= Re[ Z Piju(x + jé) - u(x)(p(x) — o(x + j&))p(x)dx .
Replacing x + jd by x as a variable of integration, and replacing j by —j we get
A =Re f 3" Pru(x) - u(x + j8)p(x + j8) — p(x)e(x + jd)dx,

where we have used P_; = P;. Since
Pj"u(x) ~u(x + j8) = u(x) - Piu(x + jb),
(885) A= Ref Zu(x) - Piu(x + j8)(p(x + j8) — p(x))p(x + jd)dx

The factors involving u in (8.85) and (8.85’) are complex conjugates of each other.
Adding them gives

= %Re/ Z Piu(x + j8) - u(x)(p(x) — o(x + j8))2dx + 0(1(82),

from which we deduce that
|Al < O(K?8%)|lull®.

The next result is a version of the Schwarz inequality:
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LEMMA 8.24 Let M and N be Hermitian matrices, and assume that for all vec-
tors v

(8.86) IMv-v| < Nv-v.

Then for any pair of vectors v, w

(8.86) IMv-w| < (Nv-v) (Nw - w)?.
PROOF:

N+ M)v+w)-(v+w) >0,
N-Mv—-w)-(v—w)=>0.

Add and divide by 2:
Nv-v+2ReMv-w+Nw-w>0.

Replace w by re'“w, t real, and argue as usual about the discriminant of a nonneg-
ative quadratic function. a

The next lemma is the local version of Theorem 8.21:

LEMMA 8.25 Ps is an operator as in Theorem 8.21, and v a function whose sup-
port has diameter 0(«/3). Then

Re(Psv, v) = O@)|v]>.

PROOF: To simplify notation, suppose the support of v is centered at the ori-
gin. Then

(P, v) = f Y Pix)vix + jo) - vix)dx.
|x|<c\/3

Since P;(x) is assumed twice differentiable, we approximate it by two terms of its
Taylor series:

Pi(x) = Pi(0) + ) _ PfO)x¢ + O(xP);

so for |x| < c/8
|0 - BO - PHOx| < 06).

Denote by P} and Py the operators

PP =) PROT/, Pf=) PIOT.
For all v supported in |x| < c+/3,

(Ps,v) = (Pfv,v) + Y _ (xePfv.v) + 0@ IIv]>.

So to prove Lemma 8.25 we have to show that

(8.87) Q = (P{v.v) +Re)_ (xcPfv,v) = —0@)|vl>.
14



112 8. FINITE DIFFERENCE APPROXIMATION TO HYPERBOLIC EQUATIONS

Since P and Pf are operators with constant coefficients, we can use Parseval's
formula for the Fourier transform to express Q :

(8.88) (Pfv, v) = / POE)3(E) - 5(E)dE |
where PO(£) is the symbol of P5°, and v(&) the Fourier transform of v:
() = / v(x)e ¢ dx .
Similarly, denoting x,v by v® we can write
(8.88) (xePtv,v) = / PL§)D(E) - v'dE .
We look now at the Taylor approximation to the symbol of Pj:
P(x,£) = P°(®) + ) _xP'(§) + 0(x?).

By hypothesis, P(x, &) > 0; setting x, = ++/8, all the other Xxm = 0 into the
Taylor approximation we deduce that

PY(&) £ VBPUE) > 0(9).

Adding O(8) to P(£) alters Q only by O(8)||v||? and is acceptable; consider it
done. That turns the above inequality into

P°&) £ VP (§) 2 0.
We apply now Lemma 8.24, with M = /8 P¢(¢), N = P°(£) , and conclude that
V5 |P4 -5t < (P%5 - 5)1(PO%¢ - 391,
We estimate the right side by the arithmetic-geometric inequality:
1 m
P -t < — P% - 4+ — POt . ¢,
|Pto vl_szv v+28 A

where m is the number of components of the vector v. Set (8.88) and (8.88') into
the definition (8.87) of Q, and use the above inequality for the integrand in the
second term. We get the following lower bound for Q:

1 m
Q> (PPv,v) - [— (PR, v) + = (P, v‘)]
’ Zl: 2m 258

m
=3 (Pfv,v) - % > (PP vY):
vt is defined as x,v. According to Lemma 8.23, with ¢ = x,,

(P, vY) = (PYxev, xev) = (Pv, x}v) + 0@ IvI?,

(8.89)

—
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2

Summing over all ¢, and denoting )~ x? = r? we set this in the second term of

(8.89):

Q> -(P,u v) - Re (P, v, == )+ o) lvI?

2
= %Re (P;’v, (l - '%) v) +0@)vI*.

The support of the function v is contained in the ball |x| < c+/3. Choose c to
be 1/+/ 2m. and introduce the function ¢ defined as

o(r) = I\/l—mr2 forr < c/3

forr ch.

(8.90)

In terms of ¢ we can rewrite (8 90) as
(8.91) Q>- Re (PPv, *v) + 0@Vl

The function ¢ is Lipschitz continuous with Lipschitz constant K = O(1/4/3).
So according to Lemma 8.23

(Pv, 9*v) = (PYov, pv) + O(K28%)|Iv)?
= (Pov, pv) + 0®)lIvI*.

P} is a difference operator with constant coefficients whose symbol is positive.
Therefore

(PRov.0v) = [ P60 God
is positive. Setting this into (8.91) we conclude that
Q= 0@l
But we have seen in (8.87) that this lower bound for Q implies Lemma 8.25. O
According to Lemma 8.22

(Psu,u) = ) (Psun, un) + O@)llul?,

where u, = gpu. By Lemma 8.25 applied to v = uy
(Psun, up) = O@)llunll?;

setting this into the estimate above we get

(Psu,u) = 08) Y_ lunl® = O@)llul®,

where in the last step we have used (8.80). This completes the proof of Theo-
rem 8.21. O

We deduce now two important stability theorems from Theorem 8.21.
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THEOREM 8.26 The difference scheme
8.79) ' = (Y Gor )
ljlsN
is stable, provided that its symbol C (x, ) satisfies these conditions:
(i) C(x, &) is a twice differentiable function of x.
(ii) |C(x.&)| <l forallx and&.

PROOF: We shall show that the norm of Cs is < 1 + O(8), Cs being the
operator relating " to u"*'. This is sufficient for stability.

Csull> = (Csu, Csu) = (u, C;Csu).

Since the coefficients of Cs are Lipschitz continuous, C; C; differs by O(8) from
the operator whose symbol is C*(x, £)C (x, £). Define

P(xv 5) = l - C‘(x’ €)C(x. 5)

and denote by P; the operator whose symbol is P(x,§). By assumption (ii),
C*C < I, therefore P(x, &) > 0, and so by Theorem 8.21, Re P; > O(J),

lul’® = ICsull® = . (I = C;Cs)u) = (u, Psu) + O@)|lull® .
The left side is real; the real part of the right side is > O(8)|ju||?, therefore
ICsull® < (1 + O@))llull. o

NOTE. Theorem 8.26 should be compared to Theorem 8.10. Here the symbol
is assumed twice differentiable in x, in the earlier one only once. On the other
hand, there is no need for an analogue of condition (iv).

THEOREM 8.27 The difference scheme
(8.79) ' = (Y ot ur
1j1=N
is stable provided that its symbol C (x, &) satisfies these conditions:
(i) C(x, &) is twice differentiable function of x.
(i) The numerical range of C(x, &) lies in the unit disk for all x, €.

PROOF: We shall show that the numerical range of the operator C; lies inside
a disk of radius 1 + O(8) centered at the origin in the complex plane. What we
have to show is that for all u in L2,

I(Csu, w)| < (1 + O@))|lul®.
This is equivalent to the following: for all complex numbers z, |z] = 1,
Rez(Csu, u) < (u, u) + O®)|lul’.
This can be written as

(8.92) Re((I — zCs)u, u) = O@)||u|l®.
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The symbol of I —zC;s is I —zC(x, §); it follows from assumption (ii) that the real
part of I — zC(x, &) is nonnegative. Therefore, by Theorem 8.21 the Hermitian
part of the operator whose symbol is I — zC(x, §) is = O(8); this proves (8.92).

We appeal now to part (iv) of Theorem 8.18, The Halmos-Berger-Pearcy theo-
rem. which says that if the numerical range of an operator C; in Hilbert space lies
in a disk of radius 1 + O(8), then the numerical range of its powers Cj lies in a
disk of radius (1 + O(8))". It follows from then by part (iii) of Theorem 8.18 that

Ici] <20+ 0@).

This proves the stability of the scheme (8.79). O

NOTE. It follows from Theorem 8.27, with the help of Theorem 8.19 and The-
orem 8.11, that the LW scheme for the symmetric hyperbolic equation D,u =
AD.u+ BDyu is stable, provided that the coefficients A and B are twice differen-
tiable functions of x and y, are independent of ¢, and |A| < §, |B| < §.

When A and B depend on ¢ as well, the proof presented above breaks down;
however, numerical experience indicates that the LW scheme is stable even in the
time dependent case.

Theorems 8.26 and 8.27 are not the last word in stability theory. To go beyond
them we need to introduce nonlocal difference operators of the form

(8.93) Ws =Y W;T/,

where W; are not zero for |j| > N, but tend to zero rapidly as | j| — oo. This is
the same as saying that

(8.93") W) =) We'kt

is a smooth periodic function if £. We discuss first the simpler case when the W;,—
and therefore W (&§)—are independent of x.

We take the case that, for each £, W (§) is a symmetric positive definite matrix.
We definc the Ws-norm of a function u in L2 by

(8.94) lull?, = (Wsu, u).

Denote as before by u(&) the Fourier transform of «. Then
Wiu = W(8)ii(§) ;

by Parseval’s theorem

(8.94) Nl = (W, u) = f WEE)a - idg .

By hypothesis. for all &

(8.95) Ar=we)sd,

¢y, ¢; positive constants. So it follows that

(8.95) cillull < llullw < c2llull .

In words: the L2 norm and the Ws-norm are equivalent.
It follows from formula (8.94') that if W(0) = I, lims_,¢ |lu|lw = |lul||.
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It follows from the equivalence of the two norms that stability of a difference
scheme in the W-norm implies its stability in the L2 norm.
Denote by C; a difference operator Csu = v of the form

(896) Vp = Z Cju;,.,.j .
Denote by C (&) the symbol of Cs:
(8.96") CE) = Z Cjelt .

THEOREM 8.28 Denote by C(§) the symbol of a difference scheme with constant
coefficients. Suppose there exists a smooth, periodic function W (§) whose values
are symmetric positive definite matrices that satisfies

(8.97) CEIWE)c(E) = W(E).

Then the scheme is stable.

PROOF: We apply formula (8.94') to v = C;u;

ol = [ W(SE)B(E) - 5(6)dE |
where

) = _/ vix)e " Fdx = Z/Cju(x +8j)e " dx

= [ X cumeersitay = coce).

Setting this into the formula for ||v||€v we get
i, = [ Wescenie) - cosids

= [ cranwencenae s .

Using inequality (8.97) we deduce that

ICsullw < llullw -
It follows that the Ws-norm of any power of Cs is < 1:

IC3ully < Hullw-
It follows from (8.95') that

ICsul < ci*Icsul,
<ci'lullw < e eallull -

This proves the stability of the scheme Cj. O

We sketch now how to extend Theorem 8.28 to schemes with variable coeffi-
cients.
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THEOREM 8.29 Denote by C(x, &) the symbol of the difference scheme

Ci=) Ci(0T’.

Suﬂrnse that there exists a function W (x, &) with the following properties:
(i) The values of W are symmetric, positive definite matrices.

¥ii) W(x, &) is a twice differentiable function of x.

(i) W(x, &) is a smooth, periodic function of §.

iv) C*(x,E)W(x,£)C(x, &) < W(x,§) forall x and §.

Conclusion: the scheme Cj is stable.

PROOF: We shall use repeatedly the following:

LEstMA 8.30
(i) Let As and Bj denote difference operators

As = Z AT/, Bs= Z B;(x)T,
whése symbols
A ) =Y A0k, Bx& =Y Bixe,

arejsmoath function of x and §. Then the operator whose symbol is A(x, §)B(x, &)
diffvrs by O(8) from the operator product AsB;.

(ii) The operator whose symbol is A*(x, &) differs by O(8) from the operator
Aj.

We leave it to the reader to find a proof for this lemma.
We define the W; norm as follows: denote by V (x, &) the positive square root
of W, and by V; the associated difference operator. Define

(8.98) llultw = || Vsull .
Then

lull? = (Vsu, Vsu) = (u, V; Vsu).

Depote by W; the operator whose symbol is W (x, &). The product V;*V; differs by
O(p) from the operator W;, according to Lemma 8.30; so

(8.98) lull?, = (u, Wsu) + O@)|lull?.

Now we are ready to show the equivalence of the W;-norm and the L2 norm
for{small 8. It follows from formula (8.98), since V; is an operator bounded in-
depgendently of &, that |u||lw < const||u||. To derive an inequality in the opposite
direction we recall the lower bound cfl < W(§) in (8.95). We choose a positive
nugfiber ¢ < c2, and decompose W as W = cI +U?, where U is the positive square
of W — cI. Since c is less than the lower bound of W, U is a smooth func-
tiog of & and a twice differentiable function of x; the values of U are symmetric
majrices. Using Lemma 8.30 we get the following decomposition of Wj:

Ws =cl + U} + 0@3),




118 8. FINITE DIFFERENCE APPROXIMATION TO HYPERBOLIC EQUATIONS

and
U =Us+ 00).
Setting these in (8.98') we get
(8.99) Null, = cllull® + (u, Uiu) + O().
The second term on the right can be written as
(U;u, Usu) = (Usu, Usu) + O(8) = |\Usull* + O (8).
Setting this into (8.99) we conclude that
lullyy = cllul® + 0(8);

so for 8 small enough ||lu|lw > (c/2)|lu||? follows. This completes the proof of the
equivalence of the Ws-norm with the L2 norm.

We turn now to proving the stability of C; in the W;-norm. We need the full
power of Theorem 8.21, as presented in Lax and Nirenberg, where P(x, &) need
not be a trigonometric polynomial in &, but is merely required to be a smooth
function of &; being twice differentiable is enough for the conclusion of Theorem
8.21, namely that if P(x, £) is symmetric and nonnegative, then Re P; > — K.

We apply this result to

P=W-C*WC,
by assumption (iv) of Theorem 8.29 nonnegative. We write, using (8.98')
II“Iva - IICaullfv = (u, Wsu) — (Csu, WsCsu) + 0(8)
= (u, (Ws — C;W;sCs)u) + 0(8)
= (u, Psu) + 0(9) .

The left side is real, and the real part of the right side is > O(8)||u||>. Using the
equivalence of the W;-norm and the L2 norm we deduce that

ICsullw < (1 + O@)|lullw -
But then
ICaully, < A+ 0@) lullw.

For n < T/4, all the operators C; are uniformly bounded in the Ws-norm. But
then, since the Ws-norm is equivalent with the L? norm, we conclude as in the
proof of Theorem 8.28 that Cj is stable in the L2 norm. O

For what schemes C; is there a W (x, &) that satisfies the hypotheses of Theo-
rem 8.29 is an open question. Note that a necessary condition is that the eigenvalues
of C(x, &) not exceed | in absolute value.
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CHAPTER 9

Scattering Theory

Scattering theory studies obstacles in space—objects, potentials—by compar-
ing the propagation of waves in the presence of the obstacle with the propagation
of waves in free space. The information available is the asymptotic behavior of
waves as time goes from —oo to oo. This is expressed as the scattering operator,
whose precise definition is given in the pages that follow.

The aim of scattering theory is twofold. The first, called the direct problem.
is to prove the existence of the scattering operator. The second, called the inverse
problem, is to reconstruct the scatterer from the scattering operator. Solving the
inverse problem is of great importance in situations when direct measurements of
the scatterer are not possible.

In this chapter we shall study the scattering of acoustic waves by an obstacle
in space; only the direct problem will be discussed.

9.1. Asymptotic Behavior of Solutions of the Wave Equation

In this section we shall discuss one of the simplest scattering problems gov-
erned by the wave equation in the exterior of an obstacle denoted by B:

o.1 u,, — Au =0 outside B.

B is a smoothly bounded domain in R?, contained in a ball of radius R around the
origin. On B the solution u is required to be zero:

9.2) w(x, 1) =0 forxondB.

We shall be studying solutions u of finite energy. that is, those for which

E= / (] +u?)dx

is finite, where the integration is over the exterior of B. The standard technique for

computing energy—multiplying (9.1) by «, and integrating by parts—shows that

if u has finite energy at, say, ¢ = (), then it has the same energy for all other times.
The mixed initial-boundary value problem (9.1), (9.2), and (9.3),

9.3) ux,0)=g1(x), u(x,0) = gax),

can be put into the form of a symmetric system discussed in Appendix D by intro-
ducing the first derivatives of « as new unknowns:

W=w, U=p, U =q. U =T,

121
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These four functions satisfy the following system of equations:

w:"l’.x-q)~—":=0, pr—we=0,
9.4)
q—-wy,=0, r—w.=0.
These equations form a symmetric hyperbolic system, and the boundary condition
p = 0 is minimally nonnegative. We invite the reader to verify these statements.
Thus the existence of a solution is assured; its uniqueness is guaranteed by the law
of conservation of energy.

Signals governed by the wave equation propagate with speed 1. Therefore it is
reasonable to expect that as ¢ tends to infinity, most of the signal is propagated far
away from the obstacle. Here is a precise way of stating this.

Given any bounded subset C of the exterior of B, the energy of u contained
inC,

[ (u? + u?)dx
C
tends to zero as ¢ tends to o0o.

If so, the obstacle plays less and less of a role for « as ¢ tends to co; thus u
behaves more and more as a solution of the wave equation in free space. To put
this more precisely, there exists a solution v_ of the wave equation in free space of
finite energy such that

9.5+ Jlim / ((=v)? + @ —-v)?)dx =0,

where the integration is over all space, and u(x, t) is set = 0 inside the obstacle.

Since the wave equation is invariant under time reversal, an entirely similar
state of affairs is expected to hold as ¢ tends to —oo. That is, there is a solution v_
of the wave equation in free space of finite energy for which

9.5)- '_lj_mco/ (G - v 4 (- v_)f)dx =0.

It is appropriate at this time to introduce the space H of all initial data g of
finite energy in the exterior of B that are zero on the boundary of B. We define the
energy norm of g = {g, g2} as

gl = f (81, +&3)dx,

with integration over the exterior of B.

We denote by U(t) the operator that relates the initial data g of a solution u
of the mixed initial-boundary value problem to its data at time r. According to the
law of conservation of energy, U(r) maps H into H isometrically. Since U (t) is
invertible, its inverse being U(—t), the operators U (¢) are unitary. Furthermore,
they form a one-parameter group:

Us+)=UG)U@).
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Similarly, we define the space Hy of all initial data of finite energy in the whole
space R?; the energy norm is defined as before, except that the integration is over
the whole space.

H can be embedded in Hp by setting g(x) = 0 inside the obstacle; thus H is
a subspace of Hy. The operator that relates the initial data of solutions of the wave
equation in R? to their data at time ¢ is denoted by Up(r). They map Ho onto Hp,
and form a one-parameter group of unitary operators.

Let g denote any initial data in H. The relations (9.5)+ can be expressed as
follows:

There exist data g, and g_ in Hp such that

96) Nim [[U(Ng —Uo(t)g+lle =0,  lim |U(r)g — Uo(r)g-lle =0.
Here g, and g_ are the initial values of v, and v_.

Since the operator Up(t) is an isometry, we deduce from (9.6) that
9.7 Jlim Uo(-nNU()g =g+,  lim Uo(-nNU()g = g-;
here the limit is in the sense of the E-norm.

Denote by W, and W_ the operators relating g to g, and g_; these operators,
called the wave operators, map H into Hy. Since Uy and U preserve the E-norm,

so do their strong limits W, and W_.
Replace 1 in (9.7) by ¢ + s; using the group property we can write

Uo(—t —s)U(t + 5)g = Up(—s)Uo(—)U (1)U (s)g .
Letting ¢ tend to oo we get, using (9.7), that
Wi = Up(—s)W, U(s).
Multiplying this relation by Up(s), we get

(9.8), Uo(s)Wy =W, U(s),
and similarly
(9.8)_ Uo(s)W_ = W_U(s).

Suppose that W_ maps H onto Hp. Then, since W_ is an isometry, it maps H
1-t0-1 onto Hy; its inverse maps Ho onto H. Multiply (9.8)_ by W-! on the left;
we get

9.9) W Wo(s)W- = U(s).

This shows that the groups U and Uy are unitarily equivalent. Set (9.9) into the
right side of (9.8), and multiply by W' on the right; we get

(9.10) Uo(s)W W = WoW>Uo(s) .

The operator W, W=, mapping Hy into H, is the scattering operator alluded to in
the introduction to this chapter; it is denoted by S:

S = W.,.W_-l .
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Relation (9.10) can be rewritten as
9.10y Un(s)S = SUy(s);

it says that the scattering operator commutes with the group Uy. If we make the
further supposition that W, maps H onto Hp, we conclude that S is a unitary
operator mapping Hj onto itself.

To gain further knowledge of the nature of the scattering operator, we recall
from Section 3.5 of Chapter 3 the representation of solutions of the wave equation
in k-dimensional space, k odd, in terms of the Radon transform of their initial data
g = {81, &} For k = 3 it goes as follows:

Denote the Radon transform of g, and g» by £, and g,. Define

.11 ko = 3281 — 3;82:
then
9.12) lgls = /k},dsdw.

and the solution ug(x, t) with initial value g is given by
9.13) up(x,t) = fko(x cw—-twdw.

The data g are represented by the function kq(s) defined by (9.11); it follows from
(9.13) that Uy(t)g is represented by ko(s — t). For this reason (9.11) is called the
translation representation of Hy for the group Uy.

According to (9.10), S commutes with Uy. It follows that in the translation
representation, S acts as convolution:

9.14) (Sko)(r) = f S(r — s)ko(s. w) ds .

LEMMA 9.1 The operator-valued function S(t) representing the scattering opera-
tor in the translation representation is supported on (—00, 2R).

PROOF: Let ko(s, ) be a function supported on (—00, —R], and g the initial
data it represents. It follows from formula (9.13) that the solution ug(x, t) with
initial value g is zero for # < 0 and |x| < R — 1. Such a solution is zero on the
obstacle for ¢t < 0, and therefore is a solution of the mixed initial-boundary value
problem as well. It follows that for t < 0

Uo(-nU(g=¢g.

Letting r tend to —oo, we conclude that W_g = g.

Let /(s, w) be a function supported on [R, 00), and f the initial data it repre-
sents. Arguing as above, replacing ¢ < 0 by ¢t > 0, we conclude that W, f = f.
Using these relations, we deduce that

(S8, e = (WoW>'g, fe = (Wyg, f)
=@ W, Ne=@ W, e=(s e
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in the step before the last we used the fact that W, is unitary and therefore W} =
w;l.

Next we use the fact that the translation representation is an isometry, and
therefore

(58. e =@, Ne = ko, lo) =0,

since the supports of &y and /y are disjoint. Next we use formula (9.14) for the
translation representer of Sg to write

0= (Sg. f)g = j:/ S(I' - s)ko(s)lo(r)dsdr N

for all ko supported on (—oo, —R] and all /;) supported on [R, 00). It follows from
this that S(r) =0 forr > 2R. O

Taking the Fourier transform of the translation representation gives a spectral
representation of the unitary group U,. Take the Fourier transform on (9.14); it
follows that in the spectral representation the scattering operator acts as multipli-
cation by an operator valued function M (o), the Fourier transform of the function
S(t) appearing in (9.14). Since S(t) is supported in (—oo. 2R), M (o) is analytic
in the lower half-plane.

