PACIFIC JOURNAL OF MATHEMATICS
Vol. 182, No. 1, 1998

ESTIMATES ON SCATTERED WAVES

MIcHAEL E. TAYLOR

We derive estimates on solutions u(k,z) to a scattering
problem with variable index of refraction in three space di-
mensions. To be precise, suppose n(z) € C*(R3) is positive
and n(z) =1 for |z| > R. We want to estimate solutions u(k, x)
to

(0.1) (A+En(z)*)u=0, u= ehew g,

where u; satisfies the radiation condition. Here, k£ € R de-
notes the frequency. There are two mechanisms that can make
u(k, z) large. One is the presence of trapped rays. In this work
we assume there are no trapped rays. The other mechanism
is the focusing of waves, i.e., the formation of caustics. Our
primary goal here is to estimate the effect of this mechanism,
without making any hypothesis on the geometrical nature of
whatever caustics might arise. We show that

(0.2) [ulks Lo @s) < CCk),
where (k) = (14 k)2

Introduction.

First we derive local L?-estimates in §1. Then in §2 we show how a dilation
argument and elliptic regularity yield an L*°-estimate which is weaker than
(0.2), in that the right side is replaced by C(k)/2. An effort to sharpen
this suggests a look at some Morrey space estimates for solutions to wave
equations, in §3. Then in §4 we use these estimates together with some
consequences of the global theory of Fourier integral operators to obtain
the estimate (0.2). This estimate cannot be improved in general, as simple
examples involving perfect focus caustics show. For simplicity we restrict
attention to scattering on R3. Under analogous hypotheses for R", we would
replace the right side of (0.2) by C{(k)"~1/2. The proof is quite similar,
for n odd, with a few more details required for n even. Also, one could
consider other perturbations of the free-space wave equation. We leave such
extensions to the interested reader.

I thank Margaret Cheney for bringing this sort of problem to my attention,
and Jeffrey Rauch for some useful comments on tackling caustics.
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1. L? estimates on scattered waves.

In this section we establish local L2-estimates for solutions to (0.1). We will
assume there are no trapped rays and obtain estimates for all £ € R.
To begin, choose ¢ € C*°(R?) such that

(1.1) p(x) =0 for |z| <R, ¢(x)=1 for|z|>2R.
Thus n(z) = 1 on supp . We write
(1.2) u = p(x)e™™ v,

where v = v(k, x) satisfies the radiation condition and solves

(1.3) (A + E*n(z)*)v = =Ty (2),
with
(1.4) U,(z) = (A + k) (pe*™) = (2ikw - Vo + Ap)ette.

Note that there are no terms containing k2.
We can relate v(k, z) to the solution to the wave equation:

(1.5) (n(x)?0} — A)wy(t,z) = Y (t)¥h(x), wi(t,z) =0 fort <0,
where we pick ¥ € C$°((0,1)) and set 1y (t) = e~**)(t). In fact,

(1.6) W (k, ) = Y(0)v(k, x).

Let us arrange that ¢)(0) = 1. Thus, sufficiently good estimates on wy (¢, z)
can lead to estimates on v(k,z). Using (1.4), we have

(1.7) Vi)V (2) = (2ikw - Vo + Ap)e*@<=y(t).
Two properties are apparent:

(1.8) supp ¢ (t)¥(x) C [0,1] X Bag,

where B = {z : |z| < R}, and

(1.9) {4 (t)¥r(x) : k € R} bounded in H '(R x R?).
We deduce that, for any T' < oo,

(1.10) [wil 2 (0.11xBsr) < C(T),

the right side being independent of k.
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Now, under the hypothesis that there are no trapped rays, known results
on local exponential energy decay (cf. [M]) apply to solutions to (1.5). It
follows that there exists T, < oo such that, for all s < oo,

(1.11) lwi (s M i (Bsr) < Ce At for t>Tp.

