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Abstract

We consider two formally determined inverse problems for the wave equation in more than
one space dimension. Motivated by the fixed angle inverse scattering problem, we show that a
compactly supported potential is uniquely determined by the far field pattern generated by plane
waves coming from exactly two opposite directions. This implies that a reflection symmetric
potential is uniquely determined by its fixed angle scattering data. We also prove a Lipschitz
stability estimate for an associated problem. Motivated by the point source inverse problem in
geophysics, we show that a compactly supported potential is uniquely determined from boundary
measurements of the waves generated by exactly two sources - a point source and an incoming
spherical wave. These results are proved using Carleman estimates and adapting the ideas
introduced by Bukhgeim and Klibanov on the use of Carleman estimates for inverse problems.
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1 Introduction

Coefficient determination problems for hyperbolic PDEs arise in areas such as geophysics and
medical imaging. Formally determined problems, that is, problems where the parameter count for
the unknown coefficient equals the parameter count of the measured data, present special theoretical
and computational challenges, particularly for problems in more than one space dimension. In this
article we discuss a number of longstanding open formally determined problems for hyperbolic
PDEs. We obtain uniqueness and stability results for these inverse problems when we have data
from two measurements or the coefficient is reflection symmetric.

Our results are for the perturbed wave equation with the unknown coefficient associated with
zeroth order perturbation of the wave operator - we assume the velocity is a constant. This case
is relevant in quantum mechanical applications (see [RS19] for a more detailed discussion) and in
cases where the sound speed is constant but the material density is variable and unknown. In
many applications, the unknown coefficient of interest is associated with the non-constant velocity
of propagation for the hyperbolic PDE and determining these coefficients is a more difficult problem.

1.1 The plane wave scattering problems

Let us first introduce some notation. Given z € R", n > 1 we may write z as ¢ = (y,2) with
y € R 2z ¢ R. Further, e := e, = (0,0,---,0,1), B will denote the open unit ball, S its
boundary, [J = 82 — A, and v will denote the outward unit normal to the associated surface.

Here are two of the longstanding problems associated with far field patterns. Suppose g(x) is
a smooth function on R", n > 1, with compact support. Given a unit vector w in R"™, consider the
IVP with a plane wave source:

OU +qU =0, (x,t) e R" xR, (1.1)
Uz, t) =90t —z-w), reR" t<<O0. (1.2)

This was studied in [RUI4] and the following proposition is a consequence of the arguments in the
proof of Theorem 1 in [RUI14].

Proposition 1.1. The IVP , has a unique distributional solution U(x,t,w) given by
Uz, t,w) =0t —z-w)+u(z,t,w)H({t —x-w)

where u(x,t,w), a smooth function on the regiont > x-w, is the unique solution of the characteristic
VP

Ou + qu = 0, (r,t) ER" xR, t>x-w, (1.3)
1 0
w(z, - w,w) = 2/ q(x + ow) do, z € R", (1.4)
—00
u(z,t,w) =0, zeR" z-w<t<<O. (1.5)



Also, for any real T, on the region {(z,t) : x - w < t < T}, |u(x,t,w)| is bounded above by a
continuous function of ||q||cn+a. Further, when n = 3, given a unit vector 8 € R" and a real
number s, we have (as distributions in s)

. 1
rlgglo ru(rf,r —s,w) = o

/ u(x, 7 — s,w) dSy
z-0=T1

for any T > 0 for which the support of q is in the region x -0 < T.

We mention that u(z,t,w) is also characterized as u(z,t,w) = v|{>4.,) Where v solves the
inhomogeneous PDE v+ qv = —¢d(t —x-w) in R™ x R with v|;<<o = 0. However, since v vanishes
in {t < x - w} by finite speed of propagation, only the behaviour in the set {t > z - w} will play a
role. For the proofs of the main results it will be natural to work in the region {t > x - w}, and
hence the proposition is stated in this setting. The proof of the upper bound on |u(z,t,w)| is not
covered in the proof of Theorem 1 in [RUI4] and we postpone its proof to subsection Also, the
upper bound given is not optimal but adequate for our purposes.

Motivated by Proposition for n = 3, we define the far field pattern of u(z,t,w) in the
direction @, with delay s, as
1
a(f,w,s) = / ut(x, 7 — s,w) dSg, 0] =1, lw| =1, seR.
27 z-0=T1
This definition can be extended to all odd dimensions n > 3 [MUO§]. It is closely related to other
definitions of far field patterns in scattering theory; please see [RU14] for a discussion about this.

There are two longstanding open problems in scattering theory, the backscattering problem,
consisting of examining the injectivity, stability and inversion of the map

q = a(~w,w, 8)|jy|=1, ser (backscattering problem)

and the fixed angle scattering problem (also called the single scattering problem), consisting
of examining, for a fired w, the injectivity, stability and inversion of the map

q — af,w,s)|jg=1, ser (fixed angle scattering problem).

These problems are often formulated in terms of the scattering amplitude a4(k,w, §), where £ > 0
is a frequency, which appears in stationary scattering theory (relations between the time domain
and stationary approaches are discussed in [UhO1]). Both these problems remain open, including
the injectivity of these maps, but there are partial results for both these problems.

For the backscattering problem, the map has been shown to be analytic, shown to be injective
when ¢ is small enough in some norm or when ¢ is restricted to angularly controlled perturbations
of a single qg. Further, it has been shown that one can recover the principal singularities of q.
We only mention here the works [ER92, I(GU93, MUO0S, [(OPS01, RU14l, RR12) [St90], and refer to
the introduction of [RUI14] for further references and discussion. However, for the backscattering



problem, one does not even know whether the backscattering data is enough to distinguish between
zero and non-zero ¢, that is, whether a(—w,w, s)||,=1,ser = 0 implies ¢ = 0.

For the fixed angle scattering problem, uniqueness is known for potentials that are small or
belong to a generic set, the principal singularities can be recovered, and the zero potential can be
distinguished. See [BLMS89| [St92, Ru01l, BCLV18] and further results and references in [Mel§].
Ramm, in [Ralll], claims to prove uniqueness for the fixed angle scattering problem for real valued
smooth compactly supported potentials. However, it was pointed out to us (personal communica-
tion) that the proof in [Ralll is incorrect since Lemma 3.1 in [Rall] contradicts a consequence of
the Paley-Wiener theorem.

For the fixed angle scattering problem for n = 3, without loss of generality, we take w = e, so
the fixed angle scattering problem consists of examining the injectivity, stability, and inversion of
the map

q— 04(07 €, S)’|9|:1, sER:

Since ¢ is compactly supported, we assume that ¢ is supported in B. From Proposition the
single scattering problem is equivalent to the recovery of ¢ from the Radon transform (in x) of
u¢(x,t,e) over the planes x -0 = 7, 7 > 1, for all t € R. Since us(z,t,e) is compactly supported for
each fixed ¢, from Helgason’s Support Theorem (see [Hell]), the problem is equivalent to recovering
q, given uy(x,t,e) for all t € R and all = such that |z| > 1. Now, from - (L.5), that ¢ = 0
outside B and the observation that the characteristic BVP

Ou=0, (r,t)c(R*\B)xR, t>zx-e,
= f, on S XxRN{t>x-e},
u =0, r-e<t<<O,

is well posed, knowing u(z,t,e) on (S x R)N{t > x - e} is equivalent to knowing u(z,t,e) on
((R3\ B) x R)N{t > x-e}. Hence the fixed angle scattering problem is equivalent to studying the
injectivity, stability and inversion of the map

q— 'LL(.%', t, 6)‘(x,t)€(5><R)ﬂ{t2x~e}' (16)

Of course Helgason’s Support Theorem is an injectivity result and the associated stability estimates
are weak so the equivalence stated above is only formal, as far as stability and inversion is concerned.
For use below, we note that the map (1.6)) makes sense for any n > 1.