We stop at this point and remind the reader that nothing has been proved rigor-
ously. The whole edifice erected in this section is based on the supposition that its
wave operators, defined as strong limits, exist and are unitary.

Rigorous proof's of these suppositions will be presented in Section 9.4, in terms
of an abstract setup described in Sections 9.2 and 9.3.

9.2, The Lax-Phillips Scattering Theory

The scene is a Hilbert space H and a strongly continuous group U (t) of unitary
operators, U (t + s) = U(¢)U (s), mapping H onto H.
We start with a theorem of Sinai.

THEOREM 9.2 Let U(t) be a strongly continuous group of unitary operators map-
ping a Hilbert space onto itself. Let F_ be a closed subspace of H, called an
incoming subspace, related to U (t) as follows:
(i) UWF-CF. fort <0,
9.15) (i) U@F- = {0}
Gii) \(JU@F- isdensein H .

Then H can be represented as L*(R, N), N some auxiliary Hilbert space, so that
(a) F- is represented as LA(R_, N).
(b) The action of U (t) is right translation; that is, if h in H is represented by
the function k(s), U(t)h is represented by k(s —t).
The representation is essentially unique; any two representations are related
by a constant unitary factor N — N.
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Similarly, let F, be a closed subspace of H, called an outgoing subspace,
related to U (1) as follows:

(i) UW)F, C F, fort>0,
9.15,) (i) NU@)F, = {0},
Gii) JUW)F, isdensein H .

Then H can be represented as L%(R, N) so that F, is represented as LZ(R+, N)
and the action of U (t) is right translation.

Curiously, in the applications we make in this chapter, the translation repre-
sentations are constructed explicitly, without appeal to Sinai’s theorem. But our
thinking has been guided throughout this development by being aware of Sinai’s
theorem.

Suppose the unitary group U(r) acting on the Hilbert space H has both an
incoming and an outgoing subspace F_ and F,. By Sinai’s theorem, there are two
translation representations of U(t), H < L*(R, N,) and H & L'(R, N_). Since
the Fourier transform of a translation representation is a spectral representation, the
dimension of the auxiliary space N is the multiplicity of the spectrum. Therefore
N and N_ have the same dimension, and so may be taken as the same space.

Let h be any element of H, k_ and k, its incoming and outgoing representers.
We denote by S the operator relating the two:

9.16) Sk_ =k, ;
S is called the scattering operator associated with U (t), F_, and F,.

THEOREM 9.3 Let U(t) be a strongly continuous unitary group acting on the
Hilbert space, and let F_ and F, be incoming and outgoing subspaces that are
orthogonal to each other. Then the scattering operator S has the following prop-
erties:

(i) S is a unitary map of L*(R, N) onto itself.
(ii) S commutes with translation.
(iii) S maps L*(R_, N) into itself.

PROOF:

(i) Since k_ and k, represent the same element of H isometrically, S is an
isometry. Since it maps L2(R, N) onto itself, it is unitary.

(ii) Since k_(s — t) and k; (s — 1) both represent U (¢)h, S maps translates of
k_ onto translates of k., .

(iii) Anyk_ in L*R_, N) represents an element of F_. By assumption such an
element is orthogonal to F,. Therefore its outgoing representer k.. is orthogonal
to the functions representing F., which is LZ(IR+, N). Therefore k. is supported
onR_.

]
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We pass now from the translation representations to the corresponding spectral
representations by taking their Fourier transforms:

9.17) a-(o) = /k-(s)e“"" ds. a.(0) = /k+(s)e""’ ds.

We denote by Sthe operator linking a_ toa,.
9.18) Sa_=a,.
In what follows we need the vector version of the Paley-Wiener theorem:

THEOREM 9.4 The Fourier transform of a vector-valued function a(s) supported
on R_ and square integrable has an analytic extension to C_ with the following
properties:
(i) Forfixedn > 0, a(c —in)isan Lzﬁmction of o on R; as n = 00, the
L? norm of a(c — in) tends 10 0.
(ii) As ntendsto 0, —a(c — in) tends to a in the L? norm.
(iii) Conversely, every function of a with properties (i) and (ii) is the Fourier
transform of an L*(R_, N) function.

The proof in the scalar case is nothing more than an application of the Cauchy
integral theorem. The extension to the vector-valued case is straightforward.

We denote by A _ the Fourier transform of L2(R_, N), and by A, the Fourier
transform of L>(R,, N). Analogously to A_, functions in A, have analytic exten-
sions in the upper half-plane C,.

Theorem 9.3 has a straightforward version for the spectral representation:

THEOREM 9.5
(i) Sis a unitary mapping of L*(R, N) onto itself.
(i) § commutes with multiplication by bounded, continuous scalar functions.
(iii) S maps A_ into itself.

PROOF: Only (ii) needs a ghost of a proof. According to part (ii) of Theo-
rem 9.3, the operator S commutes with translation. It follows that § commutes
with multiplication by e/’ for all real 1. By forming linear combinations of these
exponentials we deduce that S commutes with multiplication by any continuous,
bounded scalar function. 0

THEOREM 9.6 The operator s defined in (9.18) is multiplication by an operator
valued function M(c), N — N, with the following properties:

(i) M (o) is unitary for almost all real o.
(ii) M(o) is the boundary value of an operator-valued function defined and
holomorphic in the lower half-plane C_ defined as Ima < 0.
(iii) For each ¢ in C_, M(Z) is a contraction mapping N into N.

PROOF: We tackle (ii) first. According to part (iii) of Theorem 9.5, if the
incoming spectral representer belongs to A _, so does the outgoing representer. We
claim that for any ¢ in C_ the value of a, () is determined by the value of a_({).
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To prove this it suffices to show that if a_(¢) = 0, then a () = 0. We factor such
ana_ as

o—-¢
a_(c)=——=h(o).
(o) e (o)
It follows from part (iii) of Theorem 9.4 that (o) belongs to A_. Since S com-
mutes with multiplication by bounded, continuous functions
a.,.or=§a_ =§a_€h=6——§§h.
o+¢ o+¢
Since h belongs to A_, so does Sh; setting o = ¢ in the above equation shows that
a4 (%) = 0_This shows that that a_(¢) determines the value of a..(¢).

Since S is linear, a,.(¢) depends linearly on a_(¢):
9.19) as(§) =M)a-(),

M (?) a linear operator mapping N — N.

To show that Mo is a strongly analytic function of ¢, seta_(o) = q—-’-—_in. n any
vector in N. Clearly a_ belongs to A_; therefore so does a,. Set this pair into
(9.19):

1
a,(o) = a—__ITM(U)"o

since a, (o) is an analytic function in C_, so is M (o)n.
We turn now to proving part (iii). Let n be any vector in N, |n| its norm. ¢ is
any pointin C_, Im{ = —p. Set
2
a_(o) == n n.
{—o

a_ belongs to A_, and
(9.20) a-@)=n, la_ll=2ymn|n|.

Seta, = Sa_; by Theorem 9.4, part (iii), a, belongs to A_. We express the value
of a4 (¢) using the residue theorem:

1 a;(o)
9:21) a,(§) = mi] s—¢
over a contour that goes around {. We choose a rectangular contour from the point
! on the real axis to —/, then to —/ — i/, to ! — il, then back to /. Since a..(o) tends
to zero as o tends to 0o, as | — oo we are left with the integral along the real axes.

We estimate that integral by the Schwarz inequality:

do

1 1 1
9. — —_— = —— .
9.22) la (8l = o llall s W la
According to part (i) of Theorem 9.5, Sisan isomorphism: ||la, || = |la-||. Setting

this into (9.22) and using (9.20) we get

1
las(0)] < 2—J7_n2ﬂlnl =la_(2)].

This proves that M (¢) is a contraction for every ¢ in the lower half-plane.
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The rest of the proof is basic theory of analytic functions. Take any two vectors
n and p in N; (M(o)n. p). where (-, -) denotes the scalar product in N, is a
bounded analytic function in C_. For such functions
(9.23) 'l,i_r.l‘(l)(M(A —inn, p)
exists for almost all real A. Take a dense denumerable set of n and p; the limit
(9.23) exists on a set of A whose complement is of measure zero. Then, since
M (o) is a contraction, it follows that the limit (9.23) exists for all n and p in N for
almost all A. We denote this weak limit as M (X); clearly, M (X) is a contraction a.c.
For any vector n in N, a_(0) = - belongs to A_; therefore so does a, =
Sa_. We have shown that § acts as multiplication by M (o). therefore

|
(9.24) M(a)a_(c) = pr M@@)n =a, (o).
—i

Seto = A —in, Areal. As n — 0, the right side tends, according to part (ii) of
Theorem 9.4, strongly to a4 (A). It follows that M (A —in)n tends strongly to M (1)
for almost all A.

Since S is an isometry, fla_|| = lla4|. Using the form above of a_ and a., this
means that

o =] e

Since |M(A)n| < |n| for almost all A, the sign of equality must hold for almost
all A.

It follows from (9.24) as n — 0 that ¢, (A) = M(A)a_(A) ae. Since Sis
unitary, it follows that M(X) is invertible, and therefore unitary, for a.a. A. This
completes the proof of Theorem 9.6. O

di.

f di IM(A)n)?
|n|” = _—

The function M (o) is called the scattering metric.

9.3. The Associated Semigroup

The setting is the same as in Section 9.2.

Let U (1) be a strongly continuous, one-parameter group of unitary operators
acting on a Hilbert space H. Let F_ and F, be a pair of incoming and outgoing
subspaces in the sense of (9.15_) and (9.15,); furthermore, we assume that F_ and
F, are orthogonal to each other. Denote by P_ and P, orthogonal projections onto
the orthogonal complements F_ and F,, respectively. Denote by K the orthogonal
complement in H of F_ @ F,. Define Z(t) by

9.25) Z(t)y= P UWP-. 1t>0.

THEOREM 9.7 Z(1) is a one-parameter semigroup of contractions on K, and that
Z(t) tends strongly to zero as t — 00.

PROOEF: Clearly each Z(r) is a contraction. To show that it maps K into K
we have to show that for every k in K. Z(1)k is orthogonal to F_ and Fy whent is
positive.
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Since P_ is the identity on K, Z(t)k = P,U(t)k. We claim that U(t)k is
orthogonal to F_; to see this take any f_ in F_ and write

9260 Uk, f)e =k, U f)e =Kk U0 f)e =k, U(=0)f)E,

where (-, - )¢ denotes the scalar product in H. By (9.15_), U(—t) takes F_ into
itself, and therefore the scalar product on the right in (9.26) is zero. Since P, U (t)k
differs from U (t)k by a vector in F,, assumed orthogonal to F_, it follows that
P, U(t)k, too, is orthogonal to F_.

Since the range of P, is orthogonal to F,, P, U (t)k is orthogonal to F.,. This
completes the proof that Z(r) maps K into K.

Next we show that the operators Z(t) form a semigroup. By definition

Z(t)Z(s)k = P U(t)P_P,U(s)P_k.

Since k is orthogonal to F_, and since P, and P_ commute, we can rewrite the
right side as

P+U(t)P+P_U(S)k .

We have shown above that U (s)k is orthogonal to F_, so P_ above can be dropped.
We are left with

PLUWPLUSK = PLUGUGK + f1) = PLU@U Sk + PLU®) £y .

By (9.15;), U(r) maps F, into itself; therefore P, kills the second term and leaves
us with P,LU(t + s)k = Z(t + s)k.

To show that Z(r) tends to zero strongly, we present Z in the outgoing trans-
lation representation. Since k in K is orthogonal to F., its outgoing translator
representer K, is supported on R_. U(¢) translates k,, and P, removes that part
of U(t)k, that is supported in [0, f]. So the action of Z(f) on k, is translation
followed by restriction to R_; clearly || Z(#)k_|| tends to zero. O

We establish now an interesting and important relation between the semigroup
Z(t) and the scattering matrix M (o) defined in Section 9.2. That some relation
exists is not surprising, since both are built out of the same ingredients.

We recall the concept of the infinitesimal generator G of a semigroup Z(¢):
9.27) Gk = lim Znk -k .

1—0 t
The domain of G is the set of k in K for which the limit on the right in (9.27) exists
in the sense of convergence in the norm of K. It follows easily from the semigroup
property that if k belongs to the domain of G, so does Z(t)k, and GZ(1)k =
Z(t)Gk. Put in another way,

/ d —
9.27) 5 Z0k=GZOk.

THEOREM 9.8 A complex number y, Rey < 0, belongs to the point spectrum of
G, Gk = yk, iff Z(t)k = e"'k.

We leave the proof of this proposition to the reader.
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THEOREM 9.9 A complex number y, Rey < 0, belongs to the spectrum of the
infinitesimal generator G of the semigroup Z(t) iff M*(iy) has a nontrivial null-
space. The dimension of the nullspace equals the multiplicity of the eigenvalue,

PROOF: Let k be an eigenvector of G : Gk = yk. Then Z(r)k = e”’k. Let
k4 denote the outgoing translation representer of k. Since k belongs to K, it is
orthogonal to F+; therefore k. is supported on R_. As we have seen earlier, the
action of Z(r) is right translation followed by restriction to R_. Since k satisfies
Z()k = e"'k,

ki(s—1t)=e"k,(s), s<0.
It follows that

e”n, s<0,
k=10 0<s

The outgoing spectral representer of k is the Fourier transform of k..

f+lo) =

T n,
ioc—y

The incoming spectral representer is
1
f-(@)=M"©)file) = —— M ' (o)n.
1o—-y
For o real,d = & and M~ (o) = M*(0); so for o real
1
(9.28) f-(6)=——M*(@)n.
ioc—-y

Since k_ is supported on R, its Fourier transform belongs to A, and thus has an
analytic extension to the upper half-plane. Formula (9.28) gives a meromorphic
1

extension of f_(a) to C,; M*(5)n is analytic for o in C,, but 7o—y has a pole at

o = —iy. So for f_(o) to be analytic M*(6')n must vanish ato = —iy:
M*(iy)n =0.

It follows furthermore that to each eigenfunction of G there corresponds a nullvec-
tor of M*(iy).
The proof can be run backwards to deduce the converse proposition. a

REMARK. Suppose that the scattering matrix M (o) is invertible at all but a
discrete set of points o in C_, and that it is continuous on the real axis. Then M (o)
has a meromorphic continuation into the upper half-plane, given by the operator
version of the Schwarz reflection principle:

M(o) = M*(G)~" for Imo > 0.
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9.4. Back to the Wave Equation in the Exterior of an Obstacle

The setting is the same as in Section 9.1.
H is the space of all initial data g of finite energy in the exterior of an obstacle
B contained in the ball |x| < R. The energy norm of g = {g), g2} is

(9.29) gl = f (g7, + &3)dv,

the integration over the exterior of B. The operator U (1) relates the initial data g
of a solution u of the wave equation in the exterior of B, u = 0 on 3B, to its data
at time 7. The operators U (r) form a strongly continuous one-parameter group of
unitary operators mapping H onto H.

A solution u is called incoming if u(x, t) = 0 in the backward cone |x| < R—t,
t < 0. Outgoing solutions are those that are zero in the forward cone |x| < R +1,
t > 0. The initial data of incoming solutions are denoted as F_; those of outgoing
solutions as F.

THEOREM 9.10 F_ and F, defined above are incoming and outgoing subspaces
for the one-parameter group U (t) defined above. That is,
(i) UW)F- C F- fort <0,
(9.30)- (i) NUM®F-={0},
(iii) (JUW@)F- isdensein H ,
and similarly
(i) UW)F, C Fy fort>0,

(9.30), (i) NU@®F, =1{0},
Gii) JU@()F; isdensein H .

Furthermore, F_ and F, are orthogonal to each other.

PROOF: We recall from Section 9.1 the space Hj of all data with finite energy
defined in the whole space R>, and the operator Uy(t) that relates the initial data
of a solution of the wave equation in R? to its data at time r. We further recall
the translation representation (9.11) of Hp furnished by the Radon transform of the
data. The solution 1o of the wave equation in terms of the translation representer
ko is given by formula (9.13):

9.13) up(x,t) = /ko(x w—twdo,

where kg is defined by (9.11). The energy norm of u equals the L2 norm of ko; see
9.12).

It follows from formula (9.13) that when ko(s, w) = 0 fors < 0, ug(x,t) =0
in the forward cone |x| < t, 0 < t. Likewise, when ko(s,w) = O for s > 0,
uo(x, t) = 0 in the backward cone |x| < —t,¢t < 0. O

We now show the converse of these propositions.



9.4. BACK TO THE WAVE EQUATION IN THE EXTERIOR OF AN OBSTACLE 133

LEMMA 9.11 Suppose that ug(x, t) is a solution of the wave equation in all space
and time, has finite energy, and is zero in the forward cone |x| < t, t > 0. Then
the translation representer ko(s, ) of its initial data is zero for s < 0. Similarly,
if us(x, t) = 0 in the backward cone |x| < —t, t < 0, the translation representer
ko(s, w) of its initial data is zero for s > 0.

PROOF: We shall deal with C* solutions. We can achieve this by mollifying
the solution in the r-variable:

vo(x,t) = f uo(r, x)¢(t —ridr,

where ¢ is a C* function, [ ¢ dr = 1, and ¢ is supported on the interval [—¢, 0].
The translation representer of v is

9.31) ke (s) = /ko(r, w)@(s —r)dr.

This is a C* N L2 function of s; it follows from formula (9.13) that vo(x, t) is C*.
Since ¢ is supported on R_, if ug is zero in the forward cone, so is vg.

Since vg(x, ) = 0 in the forward cone, all its spacial derivatives are zero on
the positive ¢-axis:

9.32) D}vo(x,1)|,_o=0 fort>0,

where n is a multi-index. We can compute these derivatives from (9.13):
Djvo(x, 1|, _o = / " D"ko(—t, w)dw .

Multiply this by a smooth test function a(t) supported on a finite interval of R.. It
follows from (9.32) that

f w"ko(—t, w)DMa(t)dt = 0.
0

Any smooth function b(r) compactly supported on R, can be approximated in the
L*(R,) norm by functions of the form D!a(r). Therefore

/ ko(—t, w)@"b(t)dt =0

for all smooth b(t) supported on a bounded interval on R, . Since functions of the
form " c,w"b,(t) are dense in L2(t, ), t > 0, it follows that ko(t, ) = O for
t > 0.

It follows from (9.31) that as the support [—¢, 0] of the mollifying function ¢
tends to zero, ky tends to ko; therefore ko(—t, w) = 0 for t > 0, as asserted in
Lemma 9.11. The second assertion of Lemma 9.11 follows analogously. a

We have observed in Section 9.1 that H can be regarded as a subspace of
Hy. Denote by g, any member of the outgoing subspace F, of H. Clearly,
Uptr)g, = U(t)g4+ fort > 0, therefore Up(—R)g. is zero in the forward cone
|x| < t,t > 0, and so by Lemma 9.11 its translation representer is zero in R_. It
follows that the translation representer k.. of g, is zero on s < R. Similarly, the
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translation representer of any g_ in F_ is zero for —R < s. Thus the supports of
k., and of k_ are disjoint. Therefore the L? scalar product (k_, k) = 0. Since the
translation representation is isometric, (g, g+)¢ = 0. This proves that F_ and Fy
are orthogonal.

Next we shall deal with (9.30),; (9.30)_ can be treated similarly. Properties
(i) and (ii) in (9.30).. are obviously true. Part (iii) is trickier and requires seven
lemmas. We start with the following observation:

Let C be a bounded set containing the obstacle. Denote by ||g||£.c the local
energy norm.

(9.33) gl c = / (8% + g2)dx.
C

We claim that property (iii) in (9.30).. implies local energy decay, that is, that for
every hin H

(9.34) lim |[U(t)hllgc =0.
=00
PROOF: If property (iii) holds, then given any 4 in H and any € > O, there
exists an element g of F, and a time T such that
(9.35) lh —UT)glle <¢.

Since C is bounded, it is contained in some ball around the origin of radius K,
The solution with initial value in F, is zero in the ball |x| < R + t. Therefore if
t>|T|+ K, Ut +T)g=0inC.

Since U (¢) is an isometry, it follows from (9.35) that

IU@h—-U@+T)glle <e¢.
Since local energy is less than total energy,
IWU@h—-U@+T)gllec <¢.
But since fork > |T|+ K, U(t + T) is zeroin C,
IU@hliec <e.

This proves (9.34). (]

Of greater interest is the converse implication:
LEMMA 9.12 Suppose that for all h in H and all bounded domains C
(9.36) lim inf [U(s)hllg.c = 0.
Then property (iii) in (9.30). holds.

PROOF: We argue indirectly. The union of U (r) F is a linear subspace of H;
if it were not dense in H, there would be a nonzero p in H orthogonal to it:

(9.37) (p,U(t)g+)e =0 forall g, in F, .
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Since U(t) is unitary, U*(t) = U~!(t) = U(—t). So the above relation can be
rewritten as
U*()p,8+)e=(U(-t)p,8+) =0 forallg, in F,.

Writing s for —t, we can express this relation in words: For all s, U (s) p is orthog-
onal to F,. O
LEMMA 9.13 For all q in H that are orthogonal to F,

(i) Uo(t)q = 0in the cone |x| < —t — R fort < —R, and

(ii) Uo(t)g = U@t +2R)Up(—2R)q fort < —2R.

PROOF: We have seen earlier in this section that the free space translation
representation of F, is L2[R, 00). Therefore the translation representer of any
element in H that is orthogonal to F, is supported on (—oo, R]. Part (i) then
follows from the explicit formula (9.13) expressing solutions in free space in terms

of their translator representers. Since for ¢ < —2R this solution is zero on the
obstacle. it is a solution of the mixed problem as well; this proves part (ii). ]

LEMMA 9.14 Foranyhin H

(i) Uo(—2R)h = U(-2R) for|x| > 3R,

(i) NUo(=2R)hllg3r < llhllesk, NU(=2R)hlig3sr < llhllgsk -

PROOF: Both statements express the fact that signals are propagated with

speed < 1. Part (i) says that solutions of the initial-boundary value problem at
time ¢ are unaffected by the boundary condition at points x whose distance to the
boundary is greater than |¢|. Part (ii) says that the energy contained inside a ball of
radius 3R at time —2R comes from the energy contained in the solution inside the

ball of radius SR at time 0. We leave it to the reader to give a formal derivation of
this estimate. a

Next we make use of hypothesis (9.36) of local energy decay: given any ¢,
there exist s arbitrarily large such that
(9.38) NWUGs)pllesr <€

here || ||£.s& denotes the energy contained inside the ball of radius 5R.
Let’s apply part (ii) of Lemma 9.14 to ¢ = U(s)p; using estimate (9.38) we

get
NUo(=2R)U(s)plle3sr <€, UG —2R)pllesr < €.

By the triangle inequality
(9.39) lUo(=2R)U(s)p — U(s —2R)plle.3r < 2¢.
According to part (i) of Lemma 9.14 applied to h = U (s) p,
Uo(—2R)U(s)p=U(s —2R)p for |x| = 3R.
Combining this with (9.39), we get the estimate
9.39) [lUo(—=2R)U(s)p — U(s —2R)plle < 2¢.
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According to part (i) of Lemma 9.13 applied to g = U(s)p, Uo(—=2R)U(s) p be-
longs to H. Therefore U(2R — s) acts on Up(—2R)U(s)p — U(s — 2R) p; since it
is an isometry, it follows from (9.39)’ that

(9.40) lUQR — s)Uo(=2R)U(s)p — plle < 2¢.