Here, A > 0, C < 00; A and C may depend on s, but not on k. Let us pick
¢ € C°(R) so that ((t) =1 for |t| < Tp, ((t) =0 for |[t| > Ty + 1, and use
(1.6) to write

(1.12) v(k,z) = vo(k,x) + v1(k, x),
with

vo(k,x) = /wk(t,x)eiktg“(t) dt,
(1.13) on(k,x) = / Tt @)1 — (1)) dt.

To

Then the estimates (1.10)—(1.11) imply
(1.14) [o(k, 22 (3ym) < B

a bound independent of k. In subsequent sections, we will derive other esti-
mates, using the facts that (by (1.11))

(1.15) [o1 (K, )l

He(Bsm) < Csn (k)N

while vy (k, ) is accessible to methods of geometrical optics and other tools
of microlocal analysis.

Once we have (1.14), since v solves the free space Helmholtz equation for
|z| > 2R, well-known results on Hankel functions (see Exercise 4 in Chapter
9, §9 of [T1] or §5 of [T2]) imply

(1.16) [v(k, 2@y < B, VN,
where
(1.17) QINz{xER3:NR§\9:| < N(R+1)}.

In fact, the following more precise result follows from these Hankel function
estimates. For all S € [3R, 00),

(1.18) / lo(k, 2)[> dS(z) < B,

|z|=S
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with B independent of both k and S. This estimate will be useful in the last
part of the argument in §4.

We remark that, if instead of taking k£ € R, we let k run over C* = {k €
C :Im k > 0}, then the considerations above apply, with (1.9) replaced by

(1.19) e mF b ()W (2) bounded in H (R x R?),
for some a € (0,00). Thus we get, in place of (1.14),

(1.20) [k, ) r2Bar) < Be® ™.

2. First L estimates on scattered waves.

In this section we first show that elliptic estimates plus a dilation argument
yields from the L?-estimates of §1 some L*>-estimates on the scattered waves.
One of the most interesting features of the problem of estimating these waves
is that, while this argument is quite natural, the estimate it yields is not
sharp. We then begin to set up steps that will be taken in subsequent
sections to obtain a sharp estimate.

Let us retain the hypotheses made in §1. We then have L? bounds on
solutions to (0.1) which imply, in particular,

(2.1) [w(k, 28wy < C,

for all p € R3, where C is independent of k and of p. Let us dilate u(k,x);
set

(2.2) ug(x) = u(k,z/k).
This solves the PDE

(2.3) (A +n(z/k)*)u, =0,
and (2.1) implies

(2.4) otk | 220y < CE2,

for all ¢ € R?®, k > 1. Note that, for & > 1, n(:v/k:)|Bl(q) is bounded in
C>(Bi(q)). Hence elliptic estimates yield

(2.5) il Lo (5, 2 () < CK*,

or simply |ug||z@s) < Ck*/?, for k > 1. Estimates on u(k,z) for 0 < k <1
are easy. We thus have

(2.6) ok, My < CLRY.
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As mentioned above, the estimate (2.6) is not sharp. In §4 we will show
that

(2.7) [k, )| o es) < CCR).

We can prove (2.7), provided we show that

(2.8) lulk, ez 0w < C)TH2.
Indeed, once we establish (2.8), we can improve (2.4) to
(2.9) lurllz2 5y (@) < CF,

for k > 1, hence improve (2.5), and attain (2.7). In view of the estimates of
§1, the estimate (2.8) will follow if we can show that the solution wy, to (1.5)
satisfies

(2.10) it )|z, < CR)T2 0<E< T

Let us make some additional comments on wy (¢, x), which will be relevant
for §3. Suppose that actually n(z) = 1 for || > R — 1. Then, for 0 < ¢ <
1, (1.5) is a free space wave equation on the support of wy, and a simple
asymptotic analysis gives

(211)  wi(t,2) = alt, 2, k)™ 0, Gug(t, x) = b(t, z, k)et T,

for 0 <t <1, where a(t,z, k), b(t,z, k) are supported in |z| < 2R + 1 and,
as k — oo,

a(t, z, k) ~ ao(t,x) + a_l(t,x)kfl +o,
(2.12) b(t,z, k) ~ by (t,x)k + bo(t,z) +--- .