A problem close to the fixed angle scattering problem is of interest in geophysics. Suppose
q(y, z) is a smooth function on R™ with support in z > 0. If U(x,t,e) is the solution of the IVP
, with w = e, then geophysicists make measurements only on z = 0 and they are interested
in the inversion of the map

q— U(y7 z=0,1, e)|(y,t)€R"*1><R' (17)

This problem is still open but there are partial results for this problem. When ¢ depends only on
z, the problem is a well understood one dimensional inverse problem for a hyperbolic PDE thanks
to the work of Gelfand, Levitan, Krein and others - see [Sy86] for a survey of the results. For the
multidimensional problem, in [SS85], Sacks and Symes showed that this map is differentiable and




its derivative is injective at points ¢(-) where ¢ depends only on z. In [Ro02], Romanov showed
this map is invertible and constructed its inverse if the domain of this map was restricted to ¢(y, z)
which are analytic in y.

If ¢ is compactly supported, say ¢ is supported in B, in addition to being supported in z > 0,
then the study of the map (|1.7)) is closely related to the study of the map (1.6). Since ¢ = 0 on
2z <0, from ([1.3) - (1.5)) and the well-posedness of the characteristic BVP

Ou=0, yeR" 2<0,t>z,
u(y,z=0,t)=f,  (y,t) eR"' x[0,00),
u(y,z,2) =0, 2<0, yeR?

we conclude that knowing u(y, z = 0,t) for all (y,t) € R""1 x[0, c0) we can determine u,(y, 2 = 0,t)
for all (y,t) € R"™! x [0,00) - actually one can write an explicit formula using the fundamental
solution of the wave operator. Finally, since ¢ = 0 outside B, from - and Holmgren’s
theorem on unique continuation for

U =0, (5,50 €R" xR, 2>0, |(5,2)] > 1,
U(y,z:(),t) :f, Uz(y,ZZO,t) =9, (y7t) GRn_l X R;

we conclude that knowing U (y,0,t), U, (y,0,t) for (y,t) € R*~! x R, uniquely determines U (y, z,t)
on S x R. Hence, this geophysics problem is equivalent to the study of the map (|1.6).

The injectivity and stability of the fixed angle scattering map (|1.6) remains open but we show
stability if we have data from two experiments; we show that the map

q— [u(z,t,e)ls,, u(z, t,—e)ls, ] (1.8)
is injective and its inverse is Lipschitz stable in certain norms; here
Y =A{(y,z,t) € S x (=00, T] : t > z}, Y ={(y,zt) € S x (=00, T]: t > —2z}.

Theorem 1.2 (Two plane wave data). Suppose q;, i = 1,2 are smooth functions on R™ with support

in B and u;(z,t,e), u;(x,t, —e) the solutions of -) with g =q; and w=e,—e. If T > 6
and ||gil|cn+e < M, i =1,2, then

g1 = q2ll L2y <l (ua = u2) (55 )l sy + 1(wa —u2) (- =)l (s, + (w1 = u2) (5 )l minge=2)

with the implied constant determined by T and M.

A corollary of Theorem is a result for single measurement data provided ¢ is compactly
supported and an even function in z, or more generally, for a fixed incoming direction w, ¢ is
symmetric about the plane z - w = ¢ for some c. If ¢(y, z) is an even function of z and u(z,t,e)
u(x,t, —e) are the solutions of - for w = e and w = —e then one observes that

u(y, —z,t,e) = u(y, z,t,—e), V(y,z,t) eR" xR, t > —z

hence knowing u(-, -, €)|5, is equivalent to knowing u(-, -, —€)|s,, so Theorem [1.2]implies the follow-
ing corollary.



Corollary 1.3 (Fixed angle scattering for symmetric potentials). Suppose ¢;, i = 1,2 are smooth
functions on R™ with support in B and u(x,t,e) the solution of — with ¢ = q; and w = e.
If ¢i(y, 2) = qi(y, —z) for all (y,z) € R", i =1,2, if T > 6, and if ||qi||cn+e < M, i = 1,2, then

a1 — qall 2By =<l (w1 —w2) (s - )| sy + 1(ur —u2) (s - )l g minge=2y)

with the implied constant determined by T and M.

Recently, in [RS19], we have improved upon the result in Corollary and proved stability for
the fixed angle scattering problem under even, odd or y-controlled perturbations.

1.2 The point source and spherical wave source problems

Consider the following IVP problem associated to a point source

OV +qV =6(z,t), (x,t) € R® xR, (1.9)
V=0 t<O. (1.10)

This problem has been studied in [Ro74] and elsewhere and the following is a consequence of the
results in [BI17].

Proposition 1.4. If q(x) is a compactly supported smooth function on R® which is zero in a
neighborhood of the origin then (@, has a unique distributional solution given by

18— Ja))

V(z,t) = yr—

+v(z, t)H(t — |z|)

where v(x,t) is a smooth function on t > |x| (see Figure and is the unique solution of the
Goursat problem

Ov + qv =0, t> |z, (1.11)

1 1
v(z, |z|) = _877/0 q(sz)ds, z € R3, (1.12)

We take ¢ = 0 in a neighborhood of the origin because the behavior of v(x,t) is subtle near
x =0,t =0 if ¢(0) # 0. Further, we need this assumption for the result stated below.

Another longstanding open problem, which we call the point source problem, is the injec-
tivity, stability and inversion of the map

q = V[ $x[1,00)-

Romanov has observed that v| Sx[1,00) = 0 implies ¢ = 0 and several people have observed that the
map is injective for small ¢ - see [RS11].



w defined here

Figure 1.1: Domains of v and w

Next we describe another inverse problem. Consider the following IVP associated to an incoming
spherical wave

OW 4+ ¢W =0, (z,t) € R® xR, (1.13)
1 5(t+|x]) 5

S L R —1. 1.14
dr x| zelk, i< ( )

We show the following regarding the solution of this IVP.

Proposition 1.5. Suppose q is a compactly supported smooth function on R3 with ¢ = 0 in a
neighborhood of the origin. The IVP (1.13), has a unique distributional solution which is
smooth on the region t # +|x|. Further, on the region t < |x|, W (x,t) may be expressed as

Wiagy - LA )

= H
p e B L)

where w(x,t) is a smooth function on the region —|x| < t < |z| and satisfies

Ow + qw = 0, (2,t) ER3x R, —|z|<t<|z|, #0 (1.15)

1 o0
w(z, —|z]) = _87T/1 q(st)ds, T eR’ x#0 (1.16)
(x,t) =0, — x| <t < —1. (1.17)

The behavior of W above the upper cone ¢ = |z| is subtle and perhaps not well understood.

Another open problem, proposed by Romanov, which we call the spherical wave problem,
is the injectivity, stability and inversion of the map

q — Wwlgx[-1,1)-

By a unique continuation argument one may observe that ¢ = 0 if w)| sx[-1,1) = 0. In [Balg], it was
shown that the map is injective if ¢ is restricted to angularly controlled perturbations of a fixed qq



or if ¢ is small in a certain norm. For the two dimensional case, in [Ro02], it was shown that the
map is injective and an inverse may be constructed provided ¢(r@) is restricted to functions which
are analytic in . The spherical wave problem remains open in all dimensions greater than 1.