Now apply part (ii) of Lemma 9.13 with t = —s and g = U(s) p; we conclude
that for s > 2R, U2R — s)Uop(=2R)U (s)p = Uo(—s)U(s) p. According to part
(i) of Lemma 9.13, Uo(—s)U(s)p is zero for |x| < s — R. Combine this with
(9.40); we get

Nplles-r < 2¢.
According to hypothesis (9.36), s can be taken arbitrarily large, so it follows that
lplle < €. Since & can be taken arbitrarily small, it follows that ||p|lg = 0, a
contradiction to p # 0. This completes the proof of Lemma 9.12.
We turn now to proving hypothesis (9.36) of Lemma 9.12, that for all 4 in H,

(9.36) lim igf lU(s)hllg.c =0
for all compact subsets C. We need the following theorem of Wiener:'

THEOREM 9.15 Let dm be a signed measure on R that has finite total variation.
Denote by m(t) its Fourier transform:

(9.41) nit = f e*dm).

Suppose that dm contains no point measure; then the mean value of |i|? is zero.
N L LU

9.42) Tango T [T |m(t)|°dt =0.

For proof, see, e.g., section 5.2 in Scattering Theory by Lax and Phillips.

We return now to the unitary group U (¢) that describes solutions of the wave
equation in the exterior of an obstacle that have finite energy. Denote by A the
infinitesimal generator of this group; A is an anti-self-adjoint operator on H. Let
d P(A) denote the spectral resolution of i A; d P(X) is a projection-valued measure.
The group U(r) generated by A is the Fourier transform of this measure:

(9.43) U@ = / eMdP().
We only need the weak form of the representation:

(9.43)w Wh. &)k = /eil' d(P(X)h, g)
for any pair of elements g and h of H.

LEMMA 9.16 Suppose that the spectrum of A is free of point eigenvalues. Then
there is a sequence t,, tending to oo such that U (1,,) tends weakly to zero, that is,
for any pair of elements g and h in H,

(9.44) im(U (tm)h, g)e = 0.

The suggestion to use Wiener's theorem is due to Karel de Leeuw.
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PROOF: Formula (9.43),, says that U(t)h, g)¢ is the Fourier transform of
the measure dm = d(P(A)h, g). The total variation of m is (|h]|gllglle. and we
have supposed—supposition to be proved subsequently—that d P contains no point
measure. So by Wiener's theorem, 9.15, the mean value of its Fourier transform
squared is zero:

1 (7 5
(9.45) lim —f [(U(t)h, g)g|"dt =0.
T—0 T ~T

We choose a denumerable set { f;} of elements that are dense in H. It follows from
(9.45) that for any n there is a T such that T > n and

T , T
/_T|(U(r)f.~.f,~),,-|-d: <35

i=1....nj=1,..., n. It follows that for each 1, j, ((U(1) fi. fi)el < 1/n
except on a set of measure < T/3n>. Therefore there is a 1, contained in (T/2, T)
such that

1
l(U(tn).ﬁ' fj)l:l < ;

fori.j=1..... n. Since the { f;) are dense in H, it follows that (9.44) holds for
allhand g. O

Next we show how to deduce strong local energy decay (9.36) from weak
energy decay (9.44):

LEMMA 9.17 For any h in H, there is a sequence s, — 00 such that for any
compact set C

lim [IU(sa)hllg.c =0.
n—2xc

PROOF: It suffices to prove this for a dense set of h; we may take this dense
set to consist of smoothed data of the form

[q)(t =r)U(r)hdr = hy,

@ a C° function. For such h the solution u(x, t) of the wave equation with initial
data h is C> in ¢. In particular, u, satisfies the wave equation, and so the sum
of the L2 norms of uy, and u,, over the exterior of the obstacle is the same for
all 1. Since u satisfies the wave equation, the L> norm of Au = u,, is uniformly
bounded for all 7. Standard elliptic techniques give estimates of the L2 norm of all
second derivatives of u in any bounded domain C adjacent to the boundary of the
obstacle in terms of the L2 norm of Au. By Rellich’s compactness theorem the
functions u, and u, belong to a precompact set in the L> norm over C. It follows
that the sequence U (1,)h has a subsequence U (s,)h which converges in the || - | .
norm. But we have seen in Lemma 9.16 that the weak limit of this sequence is
zero. Since weak and strong limits are equal, it follows that ||U (s,)h|l g.c tends to
zero, as claimed in Lemma 9.17. O
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We have now proved hypothesis (9.36) underlying Lemma 9.12 under the addi-
tional hypothesis that the infinitesimal generator A of U () has no point spectrum.
We supply now the last step in this chain of reasoning leading to the proof of parts
(9.30)_ and (9.30),. of Theorem 9.10.

LEMMA 9.18 A has no point eigenvalue.

PROOF: We argue indirectly; suppose that for some nonzero g in H, and o
real, Ag = og. Then g = (a, ioa), and

U()g=¢€""g.
so the solution u of the wave equation with initial value g is of the form u(x, t) =
e'9'a(x). It follows that a(x) satisfies
(9.46) Aa+0o%a=0.

We claim that this equation has no solution in the exterior of the obstacle that has
finite, nonzero energy. We take first the case o = 0. To see this multiply (9.46) by
a and integrate by parts. Since a(x) = 0 in the boundary of the obstacle, we get

that
/af dx =0.

It follows that ||g|| ¢ = 0. a contradiction.

For o # O there is a sharper result due to Rellich and Vekua: (9.46) has no
nonzero solution that is square integrable at infinity; we don’t need to require that
the solution a vanish on the boundary of the obstacle. To see this we expand the
solution a(x) into a series of spherical harmonics:

a(x) =Y ba(r)¥a(w).
The coefficients b, satisfy the ordinary differential equation:

v 2.
(9.47) b, + b, Gl +”b +0%,=0;

here ’ denotes < 4r- Square integrability of a(x) implies that the functions rb, are
square integrable. Introduce rb, as a new variable:

¢
rby=c, b,=-.
r

Then
c c w2 2
b= hET TS
by (9.47) ¢ satisfies
2
(9.48) =T etote=0

By assumption, c is square integrable up to oo; we shall show now that so is ¢'.
Multiply (9.48) by c and integrate over [r,/], where / may be taken arbitrarily



9.5. THE SEMIGROUP ASSOCIATED WITH SCATTERING BY AN OBSTACLE 139

large. We get, after integration by parts, that

! ! 2
(9.49), cc’|£ -—/ c’2+/ (02— z tm)c2=0.
r r N

Since the integral of ¢? from r to oo is finite, there is a sequence / tending to oo
such that the derivative of c? at / tends to zero. Passing to the limit through such a
sequence [ in (9.49); we conclude that ¢’ is square integrable up to co.

Next multiply (9.48) by 2¢’ and integrate over [r, /], and let / tend to oo over a
sequence for which both ¢ and ¢’ tend to zero. We get

[o o] ’
0=—c'(r)>-@n*+ n)f 2;—; ds — o%c*(r).
Integrate the middle term by parts:
n+n ® 2¢2
0=—c'(r)+ 7 ) - (i + n)/ =T ac(r).
r

For r large, the sum of the second and the fourth terms, (5'—25!'- — a?)c%(n), is nega-
tive. as are the first and third terms. This is a contradiction, proving that (9.48) has
no nonzero solution square integrable up to oo. O

And this, dear reader, completes the proof of assertions in parts (iii), (9.30),
and (9.30)_ of Theorem 9.10.

From Theorem 9.10 we conclude by Sinai’s theorem, Theorem 9.2 in Section
9.2, that there exist incoming and outgoing representations, 4 < k_ and h &
k.. for U(t) acting on H. These representations can also be obtained from the
translation representation g < ko of Up(r) acting in free space. We define the
incoming representer k. of any given g in F_ as k_(s) = ko(s + R). We then
define the representer k_ of U(t)g, g in F_ as ko(s + R — t). Since by part (iii)
of (9.30)_ U(t)g are dense in H, this defines h < k_ for all h in H. So Sinai’s
theorem is not needed.

The outgoing representation j < k. can be defined similarly.

Appendix E contains an astonishingly simple proof of local energy decay for
bodies that are star-shaped.

9.5. The Semigroup Associated with Scattering by an Obstacle

Given a pair of orthogonal incoming and outgoing subspaces F_ and F, for a
one-parameter group U (¢) of unitary operators, we have in Section 9.3 (see The-
orem 9.7), constructed a semigroup Z(t) = P,U(t)P. Here P_ is the projection
that removes the F_ component; P, removes the F, component.

For waves scattered by an obstacle, with F_ and F, defined in Section 9.4, we
can motivate this construction as follows:

Data in F_ do not undergo scattering until they are carried out of F_ by U(t),
t > 0. We remove them to start the scattering process immediately.

Data in F, do not undergo any further scattering; removing them focuses at-
tention on the scattering process.

For scattering by an obstacle, Z(t) has the following important property:
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THEOREM 9.19 Z(t) is the semigroup defined by (9.25), and G its generator de-
fined by (9.27).

(i) Every positive number k belongs to the resolvent set of G, and the resol-
vent (k1 — G)~! is given by the formula

o0
(9.50) kI -G) k= / Z(s)e ™ *kds,
0
where k is any element of K, the space on which Z(t) acts.
(i) ZRR)(xI — G)™" is a compact operator.

PROOF: The intuitive derivation of formula (9.50) is to write Z(r) in the ex-
ponential form Z(r) = €% and to carry out the integration in (9.50) in a formal
fashion. The rigorous proof is not hard. Denote by T the operator defined on the
right side of (9.50):

o0
Tk=/ Z(s)e “*kds .
0

We claim that the range of T belongs to the domain of G. To see this we form the

difference !
o0

00
ZOTk—Tk = / Z(T +s)e ™kds — / Z(s)e ™ kds
o lo
=/ Z(rye™ " 'kdr —/ Z(s)e **kds
' 0

00 t
= (e — l)f Z(rye ™ "kdr —/ Z(s)e *kds.
t 0
Clearly the difference quotient (9.27)
Z(t)Tk — Tk

t
tendsast — OtoxTk — k. So

GTk=«xTk -k,

from which (9.50) follows.

REMARK. In a similar fashion we can prove that for k positive

o ]
(9.50y kI -A)"h= f U(s)e™ hds,
0

where A denotes the infinitesimal generator of the group U (), and 4 is any element
of H.

To prove part (ii) we need the following lemmas:
LEMMA 9.20 Define the operator N as
9.51) N =UQ@R) — Uy(2R) .

@ INlg =2
(i) Forany hin H, Nh = 0 for |x| = 3R.
(i) (INhllg < 2|lhllg.sr.
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(iv) N maps the orthogonal complement of F_, defined by (9.30)_, into itself.
(v) N maps F,, defined by (9.30),., into itself.
(vi) PLUQR)P_ = P,NP_.

PROOEF: Since both U(2R) and Up(2R) are unitary operators, their norm is 1;
so part (i) follows by the triangle inequality.

Parts (ii) and (iii) follow from Lemma 9.14.

To see why (iv) is true, we note that both Up(—2R) and U(—2R) map F_ into
itself. Therefore their adjoints Up(2R) and U (2R) map the orthogonal complement
of F_ into itself; but then so does their difference N.

To show (v) we note that U(2R) = Uy(2R) on F,, and both map F, into
itself: then so does their difference N.

Finally, for (vi), in the free translation representation F_ and F, are repre-
sented by L2(—o00, —R] and L2[R, 0c). The orthogonal complement of F_ is rep-
resented by L2[—R, 00), whose translate by 2R represents F,. This shows that

P.Us(2R)P_ = 0; (vi) is an immediate consequence of this and the definition
(9.51)of N. O
LEMMA 9.21

(i) A set of elements h of H that satisfy an inequality of the form
9.52) lARllg + llhllg < const

is precompact in any local energy norm | - ||g.c.
(ii) (kI — A)~" maps the unit ball ||g|l¢ < | into a set that is compact in any
local energy norm.

PROOF: A is the 2 x 2 matrix operator ( {). Inequality (9.52) can be ex-
pressed as

IDzh2|l + l|Ahy || + || Dehy || + llh2|l < const,

where || - || denotes the L2 norm over the exterior of the obstacle. Since h; is zero
on the boundary, the L2 norms of all of its second derivatives over any bounded
domain adjoining the boundary can be estimated in terms of the L2 norm of Ahy.
The conclusion then follows from Rellich’s compactness criterion.

(ii) We shall show that all elements of the formh = («] — A)~'g, liglle < 1,
satisfy an inequality of form (9.52), in particular that

lARllg = |AcI — A)~'g||lg < const .
This follows from the identity
AT —A) ' =T+l —A)".
The conclusion of (ii) then follows from part (i). 0
LEMMA 9.22
(9.53) P_(xI —A)'P_=(I-A'P_.
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PROOF: By definition, for ¢ positive U(—t) maps F_ into itself. Therefore
its adjoint U (t) maps the orthogonal complement of F_ into itself. It follows that
P_.U@)P- = U(t)P- for all t > 0. Multiply this relation by e™’ and integrate
from 0 to 0o, and (9.53) results. 0

We are now ready to complete the proof of Theorem 9.19. The following
series of identities are based on the definition of Z(¢), that P, and P_ commute,
that P,U(2R)P, = P,U(2R), and on (9.51) and (9.53):

Z@R)«I = G)™'k = ZQ2R) f Z(s)e™**kds
0

oo
(9.54) = P,UQR)P_P, / U(s)P_e™kds
0

=P, NP_(kI - A" )P_k=P,N(I - A)"P_k.

By part (ii) of Lemma 9.21, (x/ — A)~' maps the unit ball ||h|lg < | into a set
precompact in the || - || g.sg norm. So part (ii) of Theorem 9.19 follows from the
representation (9.54) of Z(2R) (kI — G)~' as P, N(kI — A)~' P_; for according to
part (iii) of Lemma 9.20, N is a bounded map from the space normed by || - || .58
into the space normed by || - || g. O

It is not hard to deduce from Theorem 9.19 that
(i) the generator G of the semigroup has a pure point spectrum,
(ii) the eigenvalues of G have no finite point of accumulation, and

(iii) the eigenvalues y of G have negative real part.

Part (iii) follows from the assertion in Theorem 9.7 that Z(t) tends strongly to 0 as
t— oo.

More refined results about the spectrum of G depend on the details of the shape
of the obstacle. The first result of this kind was given by Cathleen Morawetz, who
proved that if the obstacle is star-shaped, then in any compact set C solutions with
finite energy of the exterior problem for the wave equations decay uniformly as
.

const
(9.55) IWW®hlec = ——lhle.
From this it is not hard to deduce that the local decay is exponential:

THEOREM 9.23 If the obstacle is star-shaped, then Z(t) decays exponentially

(9.56) IZ()|| <conste™", a>0.
For proof we refer to Lax, Morawetz, and Phillips (1963), Morawetz (1961),
or Appendix E.

The crucial property of the obstacle turns out to be whether it can confine rays
indefinitely. A ray is a polygonal line in the exterior of the obstacle B, straight
except at boundary points, where it is reflected according to the classical law of
reflection. Denote by L(B) the supremum of the lengths of all rays originating at
a point of the sphere [x] = R and remaining in |x| < R. Of course, L(B) could
be oco.
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THEOREM 9.24

(i) If L(B) < oo, then Z(t) is a compact operator fort > L(B) + 12R.
(ii) If L(B) =00, then || Z(t)||g = | forall 1.

PROOF: According to an important result of Melrose and Taylor, discussed in
Appendix D, singularities of solutions of mixed initial-boundary value problems
propagate along rays. This result can be formulated as follows:

THEOREM 9.25 Let Cy and C, be closed bounded sets in the exterior of the obsta-
cle. Suppose no ray originating in Cy at time O, traveling with speed 1, lies at time
T i Cy. Then U(T) maps data of E-norm < | supported in C, into a precompact
set in the norm || - | g.c,.

In the application we wish to make of this result we take C, to consist of those
points of the exterior that belong to the ball x| < 3R. We take C; to consist
of those points that belong to the ball |x| < SR. It is easy to see that any ray
originating in C; and traveling with speed 1 leaves C; by the time T = L(B) +8R.
We factor now Z(T + 4R) as follows:

Z(T +4R) = Z(2R)Z(T)Z(2R)
(9.57) = P,UQR)P_P,U(T)P_P,LUQ2R)P-
= P.UQRR)P.U(T)PLUQ2R)P-.

The legitimacy of omitting P, and P_ in the middle has been explained in Sec-
tion 9.3 where the semigroup property of Z(r) is shown.
We now make use of property (vi) in Lemma 9.20 to rewrite (9.57) as

9.57) Z(T +4R) = P,NP_U(T)P,NP_.

According to part (iv) of Lemma 9.20 N maps the orthogonal complement of
F_ into itself; so do U(T) and P,. Therefore we may omit the third factor P_ on
the right in (9.57)". According to part (v), N maps F, into itself, as do U(T) and
P_ Therefore we may drop the sixth factor P, on the right in (9.57)". Altogether
we gel

(9.58) Z(T +4R)= P, NU(T)NP_.

According to part (ii) of Lemma 9.20, N maps H into data supported in the ball
|x] < 3R. According to Theorem 9.25 U(T) maps such data into a set that is
precompact in the norm || - || g.s&-

We appeal now to Lemma 9.20, part (iii), to conclude that NU (T )N maps the
unit ball ||h|lg < | into a precompact set in the || - || norm. In view of formula
(9.58). this proves part (i) of Theorem 9.24.

Part (ii) was proved by Jim Ralston by constructing solutions whose bulk trav-
els along rays. ]

An obstacle for which L(B) < oo is called nonconfining.

According to Theorem 9.24, for a nonconfining obstacle Z(r) is compact for ¢
large enough. Therefore for such ¢, Z(¢) has a pure point spectrum that accumu-
lates only at 0. Since ||Z(t)||g < 1, the eigenvalues are < | in absolute value. By
the spectral mapping theorem, the same holds for all ¢.
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For t > 0, Z(t) has no eigenvalue of absolute value 1, since it was shown in,
Theorem 9.7 of Section 9.3 that Z(¢) tends to O strongly as t — o0o. So the spectral
radius p of Z(1) is less than 1. By the formula for the spectral radius

Vn _ .
lim I1Zm)" = p:
this shows that Z(¢) decays exponentially as ¢t — oo.

THEOREM 9.26 When B is a nonconfining obstacle, U (t)h decays exponentially
on any compact set, for any h in H.

PROOF: U(t)h = Z(t)h for |x| < R. Since Z(t)h decays exponentially, so
does U (¢)h for |x| < R. But R is an arbitrary number. a

9.6. Analytic Form of the Scattering Matrix

By now we know quite a bit about the scattering matrix—it is analytic in the
lower half of the complex plane, meromorphic in the upper half-plane. It is high:
time we learned how to calculate it. To this end we shall turn to the spectral repre-
sentations.

The free space spectral representation is essentially the Fourier transform. De-
fine

9.59) eo(x, 0, w) = e 7% (1, io}.
e satisfies the differential equation
(9.60) Agep = ioep,
where Ay is the generator of the group Up(t):

d 0o I
9.61 —Up(t) = AgUp(t), Ao = .
9.61) dtUO() oUo (1) 0 (A 0)

Since Ao is the generator of a group of unitary operators, it is antisymmetric: Ay =
—Ap.

THEOREM 9.27 We define the spectral representer of any C3° data gy in Ho as
(9.62) ao(o, w) = (go, €0)k -
This is a spectral representation of Uy(t).
PROOF: The representer of Up(t)go is
(Uo(1) 8o, €0)k -
We shall show that it satisfies an ordinary differential equation

d d
Z;(Uo(t)go, €)E = (EUO(I)go, eo) .

= (AoUo(1)go, €0)e = —(U(t)go, Aceo)r = io (Uo(t)go, €0)k -

In this derivation we have used (9.61), the antisymmetry of Ao, and that ¢ is an
eigenfunction of Ao.



9.6. ANALYTIC FORM OF THE SCATTERING MATRIX 145

The solution of the above differential equation is
(Uo(1)8o0. €0) e = €' (80, €0)E ,

proving that (9.62) is a spectral representation of Up(t). The isometry of (9.62)
follows from the Parseval relation for the Fourier transform. Using the definition
of the energy scalar product we write go = {g1, 82}

-iax'w)

(80 €0)e = (D181, Dxe™'°**) —ic (g2, e
Integrating by parts the first term gives

o*(g1,€77* ) — o (g2, €77F ),
where (-, - ) denotes the L2 scalar product. So
(9.63) (80, €0)E = 02§|(aw) —iog(ow),

where ~ denotes the Fourier transform. The first term is an even function of o and
w, the second term odd. The sum of their L2 norms is, by Parseval,

I Dxg1lI? + llg2ll® .

Finally, we show that ag, defined by (9.62), is the Fourier transform with re-
spect to s of the translation representer ko defined in (9.11) as

ko(s, ) = =878 + 8s&2,
where ~ denotes the Radon transform. Denote by F the Fourier transform with
respect to s; applying F to ko gives

Fko = 0%Fg, —ioFg,.
As we have shown in Section 3.5 of Chapter 3, F§ = g; so we conclude from
(9.63) that

F ko =ap.
O

We turn now to the much more interesting task of constructing incoming and
outgoing spectral representations for the group U(t). To make matters simple, we
shall treat scattering by obstacles that do not confine rays. In this case U (t)h decays
exponentially on any compact subset of the exterior of the obstacle, as shown in
Theorem 9.26.

The incoming and outgoing spectral representations will be of a similar form
as (9.62):

9.64)_ a_(o,w)=(h,e_)g,

where e_ is an eigenfunction of A, the generator of the group U (1):
(9.65)_ Ae_=ioe._.

e_ will be constructed as a perturbation of ep:

(9.65)_ e_=ey+ fy.

To serve its purpose, the function f, has to have the following properties:
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(i) For (9.65)_ to hold, f; has to satisfy the differential equation
(9.66) Afy =iof,.
(ii) e_ has to be zero on 9 B; therefore f, must satisfy
fir(x) = —ep(x) ondB.

(iii) In order that the free space and incoming spectral representations be the
same for all & in F_, f, must be orthogonal to F_.

THEOREM 9.28 There exists a unique f, that has all three properties (i)(iii)
listed above.

PROOF: We start by choosing a smooth cutoff function ¢ (x) with the follow-
ing properties:

0 for|x| >R,
{x)= . .
1 in an open set containing B .
We set
9.67) f+=—Ce+p. |
In order for f; to satisfy (9.66) p must satisfy
(9.68) (A—io)p=(A—io)eg.

Denote the right side of (9.68) by g. A simple calculation shows that
g=(A—io)e={0,r},
where .
r=(A¢ —2io DL - w)e'"* .
The support of r lies outside of B and inside |x| < R, so that g belongs to H.
We define p by the explicit formula !

00
(9.69) p=-— f e~ 'U(r)gdr .
0

We claim that f, given by (9.67) and (9.69) has properties (i), (ii), and (iii) above.
First we note that the integral converges for all x, since, according to Theorem 9.26,
U(t)g decays exponentially as a function of r. Since g is a smooth function of x,
the x-derivatives of U (t)g also decay exponentially. Therefore x differentiation of
p. given by formula (9.69), can be carried out under the integral sign: :

(A—io)p= —[ e A —io)U(r)gdt
0

0 d !
=—£ et (E—IU)U(I)ng :

— ooi —iot —
= /(; dt(e U)g)dr=g.

Since g belongs to H, so do U(t)g, and therefore they are zero on the boundary.
But then so is their integral. We have thereby shown that f, defined by (9.67) has
properties (i) and (ii).
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What remains to be shown is property (iii). We shall show that for all smooth
h_ in F_ of compact support,

(f + h—)E =0.
This scalar product makes sense, since h_ is assumed to have compact support.
Using the definition (9.67) of f, we can write the equation above as
_(;e()v h-—)E + (P, h—)E =0.