Now, for 1 <t < T, wg(t,x) satisfies the homogeneous equation

(2.13) (n(z)*0} — A)w, =0, t>1,

with Cauchy data

(214)  wi(l,2) = a(l,2, k)™ (1, z) = b(1, z, k)e* D,

To end this section, we indicate how to produce examples showing that
the estimate (2.7) is sharp. Such examples arise when perfect focus caustics
occur. One can produce a positive function n(x) € C*(R?), such that n(z) =
1 for |z| > R, having the following properties. First, the simple progressing
wave expansion of geometrical optics for the solution to (2.11) is valid for
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(t,x) € [0, Tp] x R®. Second, there is a ball B = {z € R?: |z — 2| < p} (with
p < R/2), contained in the region |z| > 2R, and an interval [Ty — ¢, T, such
that, for (¢,2) € I x B, this expansion has the form

(2.15) a(t, z, k)eHatlz=zl=t)

for some constant a € R, and a(t,x,k) of the form (2.12), vanishing on
all of B except for a small neighborhood of some boundary point, for ¢ €
I. The perfect focus will occur at zo, for some t € (T, Ty + p], and the
simple geometrical optics expansion will break down. However, the Kirchhoff
formula for the solution to the free-space wave equation can be applied to
analyze the solution to (2.11) for (¢,z) € [Ty, To + 2p] x B. One obtains

(2.16)  wy(t, z0) ~ [Bi(t)k + Bo(t) 4 ---]e* =Tt € J = [Ty, Ty + 2p],

and (3, is typically not identically zero on J. In turn, this leads to examples of
solutions u(k, ) to (0.1) such that u(k, 2o) ~ Cke*@=1) "and C is typically
not zero.

3. L and Morrey-space estimates on solutions to wave
equations.

Our purpose in this section is to discuss the following:

Property A. Let w(t,z) solve the Cauchy problem

(3.1) (n(2)%0F = A)w =0, w(0)=f, w(0)=g

on I x R3. Assume f,g € L>=(R3). Then, for each t € I, p € R?, p e (0,1],
(3:2) ot Ylz2cs,0m < Cll 2 + Cllgllzee )

with C' = C(t).

If this property holds, with I = R, then we can establish desirable es-
timates on wy(t, x), for ¢ € [1,Tp], using (2.13)—(2.14). The Cauchy data
(2.14) satisfy

(3.3) [fllee <C, llglle~ < C{k),
and taking p = 1/k in (3.2) this yields, for k > 1,
(34)  lwnlts Mo < CK V2 + ClI2 < Ch12,

as desired in (2.10). Thus, when Property A holds, with I = R, we can
sharpen the estimate (2.6) on scattered waves to (2.7).
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We next show that Property A does hold, with I = R, if n(z) is identi-
cally 1. While this result is not applicable to the problem raised in §2, it is
intrinsically interesting, and also has a nontrivial application to a variant of
(2.13)—(2.14). We will establish two results; in fact both are quite simple.

Proposition 3.1. Let w(t,x) solve the Cauchy problem
(3.5) (02 —Aw =0, w0)=0, w(0)=g
on R x R3. If g € L=(R?), then

(3.6) lw(t; )z < CJE] - llgllze-

Proof. In fact, the Kirchhoff formula for the solution to (3.5) gives
t
(3.7) wit,z) = /g(m — tw) dS(w),
SQ

50 (3.6) is obvious. O
Proposition 3.2. Let w(t,z) solve the Cauchy problem

(3.8) (0?2 —A)yw =0, w(0)=Ff w(0)=0

on R x R®. If f € L>°(R?), then, for p € R*, pe (0,1],

(3.9) lw(t, L2, < CEONfllL=p'>.