The spherical wave problem may be regarded as a type of backscattering problem with the
difference that the data comes from the solution of only one IVP. For the backscattering problem
we are given very limited data from each of a large number of solutions of the PDE. An inability
to fruitfully combine data from many solutions is what makes the backscattering problem difficult.
We believe the spherical wave problem may be an easier problem and its solution may provide
insight into the solution of the backscattering problem.

The point source problem and the spherical wave problem remain open, but given the data for
both problems the associated map is injective.

Theorem 1.6 (Point source and spherical source data). For q which are smooth functions on R3
with support in B and zero in a neighborhood of the origin, let v(z,t), w(z,t) be the functions in
Proposition and Proposition |1.5. The map

q— [U13x[1,3}7w15x[71,1)] (1.18)

18 injective.

The article [Lal9] describes two other pairs of data which lead to results similar to Theorem
[I.2] and Theorem [I.6] by using Proposition [2.1] and Proposition [£.1]in our article.

To prove Theorem and Theorem We use the two solutions of the PDE to construct an H*
solution of (J+ ¢)a = 0 on a cylindrical region B x [T}, T3], for some T}, T, such that « restricted
to a characteristic surface (either t = z or t = |z|) in the interior of the region is an integral of g.
Then we adapt the technique in [IYO0I] to prove stability for certain hyperbolic inverse problems.
In [IY01] (see [BY1T] for a better organized presentation), the a;—¢ is related to ¢ where as, for our
problems, « restricted to a characteristic surface is related to ¢; thus a need to adapt the technique
in [IYO01].

The technique in [IY01] is itself a modification of the breakthrough ideas, introduced in [BK81],
for solving formally determined inverse problems for hyperbolic and parabolic PDEs. However,
the problem studied in [BKS81] and [IY0I] required a source in the form of an initial condition
a(z,0) = f(z) with f(z) > 0 at each point on the domain. In geophysical and some other
applications, such sources are difficult to generate and the preferred source is an impulsive source
such as a point source a(z,0) = d(x) or a plane wave source a(z,t) = 6(t — x - w) for t << 0. Our
results are for these impulsive sources in space dimension greater than one, for which there are just
a few results - we have mentioned some results earlier and [KI05] is interesting. For a survey of
the results for problems associated with a source of the form a(z,0) = f(x) with f(x) > 0 at each
point in the domain, as in [Be04], [Kh89], [IYO01], [SUL3] and several other articles, we refer the
reader to [BY17], [KI13], [Bu00] and [Is06].



We use the following notation through out this article. Given z € R", n > 1 we may write x
as r = (y,2) with y € R"1 2 € R, or we may write a non-zero = as * = 7 where r = |z| and
0 = x/|x|. We define the radial and angular derivatives

o, = —

T

and note that 1
V() = |fr|2+ﬁZ|Qijf(l‘)|2- (1.19)
i#]
Further e := (0,0,---,0,1), B will denote the open unit ball, S its boundary and (0 = 97 — A,.
We say the map f : X — Y is stable if f is injective and its inverse is locally Lipschitz for some
norms on X and Y. We say a<b if a < Cb for some constant C.

If £ is a non-negative integer, A is the closure of a bounded open subset of R” and f: A - R
then || f|| x4y Will denote the Sobolev space norm of f on A, and for a fixed weight ¢ and o >0

1/2 1/2
,: 204 2, 212 o 20 | £12
T (/A (VF+o2f] >) I fllowa (/A |f> .

If A'is a bounded hypersurface in R™ and f : A — R then || f|| zx(4) will denote the Sobolev space
norm of f on A, with derivatives only in directions tangential to A, and

1/2 1/2
T < / 62“”(|VAf|2+02|f|2)) 1l = ( / e2w|f|2)
A A

where V 4 f denotes the gradient of f on A made up only of derivatives of f in directions tangential
to A. Further, for any bounded real valued function f, the supremum of |f| will be denoted by

£ lloo-

2 Proofs for the two plane wave sources problem

We define the following useful subsets of R™ x R;

Q:= B x [-T,T), ¥ :=8x[-T,T], r=Qn{t=z},
Q+ =QN{x(t—z) 20}, Y =X N{£( - 2) =0},
Q+,T:Q+m{t§7—}7 E+,T:E+m{t§7—}7

for any 7 € R.

10



2.1 The main proposition for plane wave sources

The following proposition is crucial in the proof of Theorem|[I.2] We postpone its proof to subsection
Suppose p(z) and ¢(x) are smooth functions on R™, n > 1, with support in B. Define

mwzﬁgwwﬂz

and let p(z,t) € H'(Q_) be the solution, guaranteed by Lemma of the characteristic BVP

O+qp=0, onQ-,
p(y,Z,Z) = ﬁ(y)v (yvz) S B,
p(@/:'zat) = ﬁ(y)v (yvz7t) S

Proposition 2.1. Suppose p, ¢ and p are as above, f a bounded function on Q, and o € HY(Q)
with o smooth on Q, o+ p smooth on Q_, aly € HY(X), d,a € LA(X). If

O+ q@)a(z,t) = px) f(z,t), (x,t) € Q, (as distributions) (2.1)
a.z2) = [ psids ()€ B, (22)

then
HPHLZ(BﬁHa’\Hl(Z) +[10vall2sy + ol e =ary), (2.3)

provided T > 6. Here the constant depends only on ||q||cc, || fllcc and T

2.2 Proof of Theorem [1.2]

Suppose ¢;, i = 1,2 are smooth functions on R™ with support in B, u;(z,t,e), u;(z,t, —e) the
corresponding solutions of ([1.3)-(|L.5)) for w = e, —e. Then, by Proposition

(D + Q1)(u1('x7t’ 6) - UQ(xatae)) = _(QI - Q2)(9U)U2(377t>€)a (xvt) eR" xRN {Z < t}7

(- w)sze) = [ @-@)ds (.)€ R

(up —u2)(z,t,e) =0, (z,t) e R" x RN{z <t < -1},
and

(D + QI)(ul(x7t7 _e) - u2(x7t7 _e)) = _(QI - %)(@W(%@ _6)7 (%,t) eR" xRN {_Z < t},

=)z == [ @ -w@sds,  (@.2) R

(up —u2)(z,t,—e) =0, (z,t) eR" x RN{—2z <t < —1}.

Define .
ply) = 5 /R(m —q2)(y,2)dz, ye R

11



and let p € H'(Q_) be the solution, guaranteed by Lemma of the characteristic BVP

O+a)p=0, (1) €@,
p(y,z,z) = ﬁ(y)a (y,z) € B,

p(y,z,t) = ﬁ(y)a (yvzvt) €X_.
For (z,t) € Q, define
t t>
'ZLQ(.%',t) _ Ug(.’L‘, 76)7 = Z,
—ug(x,—t, —e), t <z,
and
O[(Jl‘,t): (ul—uQ)(x,t,e), tZZ?
—(up —ug)(z, —t,—e) — p(x, 1), t<z.

The function a combines the measurements associated with the directions e and —e, and the
function p has been subtracted in Q_ so « is H' across the plane t = z. The function p is only
required for the stability estimate; if one is only interested in a uniqueness result for the inverse
problem, the function p will be zero if the data for ¢; and g2 agree, hence p = 0 in this case.