Since the cutoff function ¢ is zero for |x| > R, the supports of {ep and h are
disjoint, and so the first term above is zero. We turn now to the second term; using
the definition of p we write

(p.h)g=— ( f e"""U(t)gdt,h-) =- f e ' (U(t)g, h_)p dt
0 E 0

= —/ e (g, U(~t)h_)gdt.
0

In the last step we have used the fact that the adjoint of U(t) is U(—t). U(~1)
maps F_ into itself; g is zero outside of the ball |x| = R; therefore the value of the
integrand above is zero for all ¢ > 0. But then so is their integral.

To nail down this argument we need the following piece of information:

LEMMA 9.29 The set of smooth elements h_ in F_ that have compact support is
dense in F_.

We shall present a proof of this result at the end of this section.

We leave it to the reader to verify that the f, we constructed is independent of
the choice of the cutoff function ¢.

Next we verify that

(9.64) a_(o,w) = (h,e_)g

gives the incoming spectral representation of U (). Here h can be any smooth data
in A of compact support.
Set in (9.64) U (¢t)h in place of h:

a_(o,w,1) =U()h,e_).
Differentiate with respect to ¢, integrate by parts, and use the fact that e_ is an
eigenfunction of A:
‘%a_(a. w,t) = (AU@)h, e )E
= —(U(0h, Ae_)e = io(U(t)h,e_)e
=ica_(o,w,1).

It follows that U (¢)4 is represented by €'°’a_ (o, w). From part (iii) it follows that
the representer of any h in F_ is the same as its free space spectral representer.
So the representation is isometric for h in F_; it follows that it is isometric for all
U(nh. According to the basic Theorem 9.10, these are dense in H, so we can, by
closure, define a spectral representer for all 2 in H.
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We are now ready to complete the proof of Theorem 9.28 and show that prop-
erties (i), (ii), and (iii) completely determine f,. Denote by g the difference of two
choices for f,. Since both choices give the same spectral representation, it follows
that (h,q)¢ = O for all & in H that have compact support. It follows from the
fact that e_ + f, is an eigenfunction that g is of the form {v, iocv}. Now choose
h = {0, ¢v}, where { is a real, nonnegative cutoff function at co, and we get that

@¢v,v)=0,
from which v = 0 follows. O

The most important information about f. is its asymptotic behavior for |x|
large. To determine that, we shall represent f in terms of its translation repre-
senter in free space. Since the energy of f, is infinite, we have to generalize the
concept of translation representer.

Extend f, smoothly into the interior of B; f, thus extended satisfies the equa-
tion

(Ag—io) fr = go.,
where go is supported on the obstacle B. We can solve this equation as we have
solved (9.68):

(9.70) = —f e™""Uo(t)godt .
0

By Huygens’ principle, Uy(t)go is zero for |x| < t— R; therefore for x in a compact
set the integral is over a finite range of 7. Define f7 as

T
(9.70)7 fI=- / e~ Up(t)godt .
0
It follows that
9.71) fIx) = fe(x) forlx| <T —R.

We denote by ko(s, ') the free space translation representer of go. The angular
variable is denoted as w’; go depends on ¢ and w as parameters, and therefore so
does kq. Since go is supported in the ball |x| < R, ko is supportedin —R < s < R.

By definition (9.70)7, the free space translation representer of f7, is

T
—/ e k(s — 1, w)dt = j{ (5, @),
0

which can be rewritten as
§

9.72)7 il = —e7 f €%ko(b, »')db .
s=T

ff can be expressed in terms of its translation representer:
9.73) floy = [ Jjg (x - o, @)dw';

a similar expression holds for the second component of ff.
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The support of j[ liesin —R < s < R+ T. Let h_ be any element of F_,
k_(s. ') its free space translation representer; k_ is supported on s < —R, disjoint
from the support of j[ . Therefore

9.74) h-, fNHe = k-, jOH) =0.

We are now ready to let T — oo. According to (9.71) f. f (x) tends to f(x).
We let T — oo in (9.72)T and define

5
9.72) Jjo(s, @) = —e~°* f €°ko(b, ')db .
-00
Since ko(b, @) = 0 for b outside [-R, R],
9.75) Jjo(s, @) = e~ n(s, &),
where
0 fors < —R
.75)’ y ') = !
©.75) n(s, @) {n(a)’) forR <s;

here X
n(w) = f e%ko(b, ') db .
-R
If we compare (9.72)T and (9.72), we conclude that for T — R > s,
Jo (s, @) = jo(s, @) .
Therefore choosing T > |x| + R we conclude from this, (9.71), and (9.73) that for
every x,

(9.76) frn = / Jo(x - &, 0)de' .

Suppose h_ belongs to F_ and has compact support. Then by (9.71), f(x) =
fI(x) on the support of h_(x) for T large enough, and so it follows from (9.74)
that

(h-v f +)E = 0;
this shows that f,, as defined by (9.70), has the required property (iii).

The asymptotic behavior of f.(x) for |x| = r large can be determined from
formula (9.76). Take x to be r(1, 0, 0), and parametrize ' as

9.77) o' = (cos ¢, sing cos ¥, sinpsinyr) ,

¢ in [0, ], ¥ in [0, 27), do’ = sin¢gdedy, and x - o' = r cos ¢ . We set this in
(9.76), using the definition (9.72) of jp:

n rcos¢
frl =- f e "% 5ing / €'“%ko(b, w')dbdp dy .
0 —00

Introduce cos ¢ = ¢ as a new variable of integration:

1 rc
falx) =— f e~iore [ €%ko(b, w')dbdcdy .
-1 —-00
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We integrate by parts with respect to c, integrating the first factor e~**", differen-
tiating the second factor

rc
/ € ko(b, w)db .

—00
Since ko(b, ') is zero for |b| > R, the second factor is zero for c = —1 when
r > R. For ¢ = 1l itis equal to

w .
n(w') = f ebko(b, w')db .

s ]
So we get

—ior

[+ =

1
m, — i[ ko(rc,@)dcdy, my=m,(o,w).

r io J_,

We claim that the second term in the above formula for £, (x); is O(1/r?). To see
this we note that outside the range |c| < R/r the integrand ko(rc, ') is zero. In this
range we may replace ', given in formula (9.77), by w(¥) = (0, cos ¢, siny),
with an error that is O(1/r?). In the remaining integral we introduce s = rc as a
new variable of integration; we get

l o]
—f ko(s, w(¥))dsdy .
ior J_o

But it follows from formula (9.11) that the s-integral is, for fixed w, equal to zero.
This proves that as x tends to oo,

—ior l
9.78) fetn =m0 ).
r r

where |x| =r.

So far we have taken x to be r(1, 0, 0). But clearly the argument can be ex-
tended to any x. In the general case, m in (9.78) will be a function of @ = x/r, and
of w and o, which enter the function gy, and therefore also kg, as parameters.

In Theorem 9.28, f, was characterized by the following conditions:

(i) f+ = {f. iof}, where f satisfies Af +o%f = 0 outside B.
(ii) f(x)=—e""*“ondB.

(iii) f4 is orthogonal to F_.

We have shown that such an f exists, and that it is uniquely characterized by
these conditions. The asymptotic behavior of f(x) for large x is given by formula
(9.78).

We shall show now that condition (iii) may be replaced by (9.78).

THEOREM 9.30 There is exactly one solution of the reduced wave equation in the
exterior of B with prescribed boundary values (ii) whose asymptotic behavior is of
the form (9.78).

PROOF: The asymptotic behavior of a—a; f as |x|] = oo can be determined by
the same argument as was used for f itself. The result is the same as that obtained
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by differentiating (9.78) with respect to r:

; —ior 1
9.78), Bf) - m+ 0(—2).
r r
Combine (9.78) and (9.78),; as x — 00,
1
(9.78)’ 8, f +iof| = 0(72)'

(9.78)' is called the Sommerfeld radiation condition.

Suppose that there are two functions satisfying (i), (ii), and (9.78)". Their dif-
ference, again denoted as f, satisfies Af +0% f = 0 in the exterior of B, and f = 0
on 3 B. Furthermore, f satisfies the asymptotic relation ((9.78)") as r — 0.

Denote by S, the sphere |x| = r.

f 18, f +icflPdS = f 19, £ + 021 f 2 dS
S, S,

t+io f (fo,F 8, £ )ds.
S,

We claim that the third term on the right is zero. To see this, integrate f(Af +
a2 f) in the region contained between B and S,. Since f = 0 on 3B, after integra-
tion by parts we obtain the desired result.

Integrate the identity above from R to 0o. By estimate (9.78)’ the left side is
finite; therefore so is the right side; this shows that f is L2 at co. But according to
the Rellich-Vekua theorem, Lemma 9.18, this implies that f = 0. O

We turn now to a physical interpretation of f,. What happens when a wave
impinges on an obstacle? We take the wave to be a harmonic plane wave ei°¢~®%),
traveling in the direction w, with frequency o/27. To make this wave impinge on
B we choose a smooth cutoff function &,

0 on an open set containing B,

§0) = 1 forR <|x|,

and take the initial value & e for the exterior problem. We shall show that as T —
00,

9.79) U(T)teo — €Te_,

uniformly on any compact set in the exterior of the obstacle B.

PROOF: By (9.65)_, e = €9 + f4; therefore e — Eeg = (1 — &)eg + f4.
Taking 1 — & to be { and using (9.67) we get

e_—Ee=p.
Applying U(T) we get
9.79) e°Te_ —U(T)eeg=U(T)p.
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Using the definition (9.69) of p we can write

U(T)p = — / e~'U(t + T)gdt
0

o0
=ei"T/ e~ U(s)gds.
T

According to Theorem 9.26, U(s)g tends to zero exponentially as s — 00, uni-
formly on compact sets. Therefore so does U(T)p as T — oo. This shows that
(9.79) tends to zero as T — oo; from this (9.79) follows.

The signal ¢’°Te_ consists of two parts, e°Te plus €°7 f,. Our analysns
shows that ¢'°7 ¢ is the incident signal, ¢'°7 f is the reflected signal.

In an experimental setup the wave U(t)€ey is sent in, and the reflected wave
€'*! f, is measured. Since the measurement is made at some distance from the
obstacle, only the leading term of the reflected wave

eio(r—r)

(9.80)

my(6,w;0),

is measured.

Note that (9.80) is an outgoing spherical wave.

The inverse problem of scattering theory is to determine the shape of the ob-
stacle from the scattering data m (6, w; o).

THEOREM 9.31 The scattering data m (6, w; o) uniquely determine the obstacle.

PROOF: Take two obstacles B and B’, with e_ and e’_ the incoming eigen-

functions. According to (9.65)"_,
e_=e+fi., e =e+f,.
Their difference is
e_—e'_=f+—-f;_.

Denote by m., and m’, the terms appearing in the asymptotic description (9.78)
of fi and f;. Suppose that for some fixed value of w and o, m, (6, w; o) =
m’, (6, w; o) for all . Then the difference e_ — e’ is 0(1/r% as x — oo. This
implies that e_ — e’ is square integrable around oco. Since the components of e_
and ¢’_ satisfy the reduced wave equation (9.46), it follows from the Rellich-Vekua
theorem (see Lemma 9.18) that e — €’_ is zero in a neighborhood of oo. But since
solutions of the reduced wave equation are analytic functions of x, it follows that
e_ — e’ = 0 at every point of the set in the exterior of both B and B’ that is
connected to infinity within this set.

The set of points that belong to B’ but lie outside of B is the union of connected
components G;. The boundary if each G; belongs either to the boundary of B or
of B’; therefore e_ is zero on the boundary of each G. The first component of e_
is a solution of the reduced wave equation, and therefore an eigenfunction in G of
—A, equal to zero on the boundary of G, with eigenvalue a2. If both B and B’
are contained in a ball of radius R, so is G, and we can estlmate from above the

number N of eigenvalues < ol
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Suppose m (6, w; 0) = m', (0, w; o) for all # and N + 1 values of w. That
would give N + | eigenfunctions of —A with eigenvalue o2, too many, a contra-
diction, into which we were led by assuming that B # B’. O

The inverse problem of scattering is to reconstruct the obstacle B from the
observed scattering amplitudes m (0, ; o) for all 6 and a finite set of w. This
would require measuring the scattered waves for all 6, that is, all around the ob-
stacle. This is not practical. However, one of the results of scattering theory, the
reciprocity law, says that m (6, w; o) is a symmetric function of 6 and w:

m.(6,w;,0)=m,(0,0;0).

REMARK. Merely proving that a certain set of scattering data uniquely deter-
mines the scatterer is a far cry from solving the inverse problem. That task calls for
algorithms to actually generate the obstacle from the scattering data. We refer the
reader to chapter 9 in Michael Taylor’s book on scattering theory (1996) for some
thoughts on this subject.

We turn now to the scattering matrix M (o). Since both the incoming and
outgoing spectral representations are perturbations of the free space spectral repre-
sentation, it is no surprise that the scattering matrix is of the form

M(@)=1+K(o),

where K is an integral operator. The kernel of K can be expressed in terms of the
scattering amplitude m . (6, w; 7).

We conclude this section by presenting a proof of Lemma 9.29, that the set of
smooth elements h_ in F_ that have compact support is dense in F_. We argue
indirectly: suppose not. Then there would be a nonzero k in F_ that is orthogonal
toall h_.

It is easy to construct data h_ in F_ that have compact support. Take any g
in Hy that is supported in |[x] < T — R, and set h_ = Up(—T)g. By Huygens’
principle. h_ belongs to F_, and since signals propagate with speed < 1, h_ is
supported in |x| < 2T — R. All such h_ would be orthogonal to k:

(Uo(-T)g, k) =0.
Since the adjoint of Up(—T) is Up(T),
(g, Uo(T)k)g =0.

We may take for the second component of g any smooth function supported in
|x| < T — R, and take the first component zero. It follows that the second compo-
nent of Up(T )k is zero for |x| < T — R.

Denote by ug(x, t) the solution of the wave equation in free space with initial
data k. We have shown that d,uo(x, t) = 0 in the cone |x| < t — R. It follows that
uptx, t) = ug(x) for |x| <t — R. Since 8,2140 = 0 for |x| < t — R, it follows from
d7ug — Aug = 0 that uo(x) is a harmonic function. Since fm< R |9 uol? dx is less
than the energy of k, ug(x) has finite energy. But a harmonic function defined in
the exterior of a compact set that has finite energy is a constant. We claim that this
constant is zero.
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The proof is based on the following estimate for functions f defined in R3,
differentiable and of compact support:
For every R,

R2
©81) [ 1rwrax < 3 [iniax.
IxI<R
To derive this inequality write for x = r6,

*d
fx)= —/ E—f(re)dr.
r r
By the Schwarz inequality
oo o0 [o <]
s ["rar [ prar =it [ rar.
r r r
Integrating with respect to 6 on the unit sphere gives

]If(r0)|2d95r" / fldx Sr"/lfxlzdx-

Ix|=r

Multiply this inequality by r2 and integrate dr from 0 to R to obtain the estimate
9.81).

Inequality (9.81) holds for any function f(x) that is the limit in the norm
(f f}dx) of C} functions. The harmonic function ug(x) is such a limit, and there-
fore

2
9.82) f up(x)?dx < R? / 13:u0l* dx < R2|k|% .
Ix|<R

We have already shown that ug(x) = const. If that constant were nonzero, the left
side of (9.82) would grow like R, contradicting (9.82) for R large enough.

We have thus shown that ug(x, t) = 0 in the cone |x| < t — R. Since k belongs
to F_, up(x,?) = 0 in the cone |x| < —t + R. It follows then from Lemma 9.11.
that the translation representer of k is zero, and therefore so is k itself, contrary to
assumption. This completes the indirect proof of Lemma 9.29. ]

9.7. Scattering of Automorphic Waves

Boris Pavlov and Ludwig Faddeev have given a beautiful analysis of the scat-
tering of automorphic waves.

The scene of action is hyperbolic plane H. In the Poincaré model this is the
upper x, y plane, y > 0, equipped with the Riemannian metric
dx? +dy?

oo

Motions in the hyperbolic plane can be expressed as fractional linear transfor-
mations in the complex variable z = x + iy: |

aztb bcdreal. ad—bc=1. '
cz+d '

(9.83) ds* =

(9.84)
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THEOREM 9.32

(i) The mappings (9.84) preserve the metric (9.83).
(ii) The hyperbolic L* norm

/‘/‘ uzdx dy
y2

is invariant under the mappings (9.84).
(iii) The hyperbolic Dirichlet form

D(u) = / (u? + u2)dx dy
is invariant under the mappings (9.84).
(iv) The Laplace-Beltrami operator
(9.85) Ay = y’A
is invariant under the mappings (9.84).
Proof is left as an exercise for the reader.

The renormalized Laplace-Beltrami operator is

1
(9.86) L=Axg+ 7
and the hyperbolic wave equation is
(9.87) Uy — Lu=0

The conservation is energy is derived just as in the Euclidean case. Multiply
(9.87) by 2u, and integrate by parts. We get

1 \dxd d 1
0= Z/u,(u,, —yzAu - Zu) yzy dt ( +u +u - 4—y—u )dxdy
H

This proves that
9.88 Ew) = 2 4u? 12"—'2dd
(. ) u)= ux uy—mu +y2 xay
H

is a constant of the motion.
A useful form for energy is

(9.38') E(u) = —(u, Lu) + (u;, u,),

where ( , ) denotes the L2 scalar product in the metric (9.83).
For data with compact support, energy is positive, in spite of the presence of a
negative term in (9.88). Integration by parts gives

o 1 2 0o 2
uy+—uj d =/ (u +—+—)d
£ (’ Zy) Y= y " ay2)?
00 2 2 0o 2
_ 2 _ W W N 2 _ W
—/o ("’ 2y2+4y2)dy /o (“’ 4y2)dy'
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The Pavlov-Faddeev theory deals with automorphic solutions of the hyperbolic
wave equation, with respect to to the modular group, a subgroup of the group I'
of motions (9.84) characterized by the condition that the coefficients a, b, c, d are
integers. A function u(x, y) defined in the hyperbolic plane is called automorphic
with respect to I if u(y(x, y)) = u(x, y) for all motions y in I".

Automorphic functions are hyperbolic analogues of periodic functions in Eu-
clidean space. The analogue of a period parallelogram is a fundamental domain,
defined as follows:

A subset P of H is called a fundamental domain for I if

(i) every point of H can be mapped into a point of P by some y in T,
(ii) only boundary points of P are mapped into each otherbyay # / inT.

It is a classical fact that set T defined by the inequalities —} < x < §, x2 +

¥? > 1 is a fundamental domain for [". Its boundaries, x = —1,x = }, x2+y* = |
are geodesics of the metric (9.83), as the reader may verify. Thus T is a geodesic
triangle, one of whose vertices lies at co. Nevertheless, the area of T is finite; the
reader is invited to verify these facts. The mapping x, y — x + 1, y carries the left
edge of T onto the right edge. The mapping z — —% carries the bottom edge of T

onto itself.
NOTE. These two maps generate I

It follows from property (i) of a fundamental domain that the image of T under
any y in the modular group is again a fundamental domain, and that the union of
y(T), y € T, is the whole hyperbolic plane H. These facts lead to the following
construction of continuous automorphic functions u(x, y):

Take any continuous function u(x, y) defined on the fundamental domain T,
and which satisfies the following automorphic boundary conditions:

(9.89) u(%, y) = u( - % y), u(x,y) =u(=x,y) forx’+y*=1.
We then define u(x, y) for any (x, y) in H as u(y(x, y)), where y in I' carries
(x,y)into T.

We can similarly construct differentiable automorphic functions by imposing
automorphic boundary conditions on the derivatives of u as well.

The objects of our study are automorphic solutions of the hyperbolic wave
equation (9.86), (9.87). Given automorphic initial data g = {1(0), u,(0)} in H, we
denote by u(x, y, t) the solution in H x R of the hyperbolic wave equation (9.87)
with initial data g. Since the wave equation is invariant under hyperbolic mo-
tions, u(y (x, y), t) also is a solution of the wave equation. Since g is automorphic
u(y(x, y), t) has the same initial values as u(x, y, t), and therefore is = u(x, y, t).
This shows that if the initial data of u(x, y, t) are automorphic, then u(x, y, t) is
automorphic for all 7.

DEFINITION H is the space of all automorphic data h = {h,, h,} with the follow-
ing properties:
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(i) h; and its first derivatives are square integrable over T.
(ii) h; is square integrable over T.

The energy Er(h) of data h in H is defined as

1

9200 Erth) = f [(3h|)2+(8h|)2 —ht+ h’]d dy.
T

NOTE. Energy is not positive for all h in H; take for instance h = {1, 0}.

Let u(t) be the solution of the hyperbolic wave equation with initial data A in
H: (1(0), u,(0)} = h. Denote by U(r) the operator h — {u(t), u,(t)}. The oper-
aters U (t) form a one-parameter group; each U (t) preserves energy; this follows
fron the standard argument.

The operator L acting on automorphic functions square integrable in T has a
vety rich point spectrum with negative eigenvalue:

(991) Lg = —pu®g, preal.
The: corresponding eigendata of U (t) are
991 e, ={g,ingl, e_=({g, —ing}.
The corresponding solutions of the wave equation,
glx, y)e' and g(x,y)e ',

are standing waves and so do not contribute to the scattering process. A scattering
theéory for automorphic waves has to be built on data that are orthogonal to the
eig:nfunctions f. We denote by H, the space of such data. We show now how to
cot struct data in H,.

LuviMa 9.33 For any automorphic function h(x, y) define
_ 1/2

(912) h(y) = h(x,y)dx, y=>0.
-172

Foi eigenfunctions g satisfying (9.91), h(y) =

PROOF: Integrate with respect to x the eigenvalue equation (9.91); the result
is t1e ordinary differential equation

(993) yhy, + %E +u’h=0.

Tw > solutions of this equation are y!/2+i# and y!/2-i#; all others are linear com-
binations of them. Since h(x, y) is square mtegrable over T, h(y) is a square
inte grable function of y over [1, 00) with respect to dy/ y?. But the only square
inte-grable solution of (9.93) is & = 0. O

Let u(x, y, t) be any automorphic solution of the hyperbolic wave equation.
We define. as before, its x-average u(y, t) as

172
ﬁ(y,r)=f u(x,y,t)dx, y=>0.
-172
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Integrate the hyperbolic wave equation with respect to x. It follows that i satisfies
the averaged wave equation

(9.94) iy — ylidyy — 24=0
The change of variables

(9.95) a=y"%, y=e,
turns this equation into

(9.94') vy — U5 =0,

We can factor this equation as
@ +35)(v, —v5) =0,

from which it follows that v, — v, is a function of s — ¢:

(996+) Vs — Uy =r+(s —')
Going back to (9.95) we can express the function r.(s) in terms of i:
(9.974) ri(s) = 3e72h(e*) — e~ *hy(€),

where {h), hy} are the initial values of u. We call r (s) the outgoing translation
representer of h = {h,, hy}; we shall denote it as

ry = R+h .
It follows from (9.96,,) that
(9.96') R.UMWOh=r,(s—1),

that is, R, transmutes the action of U(t) into translation.

It follows from Lemma 9.33 that the translation representer of e, and e_ de-
fined in (9.91) is zero.

Automorphic solutions of the hyperbolic wave equation that are independent
of x satisfy equation (9.94). The transformation (9.95) turns this into the classical
wave equation (9.94'), which has solutions m(s — ¢) that propagate only in one
direction. The corresponding solution of (9.94) is

(9.98,) ur(y,1) = y"*m(logy —1).