Proof. By the strong Huygens principle, the value of w(t, x) for z € B,(p) is
unaffected if f is replaced by

(310)  fH) - {g(“) 12 s e s
Clearly

(3.11) 1F# | 2y < CE)p" 2| F poe

SO

(3.12) w#(t) = costvV=A f# = |Jw# (t)[|l2 < CE)p" (| |-

Since w(t,z) = w#(t,z) for x € B,(p), we have (3.9). Ul



108 MICHAEL E. TAYLOR

Note that Proposition 3.2 can be stated in terms of a Morrey space:
(3.13) costv/—A : L®(R?) — M3(R?).

One simple consequence of Propositions 3.1-3.2 is the following:
Proposition 3.3. Let wy(t,x) solve the Cauchy problem
(3.14) (8?2 — A)w, =0, w(0,2) = a(x)e™®, 9w, (0,z) = kb(z)e*?®,
where a,b € C°(R?) and 6 € C>(R3) is real valued. Then, forp € R3 k € R,

(3.15) lwi(t, M ez 0wy < CE)R) T2

Proof. The argument is the same as the derivation of (3.4) from (3.2).
U

Note that in Proposition 3.3 we do not need to assume V6 # 0 on supp
a U supp b.

We now show that Property A holds under our hypotheses on n(z) for
I = [—7, 7], when 7 is sufficiently small. In fact, the solution to (3.1) can be
written

(3.16) w(t) = R'(t)f + R(t)g,
and, for |t| < T,
(3.17) R(t) = Ry(t) + B(t),
where Ry(t) and B(t) have the following properties. First,
(3.18) Ro(t)g(x) = t / a(t, 2,w)g (7. (tw)) dS(w),
S2
where a is smooth on (—7,7) x R* x S? and ~, : R* — R? is the geodesic
flow from z, for the Riemannian metric

(3.19) giw(@) = ()61

Furthermore, we can assume that 7, maps {v : |v| < 7} diffeomorphically
onto an open set in R3. Next, for |t| < 7, B(t) is a family of Fourier integral
operators (FIOs) of order —2, and B’(t) is a family of FIOs of order —1,
having the mapping properties

(3.20)  B(t): H*(R®) — H*2(R®), B'(t): H*(R®) — H*"'(R?).
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The representation (3.16)—(3.18) is a special case of the Hadamard paramet-
rix construction; a derivation can be found in Proposition 17.4.3 of [H].
We can now prove the following extensions of Propositions 3.1-3.2.

Proposition 3.4. Let w(t,z) solve the Cauchy problem

(3.21) (n(z)?0? — A)w =0, w(0)=0, w,(0)=g

on R x R3. If g € L>(R?), then, for |t| < T,

(3.22) lw(t, M= < C@)llgllr=-

Proof. The fact that Ry(t) : L>®(R3?) — L>*(R®) for |[¢t| < 7 is clear from

(3.18). That B(t) : L*(R*) — L>(R®) follows from finite propagation
speed plus (3.20), plus the Sobolev imbedding result that H?(R3) C L*>(R?).

U
Proposition 3.5. Let w(t,z) solve the Cauchy problem
(3.23) (n(z)?07 — A)w =0, w(0)=f, w(0)=0
on R x R®. If f € L>°(R?), then, for [t| < T, pe R? pe(0,1],
(3.24) ot Mze(,0 < CONS e - 92
Proof. Defining f# as in (3.10), we see that
(3.25) Ry(t)f = Ry(t)f* for x € B,(p),
and since Ry (t) : L*(R*) — L*(R?), we obtain
(32600 RO a0 < COIF e < COIIfllep
Meanwhile, by finite propagation speed and (3.20) we have
(3.27) 1B' @) f a3y < C@OIfllzee,
and (3.24) follows from (3.26)—(3.27), since
(3.28) H! (Bi(p)) C L® (Bi(p)) C M (Bi(p))-
U

More generally, we can replace R? by R" for any odd n, and obtain the
same result. Also, we can replace L> by L”, 2 < p < oo, obtaining

(3.29) lw(t, ez, m) < CONfllp 717,
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or, equivalently,

2n
(3.30) lw®)llag < CEONFflle, a= 7
142
In particular,
(3.31) [w(@) 2000 < CE o

For related results, see [T3].