Using Lemma we see that for (z,t) € @@ we have in the sense of distributions

O+ a)a(z,t) = O+ q) (w1 —u2)(@,t,e) H(t — 2) = (u1 — uz)(@, —t, —€)H(z — 1))
( /

= —(q1 — q2)U2 +26(t — 2)(0r + 0.
+20(t — 2)(—0¢ + 0;)(u1 — u2)(x, —t, —e)
—(q1 — q2)U2 +26(t — 2)(0¢ + 02)(u1 — ug)(y, z,2,€)
+25(t — 2)(—0 + 02)(u1 — ug
)

—(q1 — q2)U2 +26(t — =z %((ul —u2)(y,z,2,€) + (ug —u2)(y, z,—z, —e))

. d &
=—(q1 —q2)U2 — 0 t—zdz(/ qy ds+/ q(y,S)dS)

d

—(q1 — g2)ti2 — 6(t — 2) )2 RQ(
(01 — q2)(@)uz(z, 1).
Further, for (y,2) € B, we have
a2, 4) = (0 =) 2,56 = =5 [ (0= @)(os)ds

al2,2) = ~(ur — )22~ 52 = 5 [ =) ds = 5 [ (01— )9 ds

= —;/z (@1 — g2)(y, 5) ds;

—0o0

12



S0
ay, z,z+) = a(y, z,z—).
Hence, a € H(Q) with

O+ aq)a=—(q1 — )iz, (z,t) €Q,

aly,z,2) = —% /_Z (1 — q2)(y, ) ds, (y,2) € B.

Further a|yz, € HY(X) and d,« € L?(X) - we verify this at the end of this proof. So from Proposition
23] we have

a1 — @2ll2my<llallar sy + [0vall2sy + ol e =ar (2.4)
with the constant dependent only on the supremum of @2 on @, ||¢1]|s and T, hence dependent

only on T and ||g;||gn+4, ¢ = 1,2. Using the definition of @ and Lemma (together with the
analogue of Lemma [3.3|in {t < z}) we have

[0l Loz) =100 (w1 — u2) (-, €)l[L2(my) + (100 (w1 — u2) (-, s =€) 22y + 1OvpllL2=_y + Pl 1 (201
<lellas,) + lellaeary + lla+ ol sy + lla+ pllaisan + 10vell2s_) + el e =ar
<Nz sy + el g sary + llellarssy + lellarsary + 10vell2s)

<lellgrsy + el grsary + ol g sar (2.5)
where we used Lemma in the last step. For (y,z,z) € ¥NT we have

p(y,2,2) = ply) = ;/qu(y, s)ds — ;/}ng(y, s)ds

1/mql(y,s)ds_;/\/m

—0o0 —00

2
= (ug —u1)(y, V1= [y[%, V1 = [y[% e)
= (uQ - U1)(y, ’Z‘, |Z|a€)

= —a(y, |2, |2])

q2(y,s)ds

Hence
ol gt (many < el 71 (5 (2.6)
and using this in (2.5)) we obtain
0vall 2y sl sy + ol sar)-
Inserting these estimates in (2.4) and using (2.6) and Lemma we have
la1 — @2llzzsy=sllallms) + el g sar

<z, + lle+pllasy + lella =) + el g =

SNz, + lle+ pllav sy + el g sar),
and the theorem is proved except for the verification of the claims a|y € H'(X) and d,a € L?(X).

Now, by definition, a|x,, (o + p)|s_ and p|s_ are smooth and « is continuous across I' N X,
hence a|y € HY(X). Further, (O + q1)a = —(q1 — q2)ti2 € L*(Q), « is smooth near ¢t = T and
a € HY(Q), so a is a solution of a backward IBVP for a hyperbolic PDE with RHS in L2, smooth
initial data, and H' Dirichlet boundary data, so d,a € L?(X) by Theorem 3.1 in [BY17).
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2.3 Proof of Proposition [2.1

t=z
O Z
y — —
B ™

Figure 2.1: The regions (Q and Q4+

For any a > 1 define
Oy, 2,1) = 5(a — )2 + 5ly|* — (t — 2)°.

From Lemma [3.1] for large enough A,
U(y, z,t) = WA

is strongly pseudoconvex (Definition 1.1 in [Ta96]) w.r.t O + ¢ in a neighborhood of Q.

Since T' > 6, we claim there is an a > 1 such that the smallest value of ¢ on Q N {t = z} is
strictly larger than the largest value of ¢ on Q@ N{|t| = T'}. The largest value of ¢ on QN {|t| =T}
is bounded above by 5(a+1)% +5— (T'—1)? and the smallest value of ¢ on QN {t = 2z} is 5(a —1)?,
so we want

5(a—1)2>5(a+1)2+5— (T —1)?

which is equivalent to
(T —1)* > 20a + 5.

Hence for T > 6 any a € (1, ((T — 1)? — 5)/20) will work. Therefore we can find a T’ € (1,7T), T
close to T, and real ¢ and 6 > 0 such that

e py<c—6on Bx{T'<|t|<T},

e p>c+donQN{t==z}

We fix an a € (1, ((T —1)2 — 5)/20) and the large enough \. Let x(¢) be a smooth function on
R with x =1 on |t| <T" and x = 0 on |t| > T and define

ﬁ(x,t) = X(t) a(xvt)7 (x7t) € Q

14



Since 1 is strongly pseudo-convex w.r.t [J+ ¢ near ) and the combined Dirichlet and Neumann
boundary operators satisfy the strong Lopatinskii condition with respect to 1 and [J (see Definition
1.6 in [Ta96]), that 3 € HY(Q), (O + q)B € L*(Q), Bl € HY(X), 0,8|x € L*(X), and 3 = 0 near
QN {t==+T}, from Theorem 1 in [Ta96] we have (for o large enough depending on ||¢||s and T')

allB

10030+ DBl 00 + ollBIE o5 + ol10,Bllo.0x (2.7)

with the constant dependent only on 7" and ||¢||cc-

Now
O+ ¢)8=x(O+q)a+x"a+2x o,

hence
(O + @)BIKIO + g)al + (X[ + XD (laf + |ax])

SO

1@+ 9)BI3 o< / PP + / 7 (af? + o ?)
Q Bx{T'<|t|<T}

< / oVl 4 2 / af? + g (2.8)
Q Bx{T'<|t|<T}

Using Lemma [3.4] for o on @4, a corresponding result for o+ p on @, and Lemma|[3.6| for p, along
with 1), [3), we have

/B><{T/<t|<T} o + Ja* < (O + Q)O‘H%Q(Q) T HC"HJ%P(F) * Ha”%ﬂ(&) + \\8Va\\%2(2+)
+ o+l sy + 100 (@ + p)l72s ) + el ey
< [ PP+ Nl ey + ol s + 100al i) + loli s ) + 1000117z
(1) (@) ) (=) =)
B

+ HPH%{l(ZmF)

4Ha\|§{1(r) + ”04”%{1(2) + ||au04HQL2(2) + HPH%ﬂ(zmr)-

Using this in (2.8)) and noting ¥|r > ¢+ J, we obtain

1@+ QBI3, o< /Q 7V [pf? 1 2D |2, 1
+ 620(076)(”@”?{1(2) + ||8Va|]%2(2) + HPH%{l(ZmF))