We choose for m(s) a differentiable function with compact support contained in
0 < 5. Then fort > 0, u,(y,t) satisfies the automorphic boundary conditions
(9.89) on the boundary of T, and so can be extended as an automorphic function to
all of H.

The initial data of u, in T are

(9.99,) f+ = {y"’m(logy), —y'?m’(log y)},

where m’ denotes the derivative of m.

These solutions u ., (y, t) are outgoing in the sense that given any compact set
in T, uy+(y, t) = 0 in this set for ¢ large enough. Thus for ¢t > loga, u(y,t) =0
fory <a.
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DEFINITION F, consists of all data f, of the form (9.99,) where m in Cg is
supportedon 0 < s.

THEOREM 9.34

(i) F; satisfies the first two properties of outgoing subspaces that are listed
in (9.154):

U@)Fy C Fyfort >0, NU@)F, ={0}.
(ii) Every f4 in F, is E-orthogonal to every e, and e_ defined in (9.91').
(iii) The energy of f defined by (9.98.) is
o0
(9.100) E(fy)=2 / (m'(s))*ds .
0

(iv) The outgoing translation representer of f, is 2m'(s).

PROOF:
(i) Follows from (9.98.).
(ii) Since f, is independent of x and zero for y < 1, the integration in

(fr.es)e and (fy, e )E
acts only on e, and e_. By Lemma 9.33, e, and e_ are zero.
(iii) From (9.99,) we get for the first componcnt of f,
9.101) fy=y"?m'(logy) + y"”m(log »si

therefore, according to (9.88),

e 1 A 1,2
1:'(f+)=/l (y (m +§rn) —Em +y 'm )dy
o0 2 o0 o0
=/ Qy 'm’ +ymm')dy=f 2m'(s)2ds+f mm' ds
1 0 )

00
= 2/; (m'(s))%ds .
(iv) From (9.99,), fors >0
fie®) =e*m(s), fa(e*) = —e*m'(s).
Setting this into formula (9.97;.) for R, f,, we conclude that for s > 0
Ry fy =ri(s) =2m'(s).
Fort > 0 and for s > 0,
U f =1{y'm(logy — 1), —y"*m'(logy — 1.
Setting this into the formula (9.96) for R, U (1) f gives
RUWMSfr=ri(s—t)=2m'(s —1).
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Since this holds forall > 0,s > 0,
(9.102) ry(s) =2m'(s)
holds for all s. O

The incoming translation representer r = R_h of any h in H is defined anal-
ogously to (9.97,) as

(9.97)- r-(s) = de™*hy(e*) + e hy(e*) .
R_ transmutes the action of U (1) into translation to the left:
R.UMh=ry(s+1).
F_ is defined analogously to F,; it consists of the initial data of solutions
u_(v,0)=y"n(logy +1),

where n is a differentiable function of compact support contained in 0 < s. The
initial data of «_ are

(9.99)- f-={y"*n(logy), y'*n'(log y)} .
The analogue of Theorem 9.34 holds for the space F_.
THEOREM 9.35 F_ and F, are E-orthogonal to each other.

PROOF: This is a simple calculation. Using formula (9.101), and its analogue
for f_, in the definition of the energy scalar product, we have

— *© -1 ’ l)(l 1)__]_ __l_ '
(f+.f_)5_[ [y (m +2m n+2n 4ymn ymn dy

0o i
= l/ (m'n +mn')d—y = l/ (m'n+mn')ds =0
2Jy y 2/
]

The operator L has a single square integrable eigenfunction g with positive
eigenvalue:

1
=1, Lg=-g.
8 8= 8
This gives rise to two eigenfunctions of U (r):

p+={1 172}, p-={1,-1/2},

9.103
( ) Up, =ep,, U@tp-=e"p_.

LEMMA 9.36 p_ is E-orthogonal to F,, and p, is E-orthogonal to F_.
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PrOOF: This is again a calculation based on (9.99.,):

1 1
(fs+,P-)E= ‘z()’l/zmv l) + (yllzm ’ 5)
=) y—3/2 y-3/2
= f ( - Tm(log y)+ Tm'(log y))dy
1

00 —s/2 —s/2
=j (_e4 m(s)+e m'(s))ds=0.
()}

2

as thay be seen by integrating the second term by parts.
.(f=, P+)E = 0 can be proved similarly. =)

chnolc by F? those elements f of F, that are orthogonal to p... Then U(t) f,
tooy is orthogonal to p,, and by Lemma 9.36 to p_ as well. The energy norm is
pos}livc on the orthogonal complement of p, and p_.

DE‘ INITION H, is the closure in the energy norm of U(t)Ff.

THEOREM 9.37 H, consists of all f in H that are E-orthogonal to the eigendata
e, nd e_ defined in (9.91'), and p.., p- defined in (9.103).

SKETCH OF PROOF: According to part (ii) of Theorem 9.34, every f, in
F,|:s E-orthogonal to the eigenfunctions e, and e_. By Lemma 9.36, f, is E-
ortjogonal to p_, and by definition of F?, f in F? is orthogonal to p. as well.
Singe U () preserves the E-scalar product,

. 0= (fr,ex)e= U@ fr, UMer)g = eFH (U () fy, e4)E

it fl.llows that U(¢) f, is E-orthogonal to e,, e_, as well as to p_ and p,. But

the} so is every f in H,, the closure of U (t) FO. The content of Theorem 9.37 is

tha{. conversely. the E-orthogonal complement of F,? is spanned by these eigen-

funftions. This can be shown by demonstrating that (A — k/)~! acting on the E-

ortjogonal complement of F. 9 is a compact operator. For complete proof the reader

is r¢ferred to Lax and Phillips (1985); below we merely give the key lemma. O
|

LE}MA 9.38 Denote by H® the space of all g in H that are E-orthogonal to p,,
unJ p-. Such a g is E-orthogonal to F2 if R,g=0.

| PROOI: Rewrite formula (9.97.,) for the outgoing translation representer in
terths of the variable y instead of s:

I By - ~1/2=

Rig=y""Dygr = 5y™28 =y~ 5.

DeTote by fi and f, the components of f,. Using formula (9.99,) we get
- | | B
(f+ 8= / [Dyleygl - Zﬁf!gl + Ffzgz]dy

9.104)
) 172 ’ 1 = )'-3/2 = 3/2 1~
= / [y‘ / (m + Em)D,g. - m& - y32m gz]dy.
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We integrate the second term by parts:

I I I AW
ny"’sz.véndy= 5/.\"’/2(5"1-"‘ )gudy;

set this into (9.104):

(fs.8)e = fm’[y""szén - %y'mé- —.\'_3/2§2]d)’ = /m’(IOg.v)R+gd7y-
Switch to s = log y as variable:

9.104) (furg)e = [ m©Reg)s.

It follows from (9.104') that if R, g(s) = 0. then (f,, g)g = O for all f, in Fi’.
Conversely, if (9.104') is zero for all m’(s) satisfying orthogonality of f, to p,:

fe"/zm'(s)ds =0,

it follows that R, g(s) = 0. O

We define similarly F°, and H_ as the closure of U(t) F—. The analogue of
Theorem 9.37 holds:

H_ consists of all f in H that are E-orthogonal to ey, e_,d,,d-_.

These two results show that H,. and H_ have the same E-orthogonal comple-
ment. But then H, and H_ are the same space; we denote H, = H_ as H,, for it
is the subspace on which U (t) has a continuous spectrum.

We are now back in the framework of LP scattering theory presented in Sec-
tion 9.2. The one-parameter group of unitary operator U (¢) acts on H,. There is
an incoming and an outgoing subspace F° and F?, E-orthogonal, having the usual
properties. Each gives rise to a translation representation given by R, and R_
with a sign reversal.

Note that these representations have been constructed explicitly, without ap-
pealing to Sinai’s theorem.

We can describe the scattering process as follows:

Let u be an incoming wave, defined for ¢ < 0 by

(9.105) u(x,y.1) =y "n(logy +1).

n(s) supported on s > 0. For t > 0, the wave impinges on the edge x2 + y? = 1 of
the fundamental triangle T, and is scattered by the geometry of T. For ¢ tending to
infinity u(r) becomes outgoing, as may be seen by the following argument: Denote
by A the initial values of u defined by (9.105). Given any ¢ > 0, there is an f,(¢)
in FO and a 1(¢) such that

[lh = U(=t(e)) f+(e)lle < €.
Since U (t) preserves energy,
NU@(eNh — fr(e)lle <.
This shows that u(x, y, 1(£)) is very nearly outgoing.
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The scattering operator relates the incoming and outgoing translation represen-
tations, and the scattering matrix relates their Fourier transformations. Since the
continuous spectrum has multiplicity one—the translation representers are scalar
valued functions—the scattering matrix is a scalar valued function. Pavlov and
Faddeev have determined M (o) as

_ T(3)rae)io)
T r( +io)¢(1 +2i0)’

where ¢ is the Riemann ¢ function. Denote by z the zeros of ¢ ; the zeros of M (o)
are located at 0 = z/2i; so the Riemann hypothesis is true iff all zeros of M (o)
have imaginary part —i /4.

Let Z(t) be the LP semigroup associated with the scattering process; see Sec-
tion 9.3. According to Theorem 9.9, the spectrum of the infinitesimal generator G
of Z(t) consists of those complex numbers y for which iy is a zero of M (o).

According to Phillips’ spectral mapping theorem for semigroups, if y belongs
to the spectrum of the generator G of Z(t) e¥* belongs to the spectrum of Z(r).
Using this fact Pavlov and Faddeev examined the following intriguing possibility.

Suppose we can show that Z(r) decays exponentially:

(9.106) M(o)

|
(9.107) lim - log||Z(#)|]| =a < 0.
t—o00 t

Since the spectrum of Z(t) lies in the disk of radius || Z(r)]],

(9.108) le'?| < et

for all y in the spectrum of G; since ¢ — 0 ast — o0, it follows from (9.107) that
(9.108" Rey <a.

The zeros of M(o) are iy, and therefore the imaginary part of the zeros of M (o)
are < «. It follows that the zeros z = 2io of the ¢ function have real part > —2a.
If one could prove (9.107) for @ = —1/4, the Riemann hypothesis would follow.

Scattering theory is a big subject. In the bibliography below we list mainly
those items that were used in the text.

References

Kato. T. Perturbation theory for linear operators. Springer, New York, 1966.

Lax. P. D., Morawetz, C. S., and Phillips, R. S. Exponential decay of solutions
in the exterior of a star-shaped obstacle. Comm. Pure Appl. Math. 16: 477-486,
1963.

Lax, P. D., and Phillips, R. S. Scattering theory. Academic Press, New York—
London, 1967.
. Decaying modes for the wave equation in the exterior of an obstacle.
Comm. Pure Appl. Math. 22: 737-787, 1969.
. Scattering theory for automorphic functions. Princeton University
Press, Princeton, N.J., 1976.




164 9. SCATTERING THEORY

. Translation representation for automorphic solutions of the wave
equation in non-Euclidean spaces; the case of finite volume. Trans. Amer. Math.
Soc. 289: 715-735, 1985.

. Translation representation for solutions of the non-euclidean wave
equation. Comm. Partial Differential Equations 2: 395-438, 1977.

Melrose, R. B. Geometric scattering theory. Cambridge University Press, Cam-
bridge, 1995.

Morawetz, C. S. The decay of solutions of the exterior initial-boundary value
problem for the wave equation. Comm. Pure Appl. Math. 14: 561-568, 1961.

Morawetz, C. S., Ralston, J., and Strauss, W. Decay of solutions of the wave
equation outside nontrapping obstacles. Comm. Pure Appl. Math. 30: 447-508,
1977.

Pavlov, B. S.; Faddeev, L. D. Scattering theory and automorphic functions.
(Russian) Boundary value problems of mathematical physics and related questions
in the theory of functions, 6. Zap. Naucn. Sem. Leningrad. Otdel. Mat. Inst. Steklov
(LOMI) 27: 161-193, 1972.

Ralston, J. Propagation of singularities and the scattering matrix. Singularities
in boundary value problems (Proc. NATO Adyv. Study Inst., Maratea, 1980), 169~
184. NATO Adv. Study Inst. Ser., Ser. C: Math. Phys. Sci., 65. Reidel, Dordrecht-
Boston, 1981.

Reed, M., and Simon, B. Methods of modern mathematical physics. 4 vols.
Academic Press, New York-London, 1972-1978.

Taylor, M. Partial differential equations. 11. Qualitative studies of linear equa-
tions. Applied Mathematical Sciences, 116. Springer, New York, 1996.




CHAPTER 10

Hyperbolic Systems of Conservation Laws

No monograph on hyperbolic equations is complete without some discussion
of a nonlinear instance. Systems of conservation laws in a single space variable is
a well-rounded subject, suitable for presentation in an introductory monograph.

The Euler equations of compressible flow, discussed in Section 10.6, are an
important example of a hyperbolic system of conservation laws.

In phenomena governed by nonlinear hyperbolic equations signals propagate
with finite speed, just as in the linear case. Singularities propagate along character-
istics, but unlike the linear case, can arise spontaneously, leading to the formation
of shocks. Time is not reversible as for linear equations but future and past are
different, as they are in real life. There is a substantial loss of information as time
moves forward, which can be interpreted as an increase of entropy.

The basic existence theory of solutions of hyperbolic conservation laws in a
single space variable is due to Jim Glimm (1965). It is a scandal of mathemati-
cal physics that, apart from isolated results, no comparable theory exists for more
space variables.

10.1. Scalar Equations; Basics

Many phenomena in the solutions of nonlinear hyperbolic equations are al-
ready manifested by solutions of the simplest nonlinear equation

(10.1) U, +uu,=0.

The left side can be interpreted as a directional derivative, leading to the following
form of (10.1):

du_ dx
dt — ' dt
The first equation says that u is constant on the curve, call it characteristic, along
which we are differentiating; the second equation says that the speed 4 with which
this curve propagates is constant. Therefore the characteristic curves are straight
lines.

Given initial values u(x, 0) = ug(x), we draw a straight line from each point
(x. 0) traveling with speed ug(x). If up(x) is differentiable, these lines cover a slab
0 < t < T in a one-to-one fashion and provide these a solution of the initial value
problem.

(10.2) =u.

EXERCISE Prove the last statement.
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When uo(x) is an increasing, smooth function of x, the straight lines cover the
whole half-plane x, ¢, ¢ > 0 in a one-to-one fashion. But consider the case when
up(x1) > up(x2) for some pair x, x5, where x; < x,. In this case the characteristics
issuing from x, and x; intersect at time 1. = (x2 — x})/(uo(x}) — ug(x2)):

- BN, PP —

X %2
at the point of intersection u(x,t,) would have to be equal to both ug(x;) and
up(x2), an impossibility. So there is no continuous solution beyond the time 1.

A similar breakdown of solutions of the Euler equations of incompressible
flow, observed in the middle of the nineteenth century caused a crisis in fluid dy-
namics. The leading theorists, Stokes and Airy among them, have grappled with
the problem. Its resolution came from the greatest mathematician, Riemann, who
pointed out that the equations of fluid dynamics are integral conservation laws of
the following kind.

Denote by u = u(x, t) the density of some quantity that obeys a conservation
law, and by f = f(x, t) the flux that transports that quantity. Then the total amount
of that quantity contained in any smoothly bounded domain C changes at the rate
at which that quantity is transported across the boundary of C:

(10.3) ‘%/u(x,t)dx = —/f-ndS.
c

ac

The minus sign occurs because n denotes, as usual, the outward normal to 3C.

If u and f are differentiable, the differentiation on the left can be carried out
under the integral sign, and the boundary integral on the right can be transformed
by the divergence theorem, leading to

(10.49) u, +div f =0.

Riemann then pointed out that whereas the differential equation (10.4) makes
sense only for differentiable functions, the integral form (10.3) is meaningful for a
much larger class, such as discontinuous ones.

Today of course we can, using the theory of distribution, make sense of the
differential equation. Riemann, in 1860, had anticipated that theory by almost a
hundred years.

Riemann proposed that solutions can by continued beyond the time when sin-
gularities form, as solutions in the integral sense (10.3). Furthermore he derived
the law of propagation of discontinuities of solutions in the integral sense. We
shall carry out the calculation in one space dimension; the differential form of the
conservation law is

(10.5) U+ fi =0,
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where f is a function of u and of other densities. Let x = y(t) be a curve along
which u is discontinuous; since f is a function of u, it too is discontinuous. We
shall denote by u', u” and f', f" the values of u and f at the left and right sides of
the discontinuity.

We take in (10.3) the domain C to be an interval [a, b] containing y(t). Then
(10.3) says that

dt
We break up the integral on the left as

b y(r) b
/ udx=/ udx+/ udx.
a a ¥ ()

d b
(10.6) — f u(x,dx = f° — fb.

Its 1 derivative is ,
y
f uydx + yu' —y,u’+/ udx.
a ¥y

Expressing u, to the left and right of y from (10.5) and carrying out the integration
we get

f"—f’+y,(n'—u')+f'—f'.
Setting this into (10.6) and solving for y, = s, the speed of propagation of the
discontinuity, we get

f]
(10.7) §=-—,

(u]
where [ ] denotes the jump in the quantity in brackets upon crossing the disconti-
nuity.

Equation (10.7) is, or should be, called the Riemann-Rankin-Hugoniot condi-
tion (RRH).
We return now to equation (10.1) and write it as a conservation law

(10.8) u, + (luz) =0.
2 X
For this conservation law the RRH condition, with f(u) = %uz,
u +u"
10.8 =
(10.8") 2
Consider now the following initial value problem:
1 forx <0
(109) upx)=31—x for0<x <1
0 forl <x.

For ¢+ < 1 this initial value problem has the solution

forx <t

1
(10.10) ux,n) =%} fort<x<l

0 forl <x.
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The characteristic lines issuing from the interval 0 < x < 1 all intersect at the
point (1, 1). So no solution exists in the classical sense for + > 1. But there is a
discontinuous solution that satisfies the jump condition (10.8’):

1 forx<1+}%
0 forl+35<ux.

The function u(x, t) defined by (10.10) for r < 1 and by (10.10') for¢ > lisa
solution of the initial value problem (10.9) for the conservation law (10.8).
Consider now the initial value problem

(10.10") u(x,t) = I

0 forx <O
10.11 =
(10.th o(x) {1 for0 < x.
The discontinuous solution
L
(10.12) urry = {0 forx <3
1 forj <x

satisfies the jump condition (10.8’), and is therefore a solution in the integral sense
of the conservation law (10.8).
On the other hand, the function
forx <0
forO0 <x <t
fort < x

(10.12) v(x,1) =

—_—-ix O

is a continuous solution of the differential form (10.1) of the conservation law
(10.8). These examples show that within the class of solutions in the integral sense
an initial value problem may have several solutions. Therefore this class has to be
narrowed. Recall that we were forced to introduce discontinuous solutions because
of the collision of characteristics. Therefore we only accept discontinuities that
separate two characteristics that otherwise would impinge on each other; that is, if

(10.13) W>s>u.
We turn now to general scalar conservation laws
(10.14) u,+ f(u), =0.
The differential form of this equation is
d
(10.14") u+a@u, =0, au)= é .

This equation is genuinely nonlinear if the derivative of a(u) with respect to u is
nonzero. This requires f to be strictly convex or concave; for definiteness we take
S (u) to be convex. The condition of admissibility, the same for convex and concave
f,is

(10.13%) a@') > s >a’).

In addition to its geometric meaning this condition has a physical meaning; this
will be explained in Section 10.4.
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For a flux function that is neither convex nor concave, Oleinik has given the
correct admissibility condition.

A discontinuity that satisfies the RRH condition (10.7) and the entropy condi-
tion (10.13") is called a shock.

A solution u of (10.14) all of whose discontinuities are shocks is called an
admissible solution.

10.2. The Initial Value Problem for Admissible Solutions
We start with the following result of Kruzkov; see also Keyfitz.

THEOREM 10.1 Let u and v be a pair of admissible solutions of the same conser-
vation law (10.14), f(u) convex. We claim that

(10.15) lu(t) = v(t)|p = f lu(x,t) — v(x,t)|dt
is a decreusing function of t.

PROOF: Denote by y(?), ..., the points where u(x, t) — v(x, t) as a function
of x changes sign. We rewrite (10.15) as

Ynsl

(10.15") Zs,,/ (u(x, 1) — v(x, 1))dx,

Yo
where 8, = 1 if the integrand in (10.15’) is positive, and 8, = —1 if it is negative.
Differentiate (10.15’) with respect to t; we get

d
Zl"(l)—v(')h_'

).n+l
(10.16) = Zs,.[/ (u, — v;)dx
Yn

d)'n+|
dt

Expressing u,, v, as — f (u),, — f(v), we get for (10.16)

dy,
+ (u — v)(Yns1) —(u-—- v)(y,.)gy’—] .

an [f(v()’n-H)) = fu(yns1)) = f(v(yn)) + f("(yn))
dyn+l d)’n]

(10.16") + (u — v)(Yn+1) an (u — v)(y..)y

dr

Yn

Yn+1
= an[f(v) — f) + (u - v)dy] :

If the change in sign of u — v at y,4) occurs at a point of continuity of both 4 and
v, the contribution to (10.16’) at y,, is zero. Suppose u has a shock at y,; and v
is continuous there; for convex f, by (10.13')

(10.17) Ww>v>u.
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Then the sign of u — v in [y, yn41] is positive, so 8, = 1, and the contribution to
(10.16) at y, 4, is

Iy _ r
fo) = F) + @ — L2 =T
u' —u

where we have used the RRH relation (10.7). We rewrite the formula above as
f (u')] .

Since, by (10.17), v lies between u, and u;, and since f(u) is convex, the value of
f(v) is less than the value at v of the linear function that interpolates f between u;
and u,. This shows that (10.18) is a negative quantity.

The continuation to (10.16’) at y, is likewise negative. The same is true when
both # and v are discontinuous at y,,. O

’

v -

u" ! w—v
— )+ =

ul — ul —ur

(10.18) fl) - [

An important consequence of Theorem 10.1 is

COROLLARY 10.1' Admissible solutions are uniquely determined by their initial
data.

We turn now to the problem of existence of admissible solutions with given
initial values. We start with the observation that a convex function f (u) lies above
its tangent lines:

(10.19) fw) = f(v)+a)(u-—v),

where a(v) = f'(v).

Let u(x, t) be a smooth solution of (10.14), and suppose that its initial value
up(x) is zero for x large negative. Then the same is true for u(x, t) for any ¢ for
which u(x, t) is defined. We define U(x, t) as

(10.20) Ux,t)= / u(z, t)dz.
—00
Conversely
(10.20') u="U,.
Integrating the equation
ur+ fw)x=0

from —oo to x gives

(10.21) U+ f(U) =0;

here we assumed that f(0) = 0. We apply inequality (10.19) with u = U,:
—Ur = fw) = f(v) +a@)u—v),

which we can rewrite as

(10.22) U +a)U; <g(v),

where

(10.22) gw) =a@)v - f(v).
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Denote by y the point where the line dx/dt = a(v) intersects the initial line
t=0
x —

(10.23) Y —aw).

Denote the inverse of the function a(u) by b; we obtain from (10.23) that

(10.23) b(" : y) =v.

The left side of (10.22) is a directional derivative of U’; integrate (10.22) from
Otor:

(10.24) Ux,t) <U(®,0) +1g(v).
Expressing v from (10.23’) gives

(10.25) g(v) = g(b(f:—y)) .