4. Sharper estimate on scattered waves.

Given xy € R?, ty € [0,Ty], we want to estimate w(t,x) in a neighborhood
of (to, o), when w solves (2.13)—(2.14). Now w(t,z) is given by a simple
geometrical optics expansion away from a caustic set C C (1,00) x R3. In
particular, as a consequence of the global theory of Fourier integral operators,
as presented in [D] or [H], such a geometrical optics expansion is even valid
in a region swept out by rays that have passed through C. Here, “rays” are
null geodesics in R x R?, with the Lorentz metric —dt* + n(z)?¥;_, da?.

It is convenient to describe this in terms of the following Lagrangian mani-
fold Q € T*(R x R?)\ 0. For ¢ close to 1,  is the graph of the phase function
O(t,z) = x-w — t. For larger ¢, it is the flow-out of this graph under the
geodesic flow on the Lorentz manifold R x R? described above. The orbits of
this flow are the lifts to T*(R x R?) of null geodesics, called null bicharacter-
istics. Note that Q C T*(R x R?) \ 0. The caustic set C is the image of that
part ¥ of Q where the projection to R x R? is singular. Over the complement
of C, 1 is a finite union of graphs of gradients of functions arising as phases
in the geometrical optics expansion of w(t, x).

If (to,z0) ¢ C, then w(t,x) is bounded uniformly on a neighborhood of
(to, o). We now consider the case where (to,z¢) € C. Let I'(ty, o) denote
the subset of ¥ lying over (¢, xo); this is a compact subset of T*(R x R?)\ 0.

Take a point py € I'(tg,xo). Methods of the Morse theory of conjugate
points (cf. [C]) imply that the null bicharacteristic through p, intersects ¥
in a discrete set. Using a covering argument and partitions of unity, we have
the following. (Here, 7 is as in Proposition 3.4.)

Lemma 4.1. There ezist o; € (0,7), 1 < j < N, and Cauchy data
(41) W] (to — 0y, l') = a/j(.’I}, k.)eikej(i)’ Wj (tO _ O-J7$) — bj(x7 k)eikﬁj(;v)’
with

(4.2) aj(x, k) ~ ajo(z)+an(x)k™ 4, bj(x, k) ~ by (2)k+bjo(x)+- -,
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such that

N

(4.3) > S(tto — o) (W, Wyy)

Jj=1

agrees with w(t,z), mod C*, on a neighborhood of (to,xo) where S(t,s) is
the solution operator to the wave equation (2.13), with Cauchy data at time
s.

Now, Propositions 3.4-3.5 apply to (4.3), so we have an estimate of the
form (3.4) at (tg,zo), i.e.,

(4.4) w(to, )lz2(B, o)) < CE2.

This estimate is seen to hold uniformly for ¢, € [1,7}], where T} is as in
(1.11), and for z( in any compact K C R3. Now we are ready to establish
our main result:

Theorem 4.2. Under the hypothesis of no trapped rays, the scattering
solution to (0.1) satisfies the estimate

(4.5) lu(k,z)| < C{k),
for all x € R3.

Proof. From (4.4) and (1.12)-(1.13) we have the estimate
(4.6) ks 2o,y < CETH2,

valid uniformly for p in any compact set, e.g., for |p| < 3R. On the other
hand, the estimate (1.18) implies that (4.6) holds uniformly for |p| > 3R.
From here, the argument given in (2.8)—(2.10) establishes (4.5). u
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