—206
4/626201”2?’2 +e 2 alli o + ekg(HO‘H%{l(z) + Haua”%%m + HPH%ﬂ(znr))
for some k > 0. Hence from (2.7) and using 8 = y« for the terms on X

allBI s [ Ipl* + e Nl or + € (llalfn sy + 18vallZags + 117 sar (2.9)
0 =) =) Ly

15



From Lemma applied with T instead of T, noting Q+ N{t < T'} C Q, X N{t < T'} C Xy,
and a = S on Q4 N{t <T'}, we have

lol arsollalng, ., + 1O +aalog, . + l0lios, , + 100l30s, .
k
<8I} rq, + /Q 7Vpf2 + ¢ ([lal3 sy + 19v0 22 )

for some k > 0. Using this and (2.9) and noting e =279 is small compared to 1 for large o, we obtain

a3 o< /Q b2 + e (1ol sry + ol + 190l ) - (2.10)

From ({2.2)) we have

Z,z g Z,Z d ? loa Z,Z d
TV WHAp(y, 2) = VW7 )dz/ Py, s)ds = 7?52 —(a(y, z, 2))

oo dz
— 260'1/)(:'!,2,2) (az + at)(/y’ 27 Z)7

so (2.10) implies that for large enough o
et [ Al 4 (oo + ol + 100lhm) . @11

Using the definition of h(co) in Lemma [3.2) we have

T
/62‘”/’|p]2:/ e2ow(y,z,Z)p(y72)|2/ 27 W2 )=¥W:22) gt dy dz
Q B -7
<h(o) [ 0= p(y, ) dydz,
B

so ([2.11)) implies that

| 0=ty )P dydz <hio) [ 0= p(y, ) dyds

B B

+ & (1ol s + el sy + 100l ) -
Hence, from Lemma taking o large enough we obtain
[ =22 dy az=et” (Il sy + s, +10.01Exs)

with the constant dependent on ||q||oc, || f|lco and T'. Fixing a large enough o (which also depends
on [|lgfleo, Ifllcc and T) we get

\|PH2L2(B)‘\<”P||?{1(20F) + ”aHiﬂ(z) + ”aVaHQLQ(E)

and the proof is complete.
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2.4 Proof of Proposition

The only part of the proposition not proved in the proof of Theorem 1 in [RU14] is the upper
bound on |u(x,t,w)|. We use the notation in the proof of Theorem 1 in [RUI4]. If ¢ is C?V then
(O+q)Ry is in CN~1 and hence in L? (R, HN~1(R")), so by Theorems 9.3.1, 9.3.2 and the remark

loc

after that in [H576], we conclude that Ry € H'(R, HN=1(R")) locally and, for any given T,

BN a1 (=00, N -1 @) SO + @) BN 22 ((— 00,07, 58 -1 mr)) S F (gl 02v)

for some continuous function F', with the constant dependent on ||¢||c~-1 and T'. Hence, if N —1 >
n/2 then for any ¢ € (—oo,T] we have

BN (65 oo S BN (& )| v o) ST BN 0 (= 00,71, 531 () SE ([l 02),
hence if N —1 > n/2 then
Hu(t7 ‘7w)”00—\<F(HQHC?N)’ Vi <T,
so taking N = 2 + |n/2] or higher, we see that

Hu(t? 'aw)HOO#F(HQHC'”*‘l)v Vi <T.

3 Lemmas for the two plane wave sources problem

We recall the following useful subsets of R” x R,

Q:= B x [-T,T)], ¥ :=8x[-T,T], r=Qn{t=z},
Qr =QN{x(t—2) =20}, Xp=¥n{x(t—-2) =0}
Q+,T:Q+m{t§7—}7 E+,T:E+m{t§7—}7

for any 7 € R.

3.1 Carleman weight and estimates for the plane waves problem

There are some differences between definitions given in [H676] and [Ta96] for pseudoconvexity
and strong pseudo-convexity so we specify the definitions we plan to use. Suppose P(z, D) is a
differential operator with principal symbol p(z,&) with real coefficients, over a region €, and ¢
a smooth function on Q with V¢ # 0 at each point of . We say the level surfaces of ¢ are
pseudoconvex w.r.t P(x, D) on Q if (1.3), (1.4) from [Ta96] hold at every point of Q. We say the
level surfaces of ¢ are strongly pseudoconvex w.r.t P(x, D) on € if (1.3)-(1.6) from [Ta96] hold at
every point of ). We say the function ¢ is strongly pseudoconvex w.r.t P(z, D) on Q if (1.2) of
[Ta96] holds at every point of 2.

17



For second order operators P(x, D) with real principal part, one may verify that the pseudocon-
vexity and strong pseudoconvexity conditions for level surfaces of ¢ are equivalent - see Theorem
1.8 on page 16 in [Ta99]. Further, if the level surfaces of ¢ are strongly pseudoconvex w.r.t P(z, D)
in Q then, from Theorem 8.6.3 in [H&76], for large enough A

¥=e

is strongly pseudoconvex w.r.t P(z, D) on 2. So to construct a strongly pseudoconvex weight
for a second order operator with real coefficients, one just needs to construct a function ¢ whose
level surfaces are pseudoconvex w.r.t P(z, D).

Our goal is to construct on @ a function ¥(y, z,t) strongly pseudoconvex w.r.t J and decreasing
in |t — z| for a fixed y, 2.

Lemma 3.1. Define
¢(y7 Z,t) = c(a - Z)Z + d’y‘2 - (t - 2)27 (ya Z) € Rna teR

and
¢(y, Z, t) = e>‘¢(y12,t);

then v is strongly pseudoconvex w.r.t 1 on the region z = a if c>4,d>c—1, A >> 0.

Proof. As explained at the beginning of subsection [3.1] it is enough to prove that the level surfaces
of ¢ are pseudoconvex on z # a if ¢ > 4, d > ¢ — 1, and also that V, . ;¢ is non-zero at each point
in the region z # a.

For convenience we take
1
Py, z,t) = 5(0(@ — 2)2 + d‘y’Q —(t— 2)2)

and the principal symbol of [1 to be

1 —
p(y,z,t,n,C,T) = 5(_7-2 + |77‘2 + C2), (U,C,T) cR" 1 x R x R.

We first note that V¢ is non-zero at every point in the region z # a because ¢, = c¢(z — a) # 0 on
the region z # a. Next, all y, 2z, ¢ derivatives of p are zero, the mixed partials of p and ¢ are zero
(except for ¢+ = 1), and
pr=—7, Vap =1, p¢ =G,
b= —(t—2), Vyb=dy, 6. = clz—a)— (:— 1),
i = —1, (¢yi,yj) =dl,—1, ¢..=c—1, ¢ =1

The condition (1.3) in [Ta96], in expanded form, is condition (8.4.5) in [H&76], so the level surfaces
of ¢ are pseudoconvex w.r.t [ iff

—(—7)2 +dnTn+ (c— 1)C2 +2¢(-7) >0
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whenever (n,{,7) # 0 and
=P+ (== 2) + - (dy) + (- (e(z—a) = (2= 1) = 0.
It will be enough to require that
— 2 dnP + (c—1)¢ =201 >0 (3.1)
whenever (n,(,7) # 0 and 72 = |n|?> + (2. Because of homogeneity, we can take 7 = +1 and
In|? 4+ ¢% = 1, so it would be enough to require that
fQ):==1+d1 =)+ (c—1)¢*+2C>0  whenever ¢ € [-1,1].
Now
FO=(c—d=1)¢* £20+d -1
is a downward opening parabola when ¢ —d — 1 < 0 so its minimum on [—1,1] will be at the end

points. Hence the minimum of f(¢) on [—1,1] will be ¢ — 4. So it will be enough to require that
c>4ande<d+1,thatise>4and d > c— 1. O

Next, we compute the limit of an integral associated with the Carleman weight we use in the
proof of Proposition [2.1

Lemma 3.2. If ¢(y,z,t) = c(a — 2)%2 +d|y|? — (t — 2)® witha > 1, ¢ > 0,d > 0, ¥ = e for some
A>0 and

T
ho) = sup / 20 (W2 )—0(1,2:2)) gy
(y,Z)EB =T

for some T > 0, then lim,_,o h(c) = 0.