Denote the function g(b(s)) as h(s). From (10.22') we get, using f' = a, that

g =a'(Vv;

therefore by the chain rule

d

—h(s) = g'(b)b' = a' ()b’ (s)v.

ds
Since a and b are inverse of each, and b(s) = v, it follows that a’(v)b'(s) = 1,
which leaves
(10.26) h'(s) = b(s).

This determines A up to a constant. Since f(0) = 0, it follows from (10.22’) that
£(0) = 0. Denote a(0) by c; then b(c) = 0, and so

(10.26") h(c) = g(b(c)) =g0)=0.

Note that b is an increasing function, and so & is convex.
Coming back to (10.24), we use (10.25) to rewrite it as

(10.27) Ux, 1) < U(y,0)+th(x+y).

Since (10.22) holds for arbitrary v, (10.27) holds for arbitrary y. Since for v =
u(x. 1) equality holds in (10.22) along the whole characteristic issuing from x, ¢,
for each x, ¢ there is a value y for which equality holds in (10.27). We summarize:

THEOREM 10.2 Let u(x, t) be a smooth solution of (10.14):
u,+ f(u), =0.
Then

(10.28) u(x, 1) = b(x';y) :
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where y = y(x, t) minimize,

(10.29) Uo(y) + th (?) =Gx.y.1).
Here b is the inverse function of a(u) = df/du, f(u) is convex,
(10.30) % =bu), h()=0 forc=a(),
and

(10.31) Uo(y) = f ;uo(z)dz. uo(x) = u(x,0).

Since the derivation of Theorem 10.2 used the integrated form (10.21) of the
differential equation (10.14), it is not surprising that the formula (10.28) also holds

for distribution solutions.

THEOREM 10.3 Let ug(x) be any bounded, L' function on the x-axis.
(i) The function u(x, t), defined by formulas (10.28), (10.29), is an admissi-

ble solution of equation (10.14) with initial value uy(x).
(i) All discontinuities of u(x, t) are shocks.

PROOF OF THEOREM 10.3(i): Since uo(x) is integrable Uy(y) as defined by
(10.31) is a bounded, continuous function; h(«) is a convex function that achieves
its minimum at u = c¢. Therefore the function G(x, y, t), defined by (10.29),

achieves its minimum in y at some point or points.
We can combine (10.28) and (10.29) into a single formula:

(10.32) ux,t) =L" lim uy(x,1),
N—oo

where

) fb(u)e-NG(x.y) dy
(10.32) up(x,t) = f’e—”G“"’dy
Similarly
(10.33) fw) =L"lim fy,

N-ooo

where

, Jf(B())e " dy
(10.33) faxn) = fe'_ Vg
We can express uy and fy in terms of the function
(10.34) Vn(x,t) = log f e NSdy
as

, 14 18
(10.34') “N—-TV‘EVN‘ fN—Tv‘EVN»

where we use the relations
h' =b, sb(s)—h(s) = f(b(s)).
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EXERCISE Verify these relations.
If follows from (10.34’) that
duy +93, fn=0.
Let N — oo; using (10.32) and (10.33) we conclude that the equation
U+ f(u), =0

is satisfied in the sense of distributions.
1t follows from (10.32’) that u (x, 0) tends to uo. This completes the proof of
the first part of Theorem 10.3. a

To prove the second part, that all discontinuities of u are shocks, we need

LEMMA 10.4 For t fixed, denote by y(x) any value of y where G(x, y) achieves
its minimum; y(x) is a nondecreasing function of x.

PROOF: We shall show that for x; < x3, G(x2, y) does not take on its mini-
mum for y < y;, where G(x,, y) takes on its minimum at y,; that is,

(10.35) Uo(y) +,h(¥) < Uo(y) +rh(xn '—Y) :

Next we apply Jensen’s inequality to the convex function h(s); since x; < x,

y <>z,
h<x2—y1)+h(xl —y) <h(xl —Y|)+h(xz—)’).
t ! t t

Multiply this by ¢ and add to (10.35); after cancellation we get

G(x2, y1) < G(x2,y).
This proves that G(x;, y) does not take on its minimum for y < y;. 0

PROOF OF THEOREM 10.3(ii): Using formula (10.28) and the fact that b(s)
is an increasing function, and that x; < x2, y; < y, we get

W 1) = b(u) > ,,(*Ly:)
t t

u(xy, t) = b(xz';yz) .

Subtract the first from the second:
u(x2, 1) — u(xy, 1) < b("2 - yz) - b(x' - ”) .
Denote by k an upper bound for b’; then the right side is < k(x2 — x1)/t,
therefore since x, — x) is positive,
ulxg, t) —ut,) _k .
X2 — X) ~t

So u(x, t) satisfies a one-sided Lipschitz condition; it follows that at a discontinu-
ity. ; > u,. 0O

(10.36)
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From the explicit representation of the solution we can extract information
about the dependence of solutions on their initial data.

THEOREM 10.5 Denote by S(t) the operator that relates admissible solutions of
(10.14) to their initial data. The operators S(t) form a semi-group, that is, for all
s, 1>0

S(s+1)=S8()S@).

PROOF: For ug in L! and bounded, define

Ux,t) =/ u(z, t)dz.

-0
We claim that
Ux,n)=G(x, y(x,0),1),
where G is defined by (10.29) and y(x, t) minimizes G(x, y, t). For smooth so-
lutions this follows from the derivation of Theorem 10.2; for solutions in Theo-
rem 10.3 we argue as follows: define

X
Un(x,t) = / un(z,t)dz.
—00
Since uy tends to u in the L' norm, it follows that Uy tends to U uniformly. It

follows from (10.34’) that Uy = —Vy/N. But it follows from (10.34) that Vyy/N
tends to —G (x, y(x, 1), t). Denote S(¢)up as u(t); by Theorem 10.3,

u(x.t) = b(x_;_y) s

Uo(y) +th (xt;y) .

Similarly, denote S(s + t)ug as u(s + t); then

where y(x, t) minimizes

—_p(*=?
(10.37) u(x,s+t)_b<s+t).
where y minimizes '

’ X =Yy
(1037) Uo(y)+(s+t)h(s+t).
Denote S(s)u(t) as v(s); then
(10.38) v(x,s) = b(" ;Z) :
where z minimizes
(10.38)) U(z 1)+ sh ("s;z) .

‘We have shown above that

Uz, 1) = minUo(y) + :h(z-;l) .
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Setting this into (10.38’) characterizes z(x, s) as the minimizer of
(10.39) mzinmyin[Uo(y)+th(z:—y) +sh(‘:2)].
We perform the minimization first with respect to z; since h’ = b, we get

o(7) (5=

Since b is a strictly increasing function,

(10.39') oy _I-z,

t s
from 1his

_Ix+sy

T os4r
Setting this into (10.38) gives

xX—5
10.40 .)=b .

( ) v(x,s) (s - )

Setting (10.39’) into (10.39) gives
, x—y
mym[Uo()’) +(s+ t)h( Py )] ,
the same minimization problem as (10.37'). Comparing (10.37) and (10.40) we
conclude that
u(x,s +1)=v(x,s).
This proves the semigroup property. 0

The next result shows that the admissible solution of the nonlinear equation
(10.14) shares some of the properties of solutions of linear equations.

THEOREM 10.6 Suppose that the initial value uo(x) of a solution u is in L', and
is bounded: |ug(x)| < m for all x; then
(i) |lu(x,t)| <mforall x and all ¢,
(ii) signals propagate with speed < max{|a(—m)|, a(m)}.
We leave it to the reader to deduce these properties from the explicit formula
for the solution.

More interesting are results about solutions of nonlinear conservation laws that
have no counterpart for linear equations.

THEOREM 10.7

(i) Suppose that the initial value ug of u is in L'; then fort > 0, u(x,1) is
bounded for all x, and

const
10.41 u(x,t)| < —
(10.41) lu(x, 0] 7

asi!: — oQ.



176 10. HYPERBOLIC SYSTEMS OF CONSERVATION LAWS

(i1) Take the set of all initial values of ug that are supported in a given finite
interval, and whose L' norm is < 1. Fort > 0, the corresponding admissible
solutions u(x, t) form a precompact set in L'.

PROOF:
(i) Since ugisin L', —C < Up(y) < C forall y, C = |ug|,1. We recall from
(10.29) that

G(x.y.1) = Up(y) + :h(%) ;
the function A (s) reaches its minimum at s = c, h(c) = 0. Since h is convex,
(10.42) h(s) > q(s — ¢)*.
For any value of x and ¢, the choice of yp = x — ct yields
G(x,y0.1) = Uo(yo) = C.

Therefore the minimizer y of G(x, y, t) must make G < C. Using (10.42) we have
for any y

2
Gx,y.t) 2 —C+rq(x_t—y _C) )

In order for the right side to be < C, we must have

) 2
:q(" : ) —c) <2c,
2C
<./ —.
v qt
Since b(c) =0,

(10.44) |b(s)| < kls — I,
where & is an upper bound for the derivative of b. Setting (10.43) into (10.44) we

so for the minimizing y

x—=y

(10.43) ;

—-C

get
b =45
t qt
since by (10.28)
u(x, 1) =b(x7y);
(10.41) follows.

(ii)) We claim that for ¢+ > 0, all u(x, t) are supported in an interval somewhat
larger than the support of u¢, and that all |u(x, t)] are bounded. This can be deduced
by the type of argument presented in the proof of (i). It follows from inequality
(10.36) that

u(x,t) — ,%
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is a decreasing function of x. It is not hard to show, and is left to the reader, that a
set of decreasing functions uniformly bounded on a finite interval is precompact in
the L' norm. O

Luc Tarter has established the much deeper result of compactness for solutions
of hyperbolic systems of a pair of conservation laws.

Theorem 10.7 shows that most of the information contained in the initial data
is lost with the passage of time. A more precise measure of this loss has been given
by DeLellis and Golse.

From the fact that

w+ f;=0

is satisfied in the sense of distributions it follows that [ u(x, t)dx is a conserved
quantity, that is, its value is independent of r. Somewhat surprisingly, there is a
second conserved quantity:

THEOREM 10.8 Let u denote a solution whose initial value g is in L'. Denote as
before by U (x. t) the integral of u(x.t):

Ux,t) - [ u(z, t)dz.

o0
We claim that
infU(x,1)
is a conserved quantity.
PROOF: We have shown in the proof of Theorem 10.5 that

X —y

U(x,t) = min Uo(}') + lll(:'—) .
v
Since h is a nonnegative function, it follows that
Ux,1) = infUp(y).
¥

Suppose that Uy(y) achieves its minimum at y,,; then U (x, ) achieves it min-
imum at x,, = y» + cf, and it is equal to the minimum of Uy(y). The equality of
the infima can be proved analogously. O

The next result shows that there are only these two conserved quantities that
depend continuously on the initial data in the L' topology.
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THEOREM 10.9

(i) Let p and q denote two nonnegative numbers, and d a positive number.
Define

(x/t—c)/d for — /pt <x—ct < [qt

10.45 N(x,t;p,q) =
( ) x.1:p.q) 0 otherwise .

Define f(u) = cu + du*/2. Then N is an admissible solution of
N+ f(N)y=0
with two shocks.

(ii) Conversely, let f(u) be a convex function, f(0) =0, f'(0) =¢, f"(0) =
d. Let u be an admissible solution of

ul+f(“)x=0

whose initial value uo belongs to L'. Define
¥ e ]
p= —2dinf] up(x)dx, q= 2dsup/ u,(x)dx .
—oo ¥

We claim that
(10.45") ’lir?o lu(t)y = N(t; p,qlp =0.
PROOF: Part (i) is a simple calculation; part (ii) follows from the explicit

description given in Theorem 10.3 of admissible solutions in terms of their initial
data. We leave the working out to the reader. a

It follows from the asymptotic description (10.45’) that any conserved quantity
for admissible solutions is a function of p and q.

10.3. Hyperbolic Systems of Conversation Laws

These are systems of equations of the form

(10.46) Qu;+90, fi =0, i=1,...,n;
each f; is a function of all the u,, ..., u,. Denote by u the column vector of the
u;; then (10.46) can be written as a quasi-linear system
(10.46") U+ Au, =0,
where the rows of A are the gradients of the f;:

afi
= ;l; .
We assume that the system (10.46') is hyperbolic, that is, that for all values of u,
A(u) has real and distinct eigenvalues a; (u),

(10.47) Aij

ag<a<---<a,.
We denote by 7, (u) the right eigenvectors:
(10.48) Ary = agry .
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We need (10.46') to be genuinely nonlinear; we require not only that the eigen-
values «; should depend on u, that is grad a; # 0, but also that it be not orthogonal
to ry: grad ax - ry # 0. We normalize r; so that

(10.49) ry-graday = 1.

If for a characteristic field r; - graday = 0, we call the k™ characteristic field
linearly degenerate.

Let u be a solution of the systems of conservation laws (10.46) that is piece-
wise continuous. Then across a discontinuity the RRH jump condition for each
conservation law must be satisfied:

(10.50) sluel=1fi]. k=1.....n,

where s is the speed of propagation of the discontinuity.

Just as in the case of scalar conservation laws, not all discontinuous solutions
are admissible. We recall from (10.13’) that for scalar conservation the admissibil-
ity condition was

a@') > s> a(d").
where s is the speed with which the discontinuity propagates, and a@'), a(u') the
characteristic speeds on the left and right sides of the discontinuity.

Analogously, for systems we require that there be an index k, | <k < n. such
that

(10.51) ap') > 5 > ap(u’) .
and
(10.51") a1y <s <agp ).

For weak shocks, (10.51°) follows from (10.51). It follows that characteristics
with speed ax (1), agy (7). ... ay(u'), starting to the left of the discontinuity,
and characteristics with speed a;(u"). ..., ax(u") starting to the right, impinge on
the curve across which u is discontinuous, carrying n —k + 1. and &, a total of n + 1
pieces of information to each point on the curve of discontinuity. This information,
together with the n jump conditions (10.50), suffices to determine uniquely the
2n + | quantities u}. u}, j =1.....n,ands.

A discontinuity across which (10.50), (10.51), and (10.51’) are satisfied is
called a k-shock. A piecewise continuous distribution solution, all of whose dis-
continuities are shocks, is an admissible solution.

We describe now all states u” near u' that can be connected to u(/) through a
k-shock.

THEOREM 10.10 The set of states u" near u' that can be connected to u' through

a k-shock form a smooth one-parameter family of states u(p), 0 > p > —e¢,
u(0) = u': the shock speed s is also a smooth function of p.

A proof can be based on bifurcation theory.
We shall now calculate the first two derivatives of u(p) at p = 0. Differentiat-
ing the jump relations (10.50) with respect to p gives

(10.52) Slu)+si = f = Aa;
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here the symbol * denotes differentiation with respect to p.
Atp=0,[u] =0,so0
s(0)i(0) = A(u")u(0).
For u(0) # O this can be satisfied only if s(0) is an eigenvalue of A@h):
(10.53) s(0) = ax(u'),  (0) = constry(u').

By appropriate choice of parameter the constant can be chosen to be one.
Differentiating (10.52) once more and setting p = 0 we get

sii + 250 = Aii + Au.
Set (10.53) in this relation; dropping the subscript k we get
(10.54) aii + 25r = Aii + Ar.
To determine 5(0) and i (0) we differentiate the relation

ar = Ar, u=u(p),
with respect to p; we get )

ar+ar = Ar + Ar.
Subtract this from (10.54):
(10.55) ai—F)+@Q2s—ayr=A(@i —r).

Take the scalar product of this vector equation with the left eigenvector / of A
corresponding to the eigenvalue a; we get

(10.56) 2§—a=0.

Since @ = grada - 4 = grada - r = 1 according to the normalization (10.49),
(10.56) iO=1. 50=3.

Setting (10.56) into (10.55) shows that ii — r is an eigenvector of A

(10.57) U—r=constr;

by a suitable reparametrization we can make that constant 0. So

(10.57") ii(0) =r(0).

According to (10.56'), $(0) is positive; it follows that the left side of inequality
(10.51),
ay') > s(p),
holds for p small and negative.
Since a(0) = 1 = 25(0), the right side of inequality (10.51),
s(p) > ax(u(p))

holds for p negative and small.
For shocks of medium strength an additional condition due to Liu must be
imposed.
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We turn now to an important class of continuous solutions of the equation
(10.46'), centered rarefaction waves. These are solutions that are functions of

X — X0 .

t—1to
Xa. Io is the center of the wave. Waves centered at (0, 0) are of the form
(10.58) u(x,t) = w(?) ,

w a vector valued function so chosen that (10.46’) is satisfied. Denote x/¢ by g,
and denote differentiation with respect to g by ’. Then
wl

, X
U =—w — MX=T.

2’
Setting this into
U+ Awu, =0
gives
[A(w) —q]w’ =0.
This equation is satisfied if
(10.59) q=a(w(g), w(Qq) =rwQg).

Differentiate the first relation; using the second relation, and the normalization
(10.49) we get

| =grada-w’ =grada.-r=1,

which shows that the relations (10.59) are consistent. The second equation in
(10.59).

(10.59) w =r(w)
is an ordinary differential equation; we specify its initial value at go = a(u') as
w(go) =u'.

A solution will exist for g close enough to go.
We define now the following continuous, piecewise smooth solution:

u for x < goT
(10.60) u(x,t) = w(x/t) forget <x < (qo+ &)t
u" for (qo + &)t < x,
where
u" = wi(go+¢).

Note that the solution (10.12’) is a special instance of a centered rarefaction wave.
Take a(u) to be ax(u); we say that the states u’ and u” are connected by the
centered k-rarefaction wave (10.60). We summarize:

THEOREM 10.11 The set of states u" near u' that can be connected to u' by a
centered k-rarefaction wave form a smooth one-parameter family.
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Introduce as new parameter p = g — go; we can then combine the states u”
that can be connected to «' through either a k-shock or a k-rarefaction wave into a
one-parameter family u(p), —e < p < e.

THEOREM 10.12 This one-parameter family is twice differentiable.

PROOF: We only have to verify that the two one-parameter families out of
which we have built u(p) have the same first and second derivatives at p = 0.

According to formulas (10.53) and (10.57"), for the p < 0 branch

u@=r, U =r.
For the branch p > 0 we deduce from (10.59’), and by differentiating (10.59’), that
w'@=r, w@O=r,

the same as for the other branch. O
THEOREM 10.13 Suppose that the k™ characteristic field is degenerate in the
sense that
(10.61) graday -r, =0.
Given u', there is a one-parameter family of states u" such that

u  forx <st

(10.62) ux,1)=1,

u" forst <x,

where
s=a '),
is a solution in the distribution sense of the conservation laws (10.46).
PROOF: We shall construct a one-parameter family of states u(p) so that for

u" = u(p) the jump conditions (10.50) are satisfied. To this end we differentiate
the jump conditions with respect to p; since s is independent of p, we get

(10.63) su = Au.
We set s = ax(u'), and require that
u=r(u), u@©) =u".
We claim that a; (4) is constant along this one-parameter family; this follows from
dy =graday - u = grada, -r, =0,

where we have used (10.61).
It follows that (10.63) is satisfied for all p, from which the jump conditions
follow. O

Solutions of form (10.62) are called contact discontinuities.

We now have all ingredients in hand to construct an admissible solution of the
Riemann initial value problem:
ug forx <0

10.64 =
( ) uo(x) u, for0<x.
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THEOREM 10.14 Suppose that states ug and u, are sufficiently close. Then the
initial value problem with ug given by (10.64) has an admissible solution, con-
sisting of n + 1 constant states up, u,, ..., Un, separated by a shock, a centered
rarefaction wave, or a contact discontinuity, one of each family.

1
u,

u’l
h

PROOF: The state ug can be connected through a 1-wave to a one-parameter
family u;(p;) of states to the right of up; u, in turn can be connected through a
2-wave to a one-parameter family us(p;, p2) of states to the right of u,. Con-
tinuing in this fashion we can connect uq through a succession of n waves to an

n-parameter family u,(p, ..., pa) of states.
According to (10.59),
ou
EP. =Tk
since the ry are linearly independent, it follows from the implicit function theorem
that u,(p,, ..., pn) maps up one-to-one onto a neighborhood of uo. O

How large this neighborhood is is an interesting and important problem for the
equations of fluid dynamics.

Sergei Godunov had used the solution of the Riemann initial value problem for
solving approximately arbitrary initial value problems, as follows: the given initial
value 1y(x) is approximated by a piecewise constant initial function u’(x),

(10.65) wx)y=m,, hd<x<h+1)§ h=0,%l,...,

where § is the spatial discretization, a small number, and m,, is the average of ug(x)
over the h'" interval [h8, (h + 1)8].

The initial value problem with initial value u? given by (10.65) can be solved
exactly. At each point h8 we have to solve a Riemann initial value problem. The
waves issuing from two neighboring points of discontinuity 48 and (h + 1)é will
not interact as long as

é
'amu<§.

where ap,, is the maximum signal speed.
t

X
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So the solutions of the Riemann problems can be combined into an exact solu-
tion.

Attime t = §/2amax We replace this exact solution by averaging with one that
is piecewise constant, and repeat the process.

Numerical experiments strongly suggest that Godunov’s method supplies good
approximations to exact solutions of the equations of compressible flow. Leveque
and Temple have proved convergence of the method for certain 2 x 2 systems, but
proof of convergence of fluid dynamics is still lacking.

In 1965 James Glimm suggested the following modification of Godunov’s
method: instead of defining the quantities m; as the average of the initial values
on the interval [AS, (h + 1)8], set

mj =u(hd +ré,t),

where r is a number chosen randomly in the unit interval [0, 1]. At the next time
step another number r is chosen at random, and so on. Glimm then proved that
with probability 1 the approximate solutions constructed in this fashion converge
to an exact solution. The main ingredient of the proof if a new, powerful estimate
for the approximate solutions.

For his proof to work, Glimm assumed that the given initial value ug(x) has
small oscillation and small total variation. Robin Young showed how to prove
convergence when the total variation of ug is not small; see also Schochet.

What about uniqueness of solutions of initial value problems? Recently Bres-
san and Bianchini have proved the following vast generalization of Theorem 10.1:

THEOREM 10.15 Let u and v be a pair of admissible solutions of a hyperbolic
system of conservation laws, whose initial values belong to L'. Then

(10.66) f Ju(x,t) —v(x, t)|ldx < const/ Ju(x,0) — v(x, 0)|dx .

Uniqueness of solutions with prescribed initial values is a corollary. See also
Bressan and LeFloch.

Liu and DiPerna have studied the behavior of solutions of genuinely nonlinear
systems of conservation laws for ¢ large. Under some mild assumptions on the
initial values, the analogues of Theorems 10.7 and 10.9, derived for scalar conser-
vation laws, holds:

(i) Solutions decay as 1/+/7 as ¢ tends to 0o.
(ii) Ast = 00
lu(®) — N(t; p. @)l = 0,
where N(x, t; p, q) is a superposition on n functions of form (10.45), depending
on 2n parameters p, g.

10.4. The Viscosity Method and Entropy

The equations of compressible flow consist of the laws of conservation of
mass, momentum, and energy; they form a hyperbolic system of conservation laws.
When viscosity is included, the equations become partly parabolic. The solutions
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of the inviscid equations, including solutions with shocks, are the limits of the so-
lutions of the viscous equation as the coefficient of viscosity tends to zero. This
has inspired the vanishing viscosity method for solving the initial values problem
for hyperbolic systems of conservation laws

af:
(10.46) U+ A, =0 A = % ,  u(x,0) =up(x),

j

as the limit ¢ — 0 of solutions of the parabolic system
(10.67) U, + A(Uuy = iy,

with the same prescribed initial values ug.