Proof. Since A > 0 and ¢(y, z,2) > 0, for any (y, z) € B we have
w(% 2, Z) _ w(y, Z,t) _ e/\¢(y,z,z) _ 6)\¢(y,Z,t) _ e)x(b(y,z,z)(l B e—)\(fb(y,z,z)—qb(y,z,t)))
fd e)“ﬁ(yv'zvz)(l _ e*)\(t*Z)Q) Z 1 o efA(t*Z)2.
Now, for s > 0,
1 —e"%>min(1/2,s/2),
hence
2((y, 2,t) — Y(y, 2, 2)) < —min(L, A(t — 2)?)
SO

T T . , T—2 o,
/ €2U(w(y,z,t)f1/1(y,z,z) dt < / efcrmm(l,)\(tfz) )dt :/ efa'mm(l,)\t )dt

-T -T —T—z

T+1

< / e—amin(l,)\tQ) dt.

o

Hence, by the dominated convergence theorem
T+1 _ ,
0 < lim A(o) < lim e~ min(LAT) gy — ),
o—00 o—oo J_p_q
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3.2 Energy estimates for the plane wave problem

We derive three energy estimates needed in the proof of Theorem The first is an estimate for
an exterior problem, the second estimates the energy on ¢t = +7" and the third estimates the energy
on t = z. In deriving these estimates, we will use the following simple integration by parts results
on Q4+ and other sets having a similar form: if v is smooth in @, then

6tvdxdt—/ vdS—l/ vdS,
Qs {t=T} V2 Jit=z)

and if V' is a smooth vector field on @+ with values in R™, then (with V denoting the gradient in
x variables)
1
V-Vd:xdt:/ V-VdS+/ V-e,dsS.
o V2 Jii=z)

Lemma 3.3 (Energy estimate for exterior problem). Suppose n > 1, T > 1, p(x)a smooth function
on R™ with support in B and o(y, z,t) a smooth function on (R™ x R) N {t > z} with

Q+

Oa =0, on (y,z,t) e R" xR, |(y,2)]>1, t >z, (3.2)

0
a.n2) = [ pluzes)ds onl(wa)| =L (33)
aly,z,t) =0, on{(y,z1t): 2 <t< -1} (3.4)

then
l0val| L2 m )=l s,y + lell s,

with the constant dependent only on T.

Proof. The result follows from standard estimates for the wave operator obtained using multiplier
methods. Define
Hr ={(y,zt):|(y.2)| =1, —T<t<T, z<th

then from domain of dependence arguments and (3.3]), (3.4), we can show that the intersection of
the support of o and Hrp is bounded and hence, on this set, |z| is bounded above by a constant
dependent on 7.

We define the smooth function

0 z

aly,z) =a(y,z,z2) = / p(y,z+s)ds = / p(y, s) ds, (y,z) € R",
—00 —00
and noting that p is supported in B, for |(y, z)| > 1 we have
0, if |y > 1,
a(y,z) =aly,z,z) =<0, if ly] <1 and z <0,
Jzp(y,s)ds, |yl <1andz>0,
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We have the identities

20;0c = (? 4 |[Val*); — 2V - (V)
2(z - Va)Oa =2(a¢(z - Va))e + V- (z(|Val]* — af) — 2(z - Va)Va) +naj — (n — 2)|Val?.

For any 7 € [T, T], integrating the first identity over the region HrN{t < 7} and noting that « is
compactly supported for each fixed ¢, a(y, z, z) = a(y, z) and (o + ;) (y,z,2) =0on {t = z}NHrp,
we have

/ o? + |Val? dz = 2/ oy ap dS +/ (2 + |Val? + 20qa.) (y, 2, 2) dy dz
HTm{t:T} E+ﬂ{t§’r} HTﬂ{t:Z}

= 2/ ay o dS + / IVyaly, z,2)|* + (ar + ) (y, 2, 2)* dy dz
E+ﬂ{t§T} HTﬁ{t:z}

1
< e/ a?dS + / a?ds +/ \Vyaly, 2)|[> dy dz (3.5)
E+ € E+ HTﬂ{t:Z}
for all € > 0. Integrating the second relation over Hp we obtain
/ 202+ a? — |Val?dS = ((n—2)\Va|2—na?)dxdt—2/ at (x-Va)dx
2+ HT ‘$|21,t=T

+ / 2t + az)(z - Va) — Z\Vyoz|2 + Z(ozf — ag)
HTﬂ{tZZ}

:/ ((n—2)\Va|2—na?)dxdt—2/ ot (x-Va)dx
HT ‘]}|21,t=T
—/ 2|Vyaly, 2) > dy dz. (3.6)
HTﬂ{tZZ}
Hence using (1.19) and (3.5 we obtain from (3.6]) that
/ o? dS-\</ Z(Qija)Q ds —|—/ of + |Val? dz dt —|—/ of +|Val*dx
P3N Xy i<j Hr HTﬂ{tZT}
+/ \Vyaly, z)|* dy dz
HTm{t:z}
T
— / > (Qyja)*dS +/ / of + |Val* dx dr +/ of + |Val* dx
E+ ’i<j =T HTm{t:T} HTﬂ{t:T}

+/ |Vyd(y,z)\2dydz
HTﬂ{t:z}

2T
< (1 + > / o? + Z(Qlja)Q ds + (2T + 1)6/ a?ds
€ pO

i<j Xt
+/ \Vyaly, 2)|* dy dz
HTﬂ{t:z}
So, choosing € small enough, we obtain

/ o2 dS<lloln s, + / 1V, a(y, =) dy d=.
E+ HTﬁ{t:z}
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Now, a(y,z) =0 for |y| > 1 and when z < 0. Further,

ay,z) = a(y, V1 - y?), when 2z >0, |y| <1

SO
[ maaaas< [ (9@ VT PR dy
Hrn{t=z} lyl<1
- /| ¥ =y VTP 0 T Py
Yyl=
1 _
= [ e VI o)) T WP dy
iy
< /S (=Y — 40.)a) (1, 2)[2 S, -
<Nl s
<l sngemsy
and the proof is complete. ]

Next we estimate the energy near ¢ = T by the energy on t = z.