Let u(x, t) be a smooth solution of (10.46") for ¢t < T, its initial value ug(x)
in L'. Denote by u®(x, t) the solution of the parabolic system (10.67) with initial
value ug(x). It can be shown that fort < T,

(10.68) linau‘(x,t) =u(x,1).
o d

But more is true; suppose u(x, t) is an admissible solution of the system of con-
servation laws (10.46); then (10.68) holds in the L' sense for each ¢. This is a
deep, recent result; see Bianchini and Bressan. We shall not present the proof, but
only sketch an argument why limits of solutions of (10.67) that are discontinuous
would satisfy the admissibility condition (10.51). We rewrite equation (10.67) in
conservation form

(10.67") U+ f(u)y = gy .

Denote by u° its solution whose initial value is given by u(x, t) the limit of u* as
€ — 0. Suppose u has a shock traveling with speed s; denote by u' and u” the
values of u on the two sides of the shock. The jump conditions

s —u') = f) - fu)
are satisfied, and so are the admissibility conditions (10.51) and (10.51’):
a@) > s> aW),
(10.69) - *
@ (U') <s <app ().

It 1s plausible to suppose that near the shock, u®(x, t) has approximately the shape
of a traveling wave of the form

(10.70) ue(x, 1) ~ v(x - s') ,
where

(10.71) v(-00) =u', v(oco)=u".
Set (10.70) into (10.67’); we get

(10.72) —sv' + f(v) =",

where v = v(p), ' = d/dp. Integrate (10.72):
(10.72) —sv+ f(v) =V +c,
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c a constant vector. Since v’'(p) tends to zero as p — +00, ¢ must be so chosen
that
c=—su' 4+ fu')=—su" + f(u");
here we use the jump condition satisfied by ' and u".
The solution of (10.72') is a curve along the vector field ¢ — sv + f(v) in R",
connecting the point u' to u”; the field is zero at both points. The linear approxi-
mation to the fields at these points is

(AW =shw—-u') and (AW) -shHw—-u").

According to the admissibility condition (10.69), A(u') —sI has n — k + 1 positive
eigenvalues; so the unstable manifold issuing from u' is (n — k + 1)—dimensional.
Similarly, A(u")— s/ has k negative eigenvalues; so the stable manifold converging
to u’ is k-dimensional. Foy has shown that for u” close to u' the unstable and
stable manifold intersect in a smooth curve connecting u' to u", which in the right
parameterization satisfies equation (10.72’).

This completes the heuristic argument that limits of solutions of the equation
with viscosity tending to zero have admissible discontinuities.

We turn now to the concept of entropy.

DEFINITION A function S(u;, ..., u,) is called an entropy for a system of con-
servation laws (10.46) if every smooth solution of (10.46) satisfies an additional
conservation law

(10.73) 0S+9.F=0,

where F(u,, ..., u,) is called the entropy flux. In addition, S(u) is required to be a
convex function of u.

To derive an equation satisfied by the pair S and F we write the system of
conservation laws in the form (10.46’), and multiply this system on the left by
grad S, denoted as S,; we get

S+ S, A(u, =0.
This implies the conservation law (10.73) if
(10.74) SuA(u) = F,.

This is a system of n linear first-order equations for the pair of functions S and F.
For n = 1 this system is under-determined, for n = 2 determined, and for n > 2
over-determined.

What if u(x, t) is an admissible discontinuous solution of (10.46) in the dis-
tribution sense? Does S(u(x, t)), F(u(x, t)) satisfy (10.73) in the sense of distri-
bution? To answer this question we regard admissible discontinuous solutions as
limits of solutions of the viscous equation (10.67'). Multiply (10.67’) by S,; if we
use (10.74) we get

(10.75) Si+ Fy = eSuuyy .

By calculus
Sxx = Sullxx + Suully - Uy ;
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tolbe convex, S,, is a positive matrix, and therefore S,,u, - u, positive. It follows

h i'e S.. denotes the matrix of the second derivatives of S. Since S(u) is assumed
tl:It

-‘ SXX S slluXX .
Sd'ling this into (10.75) we conclude that
(1?.76) S+ F, <&Six.

Suppose u® converges in L' for all ¢, and that u®(x, t) stays uniformly bounded.
THen S(u®) converges in L' to S(u), and therefore the right side of (10.76) con-
vefges to zero in the sense of distributions. Since the limit of a negative distribution
is hegative. it follows that, in the sense of distributions,

(1€.77) 9,S(u)+3;F(u) <0

fm'r any admissible distribution u and for any entropy—-entropy flux pair S, F.
] The entropy inequality (10.77) has some useful consequences:

Tf' EOREM 10.16 Let u be an admissible solution of a hyperbolic system of con-

sexvation laws. Suppose that the sup norm and the L' norm with respect to x are

ImLmded forallt. Let S be an entropy for the system of conservation laws. Then
@)

(1.7 / S(u(x, ))dx

is a decreasing function of t.
(ii) At a point of discontinuity of u

(10.77") Fu') — F) < sIS@) — S,

. We show now in the special case of conservation law u, + (4?/2), = O that
(1Q.77") is equivalent to the admissibility condition u” < u'. Take S(u) = u?/2;
by;2quation (10.74), F(u) = 2u3/3. A simple calculation shows that [ F(u)] —
sq'(n)] = 2{w)? = (u)*] = L [wr)? — W) = (" — u')/6. So (10.77") is
cqeivalent to u” < u'.

| For scalar conservation laws every convex function is an entropy.

' Systems of two conservation laws

(10 78) w+fi=0, v+g =0,

wh‘;;re f and g are functions of u and v, have many special properties not shared
by systems of more than two equations. Here we shall discuss the construction of
engopies.

Equations (10.78) can be rewritten as

ad78) (“) +A(“) =0,
5 v/, v/,

whrrc

(1079 A=(f“ f").
8u 8v
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Equation (10.78') is hyperbolic if the matrix A has real, distinct eigenvalues. The
equation (10.74) for entropy and entropy flux is

(Su. S))A=(F,, F,).
Eliminate F; we get
(10.78") aSyy +bSy +¢Sy, =0,
where

a=—f,, b=fi—g. c=g..

Clearly the second-order equation (10.78”) is hyperbolic if (10.78') is. It is easy
to see that it has solutions that are convex in the small. Under a simple additional
condition it has convex solutions in the large; see Lax (1973).

For n > 2 there may be no entropy; but for many systems describing physical
phenomena there is. And when there is, it leads to a symmetric form of the system.
We rewrite equation (10.74) component-wise, using equation (10.47) to express
the entries of A as

, afi
(10.79) Ajj = a = fij-
So S,A = F, becomes
(10.80) Y Sifii=F.

i

where subscript j denotes differentiation with respect to u;. Differentiate (10.80)
with respect to u;, k any index whatsoever. We get

Z:Sikj;'.j + Si fijk = Fjk .
i

Since the matrix of second derivatives is symmetric, the second term on the left,
and the term on the right, are symmetric functions of j, k. Therefore so is the first
term. We can, using the symmetry of S;; rewrite that term as

Zskifi.j-
i

which can be rewritten without indices as the matrix S,,A. So we have shown:

If a system of conservation laws has an entropy S, then S,,A is symmetric,
where A is defined by (10.79'). Note that it follows that A has real eigenvalues,
that is, that the system is hyperbolic.

The system is not only hyperbolic but symmetric hyperbolic, as discussed in
Section 4.4, Chapter 4. To see this denote the Hessian S,, as H, and multiply
equation (10.46") by H; we get

Hu,+ HAu, =0,

where H is symmetric and positive, H A symmetric.
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10.5. Finite Difference Methods

In this section we shall present an overview of the numerical approximation
of solutions of the initial value problem for hyperbolic systems of conservation
laws by discretizing the differential equation. As in Chapter 8, we denote by u} an
approximation to the value of u at the point x = h$ at time ¢ = ne; § and ¢ are the
space and time scales of discretization. We denote £/8 = A.

We shall only discuss explicit, two-level schemes, where u}*! is expressed in
lerms of the values of uj. It is of paramount importance to write the scheme in
conservation form; by this we mean of the form

(10.81) upt! = uj =M= fioia)

where f}  ,, the numerical flux, is, in the simplest cases, of the form
h+1/2 P!

(10.82) Sovip = flup uhyy) -

Here f(u, v), the numerical flux function, is required to satisfy the consistency
condition

(10.83) fu,u)= f(u).
More generally, the numerical flux function could be of form
(10.82) Sasy = FQhor, un, unyr, tns) ;
flu, v, w, z) is required to satisfy the consistency condition
(10.83") flu,u,u,u) = fu).

We now give some examples.
EXAMPLE 9 The conservation form of the LF scheme, discussed in Section 8.1 of
Chapter 8, is

i = Sy ) = S ) = )

Thus is of form (10.81), with
f(u)+f(v)+u—v

fuv)=—=— 2
Clearly, the consistency condition (10.83) is satisfied.

EXAMPLE 10 The conservation form of the LW scheme is discussed in Section 8.4
of Chapter 8. This is a second-order scheme, based on the Taylor approximation

2
(10.84) Ut +€) = u + cuy + %u,,+ 0.

We can approximate 4, = — f, with second-order accuracy by a symmetric differ-
ence quolient. u,, can be expressed as follows:

Uy == f W = —fWUhx = —(A@Wur)x = (AW) f W)s)s -
So we set 1
= =2 f (ux +8)) = fulx = ) + 087,
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and

1 )
", = Elfa(x + 5)[ F@) = futx —8))

)
- A(x - E)lf(u(X)) = flux - 8))]} +00).

The difference scheme obtained by inserting the approximations above into (10.84)
is of the form (10.81), with the numerical flux

(1085)  fau.vy=1® ; f) %[A(u) ; A(v)

Clearly, the consistency condition (10.83) is satisfied.

(f(v) - f(u))] .

EXAMPLE 11 The Richtmyer two-step method uses the LF scheme to construct an

: 2 2 ‘4 " .
approximation to u; 1,/ and u}, /3, and makes a “leap frog” to determine u*':

+1 _ n+1/2 n+1/2
uyt = up — A’{f(“h+l/2) - f(“h-l/z)} .
So in this case the numerical flux is

u+tv
2

Clearly, the consistency condition (10.83) is satisfied.

The reader is invited to verify that the Richtmyer two-step scheme is of second-
order accuracy. Algorithmically it is more efficient then the LW scheme, for it
avoids multiplication by the matrix (A(u) + A(v))/2.

A
(10.85') fw,v)= f( - Elf(v) - f(u)]) .

EXAMPLE 12 Godunov’s scheme described in Section 10.3 can be put in the form
(10.81), (10.82). In this scheme the approximate solution is represented as a piece-
wise constant function:

(10.86) u(x,t;)=u; in hé <x<(h+1);5.

u(x, t,41) is constructed by solving exactly the conservation laws with initial val-
ues (10.86). This is accomplished by solving the Riemann problems at the points
of discontinuities of u(x, t,); f,4+1 — #, has to be restricted to be so small that the
waves issuing from the points of discontinuity don’t interact. The resulting exact
solution is then averaged over each interval [h§, (h + 1)8] to determine uz*":

1 (h+1)é
(10.87) upt! = 3 / u(x, t)dx .
hé

This algorithm can be described somewhat differently. Let u(x,?) be any
piecewise continuous solution of a system of conservation laws in the rectangle

h8 <x <(h+ 13, 1, <t <tnhy.
Integrate the conservation law

ul+f(“)x=0
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over this rectangle; we get

(h+1)8 (h+1)5
f u(x, thyy)dx =f u(x, t,)dx
h hs

(10.88) s

—/m[f(u(h + 1)8,1) — f(u(hs, ndr .

Choose t,41 —?, so small that no wave issuing from (h4, ,) reaches the interval
((h+1)4,1),t, <t < tny, nOr any wave issuing from ((h+1)4, t,) reaches (hé, t),
t, <t < tyy1. Then u(hd, t) and u((h + 1)4, t) are constant on [t,, f,+1], and so
the time integrals in (10.88) can be evaluated simply as

(10.89) (tnsr — t)[f ((h + )8, ta11) — f(u(hS, 1211))].

The state u(h3, t,41) is uniquely determined by the two states u;_, and u} through
the process of solving the Riemann problem. Therefore we can write

(10.90) fu(hS, tay1)) = f(uh_y up):

similarly

(10.90') Fu(h+1)8, tny))) = f(uf, ufy,)-

Now set (10.89) and (10.90), (10.90’) into (10.88), and divide by §. In view of the

definition of u:“ as the average (10.87), we can write the resulting relation as

upt! = up = A"[ f (uho whyt) = FQ_you)],
where A" = (t,41 — 1,)/8. This is of the same form as (10.81), (10.82). The
consistency condition
fu,u) = f(u)

is satisfied. for when u}_, = uj, the solution of the Riemann problem is trivial,
and u(hd, thy)) = up_, = uj.

This analysis shows that 1,4, — t, may be chosen as §/amax, twice as large as
permitted by the analysis in Section 10.3.

EXAMPLE 13 As in Example 12 the approximate solutions are piecewise constant
as 1n (10.86). We integrate the conservation law over a shifted rectangle

1
(10.91) (h—%>55«\' =< (h+§)5‘ In <t =<tny.

We get a formula analogous to (10.88). If we choose tp41 —#, < 8/2amax, the exact
solution on the vertical sides x = (h —1/2)4 and x = (h + 1/2)8 are just u;_, and
u}. The resulting formula, after division by 4, is

n n
ntl _ Upoy T Uy

Uhip=—"5  ~ AL (uh) = f(ufy)]
This is just the LW scheme, with a shift.

For the basic result about difference schemes in conservation form, see Lax
(1954) and Lax-Wendroff (1960).
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THEOREM 10.17 Let u; . be an approximate solution of the system of conservation
laws

u + fu) =0,
generated by a difference equation for form (10.81), (10.82), (10.83). Regard u; .
as equal to uj, in the rectangle (10.91). Suppose us . converges boundedly and
in L' to a limit u as a & and ¢ tend to zero. Then u is a solution in the sense of
distribution of the conservation laws.

PROOF: The proof is simple. Choose any differentiable function w(x, t) that
is zero for |x| and ¢ large. Multiply (10.81) by w(h8, ne) and sum over all & and
all n > 0. Then sum by parts; we get

2 ul{w(hs, (n — 1)) — w(hs, ne))

O<n.h
+ Af7 2 (w(hS, ne) — w(h + 1)8, ne)} — Y ufw(hd, 0) = 0.

Multiply by §; using the relation A = ¢ we can express this equation in terms of
difference quotients of w with respect to ¢ and x. Since w is differentiable, these
tend to w, and w,. By assumption, u} converges to u in L', and since u} are
assumed to be bounded, fyi1/2 = f(u}, up,,) converges to f(u,u) = f(u). So
in the limit we get

- f/ uw, + f(u)w,dxdt — / u(x,0)w(x,0dx =0,

since this holds for all test functions w, « is a solution of
u, + f (“ )x =0
in the sense of distributions. O

Note that we haven’t shown that the limit is an admissible solution. In fact
there are examples where u; . converge to an inadmissible solution.

Note that if we only prove weak convergence of us ¢ to u, it doesn’t follow that
u satisfies the conservation laws.

We have left open the question of how one proves convergence of the solutions
of a conservative finite difference scheme. We remark, as was already pointed out
in Examples 12 and 13, that the Courant-Friedrichs-Lewy condition,

Amaxf < 8

must be satisfied, just as it must be satisfied in the linear case.

There is a big literature about convergence. In the scalar case, for special
forms of f(u) the difference equations can be linearized, solved explicitly, and
the passage to the limit carried out; see Lax (1954, 1957). The general case was
settled by Vvedenskaya. For isentropic compressible flows X. Ding, G. Q. Chen,
and P. Luo have proved convergence of the LW scheme.

The convergence of second-order methods, such as LW and the Richtmyer
two-step method is more delicate, just as in the linear case; see Section 8.4. In
Section 8.5 we described the strategy of Harten and Zwass of switching from a
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high-order scheme such as LW, to a low-order scheme such as LF, in the neighbor-
hood of discontinuities. This switch can be carried out for schemes in conservation
form by applying the switch to the numerical fluxes themselves.

The concept of difference schemes in conservation form makes sense for ap-
proximating conservation laws in several space variables:

u, + f(u)s +gu), =0.

Many highly effective methods have been designed which work very well in re-
solving complicated flows. We mention in particular the methods designed by
Alexander Choin, by Van Leer, the popular Colella-Woodland piecewise para-
bolic method. the ENO scheme of Harten and Osher, the method of Tadmor and
Kurganov. the positive schemes of Zhu Dong Liu and Lax, by Yulian Radvogin,
and many others.

10.6. The Flow of Compressible Fluids

The flow of inviscid, non-heat-conducting fluid that depends on a single space
variable is described by a hyperbolic systems of first-order conservation laws of
the type studied in Section 10.3; they go back to Euler. The conserved quantities
e p = mass per unit volume,

m = momentum per unit volume,
E = energy per unit volume.

p is called the density of the fluid; m can be expressed as pv, where v is flow
velocity. Energy E is the sum of internal energy per unit volume plus kinetic
energy per unit volume. Denoting by e internal energy per unit mass, we can
express E as

1
(10.92) E = pe + Epvz.
Mass flux is determined by the rate at which fluid is transposed out of the region;
for one-dimensional flow it is
fi=vp.
Momentum flux is the sum of the rate at which the flow transports momentum

of the fluid out of the region plus the rate at which the force of pressure imparts
momentum:

fr=vm+p.

Energy flux is the sum of the rate at which the flow transports energy of the fluid
out of the region plus the work alone by the force of pressure:

fi=vE +vp.

The three thermodynamic variables p, e, and p are related to each other by an
equation of state which we put in the form

(10.93) p=plep).
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The three fluxes have to be expressed as functions of the conserved quantities:

m? E m?
fi=m, f2——2—+P(;—2—p2.P),

m m E m?
fae (-0 )
T o P\o " 202

(10.94)

The equations of motion are
(10.95) Pt fiy=0, m+fr, =0, E+f;=0.
They can be written in the form

o o
m| +Alm| =0,
E E
! X
where the matrix A is
grad f
(10.96) A=|grad f,
grad f3

A is expressed in terms of the partial derivatives of the fluxes. A simple cal-
culation will show that tr A = 3v, and that v is an eigenvalue of A. It follows that
the other two eigenvalues are of the form v + ¢ and v — ¢. A calculation of the
determinant of A shows that ¢ depends only on the thermodynamic variables. The

requirement that ¢ be real imposes some conditions on the equation of state.

Next we compute an entropy. We rewrite the conservation of energy equation

by expressing E as pe + %pvzz

1 1
(pe): + 5 (mv), + (me), + i(vzm), + (vp)x = 0.

Using the other conservation laws
pr+my =0
m, + (vm), + p, =0
we deduce that
p(e + vey) + pv, =0.
We use the conservation of mass

Pr+voe + puy =0

to obtain

(10.97) (e, + vey) — p(p, +vps) =0.

Recall that p is a function of e and p. Let M (e, p) be a solution of
(10.98) pM, +p°M, =0.

Multiply (10.97) by M,; using (10.98) we get
P*M.(e, + ve,) + p>M,(p + vpe) = 0.
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This can be rewritten as
(1099) M, +uvM, =0.

It follows that for any smooth solution of the conservation laws, M is constant
along particle paths.
Combining (10.97) with the conservation of mass equation we get

(pM); + (mM), =0,

an additional conservation law.

Clearly we may replace M by any function of M. To obtain an entropy we
have to choose this function, also denoted as M, so that pM is a convex function
of ¢ and p. This is possible under the conditions imposed on the equation of state
to make c real.

We shall now drastically specialize the equation of state to polytropic gases,
defined as one whose interval energy is proportional to its temperature. The equa-
tion of state of a polytropic gas is of the form

(10.100) p=w-1ep.
The constant y, called the adiabatic exponent, lies between 1 and 3. Setting (10.94)
into (10.96) we get after a brief calculation that
0 1 0
(10.101) A= (52)v? G-yw y-1].
(52)’ —yve (3-y)v+ye yv

The eigenvalues of A are v, v — ¢, and v + ¢, where ¢ = /yp/p. The eigen-
values v — ¢ and v + ¢ are genuinely nonlinear.

The gradient of the eigenvalue v =m/p is (—v/p, 1/p, 0); the corresponding
right eigenvector of A is (1, v, 3v?)', clearly orthogonal to gradv. This shows
thai the middle eigenvalue v is linearly degenerate. Discontinuities traveling with
velocity v are called contact discontinuities.

Waves traveling with velocity v travel along the path of the fluid. Waves trav-

eling with velocity v + ¢ and v — ¢ travel with speed c relative to the fluid; for this
reason c is called the speed of sound.

EXERCISE Verify that c = \/yp/p has the dimension of velocity.
We turn now to entropy. When p = (y — 1)ep, equation (10.98) is
(y —1NeM,+ pM, =0.

A solution of this equation is

and any function of it.

EXERCISE Find a function f such that

e
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is a convex function of p, m, and E.

The equations of compressible flow in two (and three) dimensions are anal-
ogous. Denote the velocity vector in the x, y plane as (v, w), the momenta as
(m, n) = (pv, pw). The conservation laws are

pr+me+n, =0,

my + (vm); + (wm), =0,

n,(vn)x + (wn), =0,

E; + (v(E + p)): + (w(E + p)), = 0.

The notion of solution in the sense of distributions is the same as in one dimension.
So is the RRH jump condition across a discontinuous surface; the notion of an ad-
missible discontinuity—shock or contact— can be defined similarly. There are use-
ful theorems guaranteeing the existence of solutions for a finite range, see Majda,
but nothing like the global existence theorems comparable to the one-dimensional
case. What we do have is an impressive array of numerical methods capable of
computing flows with very complicated structures. We close this chapter by pre-
senting some calculational results.

The analogue of the Riemann problem in two dimensions is an initial value
problem where the initial data are constant in each of the four quadrants 1, 2, 3, and
4. The states in the four quadrants are chosen so that the one-dimensional Riemann

2|1
31 4

problems between any two adjacent states are resolved by a single wave, either a
shock, a rarefaction, or a contact discontinuity. For fluid flow in two dimensions a
contact discontinuity is a slip line, across which the tangential velocity, as well as
density, changes discontinuously.

Below we present the results of three numerical calculations, done by a method
developed by Zhu-Dong Liu and the author. The figures represent the contour
lines of density. Figure 10.1(a) pictures the interaction of four shockwaves, Figure
10.1(b) the interaction of four rarefaction waves, and Figure 10.3(c) the interaction
of four contact discontinuities. The direction of propagation of each wave is clearly
discernible from the figures.

What can we learn from these calculations? First of all that the interaction of
four waves creates a complicated flow pattern, so that, unlike flows in one dimen-
sion, the Riemann problem in two dimensions is a not suitable building block to
describe approximately general flows.

How much credence can we give to these numerical calculations? There is no
proof, and there never will be, that these results approximate the exact solutions
of the Riemann problem within some acceptable error bound. Our confidence is
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FIGURE 10.1

based on the remarkable agreement of calculations carried out by Colella and Glaz,
and others, using entirely different numerical methods; see Lax, 2006.

Ami Harten has famously observed that for numerical analysts there are two
kinds of truths: the truth that you prove and the truth you see when you compute.
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APPENDIX A

Huygens’ Principle for the Wave Equation
on Odd-Dimensional Spheres

For simplicity we shall analyze the three-dimensional case.
EXERCISE Carry out the analysis in higher odd dimensions.