Lemma 3.4 (Energy estimate near t = T). If 1 <7 < T, q is a smooth function on B and a(z,t)
is a smooth function on Q4 then

/B(!Vz,ta|2 +lal) (@, 7) de<llal ) + 1O+ galzag,) + lalns, ) + 10, ),

with the constant dependent only on ||q||c and T

N |
t=T
o
t=z
et | e

Figure 3.1: The t = 7 section of @

Proof. Below £L =[O+ q. For any 7 € [—1,T], the plane ¢t = 7 cuts t = z inside @ when 7 < 1 and
does not cut ¢t = z inside () when 7 > 1 - see Figure We define two energies associated with
top and bottom surfaces of the boundary of Q4 ;.
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o If —1 <7 <1 then define

D= [ (et ol VaP)yer) de dy
Bn{z<t}

/ (% + (a4 + az)® + [Vyal*)(y, 2, 2) dz dy;
Bn{z<t}

o If 7 > 1 then define
E(r):= / (& + a2 + Vo)) (y, 2, 7) dz dy;
J(1) = J?l).
For any 7 € [—1,T], integrating the relation
20(0a + a) = (af + |[Va|* + a?); — 2V - (i Va),

over the region Q4 ; we obtain

E(r)=J(r)+ 2/ a(Oa + «) +2/ o 0,adS
Q+,r D)

+7

= J(T)+2/ at(La+(1—q)a)+2/ a0, dS
Q+,r %

+,7

<J(1)+/ |La|2—|—/ |vx,ta|2+|a|2ds+/ E(t)dt
Q+ Xy 0

with the constant dependent on ||¢||s. Hence, by Gronwall’s inequality, for all 7 € [—1, T, we have

E(r)=J(1) +/ |La? +/ Vasal® +[of* dS
Q+ DIES
with the constant dependent on 7" and ||¢||o- O

Next we estimate the weighted energy on ¢t = z.

Lemma 3.5 (Energy estimate near ¢t = z). If T > 1, q¢ a smooth function on B and o, are
smooth functions on Q4+ then

el o < ollallfog, + 1O+ dalf g,

for all 0 > 1 large enough, with the constant dependent only on ||¢|/co, H¢HC2(Q+) and T.

Proof. Below £ = O + q. Define p := e’¥a. For any 7 € [1,T], define the energy on the plane
t =7 as (see Figure

Mﬂ:LWW+ﬁ+VWM%ﬂM@
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and the energy on the plane t = z as
— 2,2 2 2
Tim [ @20+ Gt i + V)2, 2) dzy
For any 7 € [1,T], integrating the relation

20(Op + 0°p) = (4 + [Vul* + 0%p?)e = 2V - (e Vi), (3.7)

over the region Q4 , and using 20%uu; < o(u? + o%p?)), we obtain

T=Bm -2 [ e+ P -gw -2 [ pduds
Q+,T >

+,7

<E(7)+U/ ’Vx,t/i\z-i-UzMz—i‘/ \utﬁul—l—/ |10, 11| dS.
Q+ Q+ Xy

Integrating this over 7 € [1,T] and noting that

T
/ E(r)dr< / Voupl? +0®p?
1 Q+

we obtain

I<o [ Vel + ot + [ etul+ [\l ds. (3.8)
Q+ Q+ DINE

with the constant dependent only on 7" and ||¢||cc-

Now 1 = ae’? so
ule™lal,  |Vaul<e ([ Vasal + olal). (3.9)
Further, since « is smooth in the region ¢t > z, on Q4+ we have
Lp=O0O+qu=e"(La+ 20 — Vip - Va) + oaly + o (Y7 — |VY|*)a)

which implies
|Lp|=e”? (|Lal + o|Vaial + o?|al). (3.10)

Hence using (3.9)), (3.10) and noting
202|V 10l la| < 0|Vaial® + 0%a?,
(3.8) implies
I=NLal g, +ollalipg, +llali s, + 100l o5, (3.11)
with the constant dependent only on T" and ||¢||cc-

Now a = e 7% so |a| < e 7%|u| and

| + aelge™ 7Y (s + | + olul),
IVyalse " (IVyul + olul)

hence
laz + ouf* + [Vyal* + 0%’ <e ™7 (| + ul” + [Vyul* + 0 |uf?),
so the lemma follows from (3.11)) and the definition of .J. O
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3.3 The construction of p(z,t)

Lemma 3.6 (The estimates for p(z,t)). If T > 1, ¢ € C*(R"™) and p(y) is a compactly supported
smooth function on R"™! then the characteristic boundary value problem

H+q)p=0, on Q— (3.12)
p(y7zaz) :ﬁ(y), on I’ (313)
p(y, Zat) = ﬁ(y)7 on Xi_ (3'14)

has a unique solution in HY(Q_) with d,p € L*(X_), p(-,7) € HY(B), p:(-,7) € L*(B) and
ol ey + oG D) ey + ot D ll2sy + 10vpll 2y + ol =y <ol a1 znry)
for all T € [T, —1], with the constant dependent only on ||q|lec and T'. Further

@O +9)(p(y, 2, 0)H(z=1)) =0 on Q.

Proof. Below £ = O+gq. Since p(y) is also a smooth function on R™ independent of z, we redefine p
to be a smooth compactly supported function on R™ which agrees with the old p on a neighborhood
of B. This redefinition does not change the lemma and avoids introducing a new symbol.

Arguing as one would to prove Proposition (see the proof of Theorem 1 in [RU14]), the
characteristic IVP

O+ q)p =0, (y,2,t) ER" xR, t > z, (3.15)
py,z2) =ply,z), (y,2) €R", (3.16)
ply,z,t) =0, 2 <t<<0, (3.17)

is well posed and has a smooth solution. On 3, define the function

r ﬁ y,z,t , on % ’
fly,z,t) = {( ) "
ply,z), on¥_;

fis in H'(X) because j = p on I'. Hence, by standard theory (see Theorem 3.1 in [BY17]), the
backward IBVP

O+q¢p=0, onQ, (3.18)
p=p, onQn{t=1} (3.19)
p=f ~onx, (3.20)

has a unique solution in H'(Q) with 9,5 € L*(X) and p(-,7) € HY(B), pi(-,7) € L*(B) for all
T € [-T,—1]. Also, from domain of dependence arguments one can see that p = p on @4, and in
particular p = p on I'. Let p be the restriction of p to Q_; this is the desired solution.
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To prove uniqueness, we need to show that if p(y) = 0 and p € H*(Q_) is a solution of (3.12)-
(3.14), then p = 0. Given a smooth function 1) on @Q_ which is supported in the interior of Q_, the
IBVP

(D+Q)¢:wa (IE,t) € B x (_T7 OO)
¢('7 _T) =0, at¢('> _T) =0, on B
0,0 =0, on S x [T, 00)
has a solution which is smooth on B x [T, 00) (from Theorem 5.1 in Chapter IV of [La85] and its

application to ¢ derivatives of ¢). Hence, using the definition of a weak solution of (3.12)) - (3.14))
with p = 0, we have

/ p(O0+q)¢p=0;
Q_

note that there is no contribution from the boundary of ¢)_, not even from I', because the boundary
terms on I' involve p or the first order derivatives of p in directions tangential to I'. Hence

/ py =0

for every smooth function ¥ on ()_ which is supported in the interior of @)_. Hence p =0 on Q_.

We next show that (O+ q)(p(y, z,t)H(z —t)) = 0 on Q. Let ¢(x,t) be a smooth function on Q
with support in the interior of ). Noting that p is smooth on Q4 and (O + ¢)p = 0 on @, from
the construction of p we know that

0=<Lﬁ,¢>=<ﬁ,w>=/ ﬁL¢+/Q p Lo

Q+

— [ GLh+ (561 — 510)i + V- (6Vap — §Va) + / p Lo
Q+ Q-
1
) RN
/Qp5¢+\/§/r¢(pt+p) plée + ¢.) dS

= | oo [ otz 00 =) ~ oty 2, 0t 2, ) dy

d
Z/Qp£¢+2/B¢(y,z’Z)dZ(ﬁ(y,z,z))dydz

Z/Qp£¢+2/9¢(y,z72)i(ﬁ(y))dydz

Z/Q_pzqs.