The four-dimensional Euclidean Laplace operator can be written in polar co-
ordinates as follows:

3, 1
Ay =032+ Z0r + 5 As,
r r

where Ag is the Laplace-Beltrami operator on the unit sphere S>. The eigenfunc-
tions of Ag are the spherical harmonics h;(w), where H; = r3h ;(w) is a harmonic
polynomial of degree j, so

0=AdH; =ri72(j(j — 1)+ 3j + Ash; .
It follows that Ash; = —(j% + 2j)h;, which we rewrite as
(A.1) (As — Dhj = —(j + 1)%h;.
The spherical wave equation is defined to be
(A.2) Uy, —(As— NHu=0.
We expand solutions u in terms of the eigenfunctions of Ag — 1:
(A.3) u(w, 1) = Z(aje*/"—" +b,-e'*/"—"')h,-(w) ,

where h; are the eigenfunctions of As — 1, A; = —(j + 1)? its eigenvalues. The
coefficients a; and b; are determined by the Cauchy data of u:

u(@,0) = (a; + bph;,
u(@,0) =i (a; —b))(j + Dh;.

Replace w by —w, and set t = =& in (A.3). Since rjhj(w) is homogeneous of
degree j, hj(—w) = (—1)/hj(w) and €/U+D™ = (=1)/*!; s0 we get

u(—w, 1) = Y_(g;(=1*" +b;(=1)"9*V) (= 1) k(@)
= - Z(aj + bj)hj(w) = —u(w,0).

This shows that the value of u at —w and time = is determined by the value of u
at the antipodal point w at time 0. Antipodal points are connected by geodesics
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of length x; since geodesics are rays for the spherical wave equation, or for that
matter on any Riemannian manifold, this is an instance of Huygens’ principle.

To obtain Huygens’ principle for any time ¢ that is not a multiple of & we argue
as follows:

Let ¢ be any number between 0 and . Take initial data whose support lies
in a ball of radius ¢ around wy. Since, as is easy to show, signals propagate with
speed < | on the sphere, u(w, t) is supported in a ball of radius & + ¢ around wy.

It follows from (A.4) and a similar formula for u,(—w, ) that the data u and u,
at time s are supported in a ball of radius ¢ around the antipode —wy. Since signals
propagate backward in time with speed < 1, it follows that u(w, t) is supported in
a ball of radius € + & — r around —wy. The intersection of these two balls is the
spherical strip consisting of points w whose distance towgis <t +ecbut >t —¢.
Since ¢ is an arbitrary positive number, it follows that the domain of influence at
time ¢ of the point wy is the set of points whose distance from wy is ¢. This is
Huygens’ principle for the spherical wave equation.

Huygens' principle holds of course on spheres of any radius. As the radius
tends to oo the sphere tends to flat Euclidean space, and the spherical wave equa-
tion tends to the Euclidean one. So in the limit we obtain Huygens’ principle in
Euclidean 3-space.

The spherical and Euclidean wave equations appear to be quite different; nev-
ertheless there is a mapping of a spherical cap less than half of S* onto a ball in
Euclidean space that maps any solution u of the former into a solution fu of the
latter. For details see Lax and Phillips and @rsted.

An entirely analogous result holds for the wave equation in hyperbolic 3-space
Hj; defined as

Uy — (Ag+ Hu=0.

Here the reduction to the Euclidean case is much simpler; see the monograph by
Lax and Phillips.

Semenov-Tian-Shansky has discovered a hyperbolic system, with many time
variables, associated with any symmetric space, for which Huygens’ principle
holds. Further study of this system can be found in the papers of Shashahani,
Phillips and Shashahani, and Helgason.
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APPENDIX B

Hyperbolic Polynomials

We recall from Chapter 2 that a polynomial p(t, &), ..., &) is called hyper-
bolic in the t direction if for all real choices of & the roots r of the equation
p(t, &) = Oare real. In this appendix we look at hyperbolic polynomials p(t. &. n)
in three variables and homogeneous of degree n.

The prototype of such a polynomial, with n = 2, comes from the wave equa-
tion: 2 — £2 — 2. It can be represented as a determinant:

2 T - 5 n
(B.1) 12 -2 — p? =det )
£ —n N T4k
In 1958 I surmised the following generalization of (B.1):

CONJECTURE Every homogeneous monic polynomial in three variables that is
hyperbolic can be represented as a determinant:

(B.2) p(t. &, n)=det(r] + A+ nB),

where A and B are real, symmetric matrices. Monic means that the coefficient of
tis 1.

Clearly every p of form (B.2) is homogeneous, monic, and hyperbolic. The
heuristic argument for the converse is as follows:

If we subject the matrix, whose determinant appears on the right in (B.2), to an
orthogonal transformation, that is, replace it by

(B.3) O(tl +§A+1B)OT
where O is an orthogonal matrix, we obtain
(B.3) tI+EA + B,

where A’ = OAOT and B’ = OBO". Clearly, the determinant of (B.3) is equal to
(B.2). Therefore, in seeking a representation of p in form (B.2) we might as well
take A to be diagonal:

(B.2) p(t.&.n)=dew(r! +&D + nB) .

where D is a real, diagonal matrix.

The number of parameters on the right side of (B.2') is n from D and n(n +
1)/2 from B, altogether (n* + 3n)/2. The number of powers of degree n in three
variables is (""2‘2) = (n + 2)(n + 1)/2; therefore the number of homogeneous
monic polynomials contains (n? + 3n)/2 variables. the same as on the right side of
equation (B.2).
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Recently A. S. Lewis, Parrilo, and Ramana have succeeded in deducing this
conjecture from a study of Helton and Vinnikov, based on a deep result of Vinnikov.

We now present an application of the determinantal representation (B.2) of
hyperbolic polynomials. In Chapter 4, Section 4.5, we gave a derivation of energy
inequalities for solutions of hyperbolic equations of order n with the aid of another
hyperbolic operator whose characteristics separate those of the given hyperbolic
operator. In terms of the associate symbol, a hyperbolic polynomial p of degree n,
we seek another hyperbolic polynomial g of degree n — 1 such that for all real &,
the roots in t of g(z. &£) = 0 separate the roots of p(z, &) = 0.

We need the following result from the spectral theory of symmetric matrices:

LEMMA B.1 Let M denote a real symmetric n x n matrix, and P a projection of
R~ into R"; that is, P* P = I, the identity map R"~' — R"~,

CLAIM The eigenvalues of P* M P separate the eigenvalues of M.

EXERCISE Use the variational characterization of the eigenvalues of a symmetric
matrix to prove the lemma.

We apply the lemma to
(B.4) M=tI+£A+nB
and define g as
(B.5) q(t, &, n) =det P*M(t,&,n)P.

According to the lemma, the roots of g separate those of p.

The set of monic polynomials g of degree n — 1 whose roots separate those of
p form a convex set. It is tempting to conjecture that the convex hull of the poly-
nomials g of form (B.S) is the set of all monic polynomials whose roots separate
those of p. It is true for p given by (B.1).
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APPENDIX C

The Multiplicity of Eigenvalues

Strict hyperbolicity demands that the roots of the characteristic equation be
real and distinct. Here we shall investigate symmetric hyperbolic systems of first
order in three space variables, i.e., of the form

(C.1) u; + Auy + Buy + Cu, =0,

where A, B, C are real, symmetric matrices of order n x n.

THEOREM C.1 Ifn = 2 (mod4), a system of form (C.1) is not strictly hyper-
bolic: that is, there exist three real numbers &, 1, ¢, §2 + n* + {2 = 1, such that
EA + 1B + ¢ C has a multiple eigenvalue.

PROOF: Denote by N the set of n x n real symmetric matrices whose eigen-
values are distinct; this is an open set in the space of all real symmetric matrices.
Every matrix N in W has distinct real eigenvalues that can be arranged in increas-
ing order:

AM<h<-o<A,.
We denote the corresponding real eigenvectors by ry, ..., r,, normalized so that
Irji = 1; these eigenvectors are only determined up to a factor 1.

Let N(),0 < 0 < 2, be aclosed curve in V. If we fix r;(0), the r;(0) is
uniquely determined if we require it to depend continuously on 6. Since
N(2rr) = N(0),

(C2) ri@m) = 7r;(0), |yl=1.
Clearly

(i) each t; is a homotopy invariant of the closed curve,
(ii) for a constant curve N(0) = const each t; = 1.

Combining (i) and (ii) we conclude that
(iii) if N () is homotopic to a point, then each t; = 1.
Consider a curve that is odd, i.e., it satisfies

(C.3) N@+nr)=-N@).
It follows that A,(O +n)= —A.,._j.H(O), and
(C.4) r,-(9 +n)= ujr,_j+|(0) , |[Lj| =1.

Using (C.4) for § = m and 0 gives

rj2r) = pirn-js1 () = Pjptn—jr1r;(0) .
207
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Comparing this with (C.2) we conclude that
((O%)) Ty = WUjlhnj4]-
For each 6, the eigenvectors

ri(8),...,ra(6)
form an ordered base. Since they depend continuously on 6, the orientation of this
ordered base is the same for all 6; in particular, it is the same for6 =0and 6 = &.
Using (C.4) with 6 = 0, we get

fritm), ..., ra(m)} = {pu1ra(0), .. ., 1ar1 (0)}.

In other words, the ordered base at m is obtained from the ordered base at 0 by
reversing the order of the base vector and multiplying the j™ vector by u;. In-
terchanging the order amounts to n/2 transpositions. Since we have assumed
n = 2 (mod4), these would reverse the orientation; to preserve the orientation
the product of u; must = —1:

(C-6) [‘[p,, =-1.
1

We regroup the factors and write

n n/2
-1= n#j = (ipn)(U2lhn-1) -+ - = ]_[tj ,
1 1

where in the last step we made use of (C.5). It follows that at least one of the

t; = —I; so we conclude from proposition (iii) that an odd curve N(6) is not
homotopic to a point.

The curve
C.7 N(@) =cosfA +sinfB

is odd; it is the equator of the unit sphere £2 + n 4+ ¢% = 1. If for all values of
(&, n, ¢) the matrices £ A + nB + ¢ C had distinct eigenvalues, we could deform the
equator on the sphere to a point. This contradicts the previously established fact
that N(6) given by (C.7) cannot be deformed to a point. O

Friedland, Robbin, and Sylvester extended this result and showed that the
conclusion of the theorem holds for all n = 2,...,6 (mod8) but not for n =
0, £1 (mod 8).

The condition of symmetry of the matrices A, B, C can be replaced by the
requirement that all linear combinations £ A + nB + ¢ C have real eigenvalues.

Eigenvalues that have a constant multiplicity for all &, n, { do not affect the
behavior of solutions. But a change in multiplicity is more than a technical issue; it
alters the way singularities of solutions propagate. This is strikingly demonstrated
in crystal optics, where rays of light propagating in special directions are refracted
into a cone.

Fritz John obtained interesting results on the persistence of the multiplicity in
eigenvalues in hyperbolic systems of second-order equations.
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APPENDIX D

Mixed Initial and Boundary Value Problems

We shall study mixed initial and boundary value problems for first-order sym-
metric hyperbolic systems of the form

(D.1) Du=Gu=Y_ A;Dju+ Bu,

Aj symmetric matrices of order n x n that are C* functions of x and 7, B not
necessarily symmetric. The main tools for studying the initial value problem for
such systems are the a priori estimate solutions in the Hy and H; norms. The basic
cstimate in the Hop norm is obtained (see Section 4.3) by taking the scalar product
of (D.1) with u and integrating with respect to x over R*. The left side can be
written as

1
(D.2y D,/'Ewudx;

integration by parts turns the right side [ u - Gudx into f G*u - u dx. Taking their
average shows that (D.2) is equal to

1
(D.3) -2-/(B+B‘—2Aj'j)u-udx. whereA,,=D,Aj

Recall that the change of variables u = ¢*'v results in an equation for v similar to
(D.1); the only difference is that the coefficient B is diminished by A/. For A large
enough the quadratic form in the integrand in (D.3) is negative; combined with
(D.2) it leads to the conclusion that the L2 norm of v is a decreasing function of ¢.
In what follows we assume that such a transformation has already been performed,
so that the integrand in (D.3) is negative.

In this appendix we shall investigate mixed initial boundary value problems,
where initial values are prescribed on a domain S in x space, and linear boundary
conditions are imposed on 3S for all time > 0. The boundary condition at a
boundary point x restricts u(x, t) to belong to a subspace U of R"; this subspace
may vary smoothly from point to point. We are looking for boundary conditions
that make the L2 norm of u over S a decreasing function of time. To derive such
conditions we proceed as before: take the scalar product of (D.1) with u, integrate
over Q. integrate by parts on the right, and average. We get

1 1
(D.3) D,/Eu-udx=§fQ(u.u)dx+/u-A.,udS.
s s as
211
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where v is the unit outward normal, and A, is the normal component of the A; — s:

(DS) A., = Z Aivj .

Q is the quadratic form in (D.3). Since we made Q < O, all that remains is to
require that the boundary integral on the right in (D.4) be < 0. That will be the
case if the integrand in the boundary integral is < 0. This leads to the following
condition on the boundary space U:

(D.6) u-Au<0 foralluel.

We must avoid imposing too many boundary conditions. The number of boundary
conditions imposed is the codimension of the subspace U. Therefore we require U
to be maximal regarding property (D.6):

There is no subspace U’ properly containing U such that

.7 WA <0 forallu' €U’

For technical reasons we require that A, (x) be invertible at every point x of 3Q2.

THEOREM D.1 The dimension of a boundary space U satisfying (D.6) and (D.7)
is equal to the number of negative eigenvalues of A,.

PROOF: If dim U were greater than the number of negative eigenvalues, there
would be a nonzero vector v in U that is orthogonal to all eigenvectors correspond-
ing to negative eigenvalues. Since zero is not an eigenvalue of A,, v - A,v would
be positive.

Conversely, if dim U were less than the number of negative eigenvalues, there
would exist a nonzero vector w, a linear combination of eigenvectors correspond-
ing to negative eigenvalues of A, that satisfies the following condition:

(D.8) w-Au=0 foralluelU.

This vector w does not belong to U, for, if it did, it would satisfy w-A,w = 0. Since
w is a linear combination of eigenvectors with negative eigenvalues, w - A,w < 0.

Now we define U’ to consist of all vectors of the form u + cw, u € U,
U’properly contains U. Using (D.8), we get

W Au =Wu+cw) - -Aw+cw)=u-Au+cw-Aw<0,

since both terms are < 0. This contradicts requirement (D.7) of maximality, and
thereby proves Theorem D.1. 0

The adjoint of equation (D.1) is
(D.9) D,v=-G,

where G* is the adjoint of G. We define the adjoint of the boundary condition
u € Utobe v L A,U; that is, the adjoint boundary space V is the orthogonal
complement of A, U.
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The significance of adjoint boundary conditions lies in this: If u is a solution
of (D.1) and v of the adjoint equation (D.9), and if 4 and v satisfy adjoint boundary
conditions, then

(D.10) /u(x. t) - v(x, t)dx
is independent of ¢.

PRrooOF: Differentiate (D.10) with respect to ¢, express the ¢ derivatives of u
and v as Gu and —G*, and integrate by parts. m]

THEOREM D.2 Suppose the boundary condition u € U for solutions of equation
(D.)) satisfies requirements (D.6) and (D.7); then the adjoint boundary condition
veV,V=(AU)! satisfies

(D.11) v-Av>0 forallveV,
and V is maximal with respect to this property.

PROOF: Suppose, on the contrary, that for some v € V,v- A,v < 0. Sucha
v does not belong to U, since v - A,u = 0. We can then enlarge the space U by
adjoining v to it. The elements u + cv of this enlarged space satisfy

(u+cv)-A,(u+cv) =u-A.,u+2¢v|A.,u+c2v-A.,v <0,

because the first term on the right is < 0, the second term = 0, and the third term
is negative except when ¢ = 0. But since U is assumed to be maximal, such an
extension is not possible; this proves (D.11).

To show that V is maximal, we appeal to Theorem D.l, which says that
dim U = the number of negative eigenvalues of A,. Since A, is invertible, A, U
has the same dimension; the orthogonal complement V of A,U has the comple-
mentary dimension n — dim A,. Since 0 is not an eigenvalue of A,, dim V = the
number of positive eigenvalues of A,. Analogously to Theorem D.1, the dimension
of a space of vectors that satisfies (D.11) and is maximal with respect to this prop-
erty equals the number of positive eigenvalues of A,. Since this is the dimension
of V', it follows that V cannot be enlarged and still retain property (D.11). O

Denote by I the time interval I = [0, T]. Let 4 and v be once-differentiable
functions in the cylinder S x I that are 0 at t+ = 0 and t+ = T, respectively:
u(x,0) = 0 and v(x,T) = 0. Suppose that u satisfies linear boundary condi-
tions on 3S and v the adjoint boundary conditions. Denote D, — Gu = f and
D,v 4+ G*v = g. Then integration by parts shows that

(D.12) [ (f-v—u-gxdt=0.
Sx1

DEFINITION D.3 Letu and f be L2 functions in S x I; u is defined to be a weak
solution of

(D.13) Dy-Gu=f, ux,0=0,, and u(x,t) elU(x) forx € as,
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if (D.12) holds for all once-differentiable functions v that are 0 at + = T, that
satisfy the adjoint boundary conditions, and where g = D;v + G*v.

DEFINITION D.4 Let u and f be L? functions in § x /. U is called a strong
solution of (D.13) if u is the limit in the L? norm of a sequence of functions {uy}
that have square integrable first derivatives, satisfy u;(x, 0) = 0 and the boundary
conditions, and D,u; — Gu; = fi tends to f in the L? norm.

NOTES.

(1) A function u; that has square integrable first derivatives has initial and
boundary values that belong to L2.
(2) A strong solution is a weak solution.

The main existence theorem for mixed initial boundary value problems is the
following:

THEOREM D.5 Let f be an L? function in S x 1.

(1) The initial boundary value problem (D.13) has a weak solution in S x I,
provided that the boundary space satisfies conditions (D.6) and (D.7).
(i) This weak solution is a strong solution.

This result is due to Friedrichs; a somewhat simpler proof was given by Ralph
Phillips and the author.

The boundary conditions (D.6), (D.7) are not the only ones for which the mixed
initial boundary value problem has a unique solution. A general theory has been
developed, independently, by Kreiss and Sakamoto.

Taylor and Melrose have shown, independently, that singularities of solutions
of mixed initial boundary value problems propagate along rays, including rays re-
flected from the boundary.
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APPENDIX E

Energy Decay for Star-Shaped Obstacles
by Cathleen S. Morawetz

‘The standard energy conservation law for U is found by multiplying the wave
cquation by Ur and noting that the resulting quadratic expression is a divergence:

(E.I Ur(Urr — AxU) =divy P + QT
whae

1
(E2 =-U;VU, Q= 5(U; +|VUP).

Integrated over any region D this expression therefore yields a surface integral in
(X. ") space which vanishes whenever U is a solution of the wave equation; this is
called the standard energy identity. It has the additional property that the integrand
is a positive definite form on spacelike surfaces.

As is well known, the Kelvin transformation

(€3 X=—"—, T=—'—\ RU=ru, R=IXl, r=ll.
preserves the wave operator in the sense that
(E4 R(Urr = BxU) = r’(uy — Beu).
On the other hand,
(E.S5) RUr = r((r* + t®)u, + 2t (ru),
and
(ES) ;A

(‘ombining (E.4), (E.5), and (E.6) we get
(E.7) /Ur(Urr — AxU)dXdT = / Nu(u,, — Ayu)dx dt

with Nu = (r2 + t¥)u, + 2t (ru),.
Using (E.1), the left-hand side of (E.7) can be written as a surface integral and
therdfore so can the right side. Thus one obtains:

—_—

Reprif ted from Scattering Theory, Pure and Applied Mathematics Vol. 26, P. Lax and R. S. Phillips,
“Enegy Decay for Star-Shaped Obstacles” (appendix), pp. 261-264, © 1967, with permission from
Elsevier
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THEOREM E.1 Suppose u(x, t) is a solution of the wave equation that has square
integrable derivatives. Then over any three-dimensional surface 3 with the surface
element dS,

(E.8) /(pn +qn)dS =0
a

where n is the space component of the outward normal, n, is the time component.
A tedious calculation gives

p = —tulx — 26(xVu)Vu + t|Vu|*x = (r* + t>)u,Vu - 2tuVu

E9
E9 - %r'z((r2 + 1u?), x

1
q =2t (xVu)u, + E(r2 + ) (1Vul® + u?) + 2tuu,
(E.10) 1
+r2r2 +1%) (uVux + 5“2) .

q is a definite form; in fact, ¢ may be written as:

q =l(r2 + ) (1Vu]® - u?)
(E.11) 2
+ 5+ 0w, + (W) + (= (W), - rw))’).

The positivity of g can also be deduced as follows: Under the Kelvin transforma-
tion, the inverse of (E.3), the surface ¢ = constant is transformed into a spacelike
surface in the (X, T) space. On this spacelike surface the integrand in the standard
energy identity is a definite form. Hence on the transform of this surface, i.e., t =
constant, the new integrand, q, is also definite.

THEOREM E.2 Let u be a solution of the wave equation outside a star shaped body
with boundary B and assume that u = Q on B. Suppose further that the initial data
f of u is zero for |x| > k. Then

2k
(E.12) lu(t)ln < ?|f|

for t > 2h. Here |u(t)|? is the energy, [ (IVu| + u?)dx, inside a sphere of radius
h at time t and | f|? is the total energy of the initial data.

PROOF: Choose the origin so that B is star shaped with respect to the origin,
i.e., xn < 0, where n is the inward normal to B. We apply Theorem E.1 to a domain
bounded by the planes ¢t = 7, ¢ = 0, and the body cylinder x € B,0 <t < t.
Then since the solution vanishes for r large enough,

T
(E.13) /qu+[ fpndsdt:fqu.
0
t

=t B =0



E. ENERGY DECAY FOR STAR-SHAPED OBSTACLES 217

Since u« vanishes on B, Vu = (du/dn)n there and u, = 0; thus from (E.9), it
follows that pn = —t(3u/3n)?xn. Since B is star-shaped with respect to the
origin, xn < 0; thus pn > 0. Hence from (E.13).

(E.14) fqu < fqu.

=t =0

From the expression (E.11) for g, we see that fort = 0, g < 3r2(|Vul? + u?).
Therefore, since f has support in |x| < k, we find

1
(E.15) / gdx < Ekkzl f2.
1=0
Since the integrand g is positive, we get from (E.14) and (E.15) for any A,
(E.16) fqu < /qu < %kzlflz.
;Eh =t

Using the expression (E.11) we can bound g from below for r < 1/2:

12 l 2_ 2 L 2 L _ 2
(ET) ot [2(IVuI u,)+4r2((ru)r+(ru),) + 3wy = (ru)) | < q

or

1 |
(E.18) §IZ(IVu|2 + u? + div ﬁuzx) <gq.
Using (E.18) in (E.16), we get for r > 2h
1 4
(E.19) f (|Vu|2 + u? + div r—2u2x>dx < ﬁkﬂ VikE
1=t
r<h
since u = 0 on B, integrating the divergence gives
1 4
(E.20) f (1Vul® + u?)dx + f ;uzdS < r—2k2| fi
1=t 1=t
r<h r=h
where d3 is the surface element on the sphere » = h. Hence,
4
(E21) / (IVul? + u?)dx < K2 12,
r
=T
r<h
which concludes the proof. (]

Theorem E.2 shows that for solutions whose initial data have compact support,
local energy decays as 7 tends to 0co. Since solutions whose initial data have com-
pact support are dense among all solutions with finite energy, it follows that local
energy decays for all solutions with finite energy. This gives a much simpler proof
of Lemma 9.12 for star-shaped obstacles than the one presented in Chapter 9.
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