Hence L(p(y, z,t)H(z —t)) =0 on Q.

We now obtain the estimate in the lemma. We construct a sequence of functions pp € H2(Q_)
such that py, = pon T, pp(-,7) = p(-,7) in HY(B), O¢pr(-,7) — pe(-,7) in L?(B) for all 7 € [-1, —T]
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and pp — pin HY(X_), d,pr — O,p in L*(X_). Using multiplier methods and energy estimates as
in the proof of Lemma 3.6 in [BY17], one can show that

ok G )y + 100k T 28y + 10uprll2s ) Skl oy + [l okl (s

for all T € [-T,—1]. Hence, letting k — oo, we obtain

oG I sy + 10ep( T 2208y + 10upll 2=y =l (1) + ol (52

So the estimate in the lemma will follow if we can show that

ol ey + [l oy Slloll e sar)- (3.21)

ol oy = V2 [ 1) + 129,500 + 3 1010y, ~ 10,050 dS,
i#]

On the other hand, on T, p(y, z, 2) = p(y) so

ol = V2 /B P + V() dy d=< / VI=TP(a(y) + V,5(y)2) dy

ly|<1
2/ = 2 — 2
< /S 2(pW)[ + Vo)) dS, -
<HP”§{1(20F)-

Further, on 3_ the tangential derivatives of p are derivatives in the directions 0;, 2V, — y0, and
YiOy; — y;0y, of the function p(y) which is a smooth extension of the restriction of p to ¥_. Hence

o2 ) = /E ) + 12V 8@) + 3 [0y, — 150, 5w)I dSy s
- (&

/|p V2 + 29,5 + 3 19idy, — 530,)0w)2 dS, -
i#]

<||P||§{1(Emr)'

So we have proved (3.21)).

It remains to construct the approximating sequence pi. From (3.15)), one has

(at + az)(ﬁt - ﬁz)(ya 2, Z) = Ayﬁ(ya Z) - q(y, z)ﬁ(yv Z)v (y> Z) € B
which implies

d . _

@((pt = p2)(,2,2)) = Ayply, 2) — q(y, 2)p(y, 2), (y,2) € B

which combined with

(ot )2 2) = (o) =0, (5.2) € B
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determines

(Y, 2, 2) / Ayp(y,s) —qly, 2)p(y, s) ds, (y,2) € B.

Let us define the smooth function
1 [~ _ _ n
Dim g [ Buples) — v ol s)ds, () R

Construct a smooth function y on (—oo, 0] with support in [—1,0] such that

and define
r3 ﬁywzatv yazat 62 ’
fk(y7z t) = _( ),1 ( ) *
ply) + k= x(k(t = 2))g(y, 2), (y,2,1) € 5.
We note that f;, € C!(X) because fe(y, 2, 24+) = fu(y, z,2—) and 8, fi(y, z, 2+) = 8, f (y, z, 2—) for
(y,2) € S. Further f;, — f in H'(X) because

k™ x(k(t = 2)g(y, ) Fri (s <

0
2+/ ds — 0, as k — oo.

Let pi be the solution of the IBVP l}{b except with f replaced by fk Since fk is in
C! and pp = p on t > z, by applying Theorem 3.1 in [BY17] to py and 0;px one can show that
pr € H%(Q) and we have

16 — pr) (s Dl sy + 11066 — pie) (- Dl 2wy + 1005 — o)l L2y <k — Fller(s)

for all 7 € [T, —1]. So if we take pj to be the restriction of pj to @_ then we have constructed the
desired py. Note that on I" we have p = pr = p because pp = p on Q1 by a domain of dependence
argument. [

4 Proofs for the spherical and point source problem

Our functions will be defined mostly over the region above ¢ = —|x| and we avoid points where
x = 0 so we define
K={(z,t) eR¥*x R: —|z| <t, x#0}.

The following proposition will be crucial in the proof of Theorem
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Proposition 4.1 (Main proposition for spherical and point source problem). Suppose p(z), q(x)
are smooth functions on R3, supported in B and zero in neighborhood of the origin. Let f(x,t) be
a bounded function on K and a(x,t) a continuous function on K with t sections of o compactly
supported, o smooth on the subregions t > |z|, t < |z| with

O+ q)a(z,t) = p(x) f(zx,t), (z,t) € K, (as distributions) (4.1)

1
a(z, |z]) = /0 p(sx)ds, x # 0, (4.2)

and a|gy(—1,3) = 0, Orat|gyx(~1,3) = 0; then p = 0.

4.1 Proof of Theorem [1.6]

Figure 4.1: Definition of «

Suppose ¢;(z), i = 1,2, are smooth functions on R? with support in B and zero in a neighborhood
of the origin. Let v; and w;, ¢ = 1,2, be the functions, corresponding to ¢ = ¢;, whose existence
and uniqueness is guaranteed by Propositions [I.4] and Then

O+ q1)(v1 —v2) = —(q1 — g2)v2, t>|z|, (v,t) € R® xR,

1
(v —ve)(z, |x]) = _817r/0 (1 — q2)(sx) ds, z € R3,

and
(O 4+ q1)(w1 —w2) = —(q1 — g2)wa, —|z| <t <|z|, (z,t) € R® xR,
(w1 = w)o o) =~ [ (@ - @)sn) s € B w20,
(w1 —we)(z,t) =0, —lz| <t < -1
For (x,t) € K, define
e {?fik?f-a, i<l
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and
(y( 1771) = {(’U U‘g)(l’, ), ’.T‘ > ,

— (w1 = w2)(z, —1), —la| <t <fal.

Note that o has smooth extensions to the regions ¢t > |z| > 0, —|z| < t < |z| and
a(z,t) =0, when 1<t < |z].

because of (1.17)). Also for x # 0

o, [z|+) — alz,|z[— :—/ a1 — q2)(sz ds—/ (1 — q2)(sz)

= —/ (1 — q2)(s2) SW (q1 — q2)(s0).

Now

0 <H<t_ ‘x’)> =0, for(z,t) €K

||
so, for (z,t) € K, we have

e~ fol)) =0 (Jof )

= 0l T - 29 v (FE D)
= ok (<) - ot )
=25t -1)

and, again on K,

O(H (2| = 1)) = 01 = H(t — |2])) = —%5@ - 7).

(4.3)

(4.4)

Taking smooth extensions of (v; — v2)(z,t) and (wq — we)(x, —t) to K, for (x,t) € K we have

O+ g)a(z,t) = O+ q)((vr = v2)(z, ) H (= |2]) = (w1 —w2)(x, ) H(|z] = 1))

= —(q1 = g2) V2 + (01 — w2) (2, O(H (¢ — [2])) = (w1 — w2)(z, —)D(H (|2 = 1))

+26(t — |2])(Br + 0 - V) (v1 — vo) (@, t) — 20(|z| — £)((B — O - V) (w1 — w2))(w, —t)

)
— (g1 — o) ot %(5(t — ) (01 — 02)(r0, 1) + (w1 — ws) (6, 1))
+25(t—7r)(0r+60-V)(v1 —v2)(rl,r) —26(t —r)((Oy — 0 - V) (wr

=—(q1 —q2) 02+ %5(15 —7)((v1 — v2)(rh,7) + (w1 — wa)(rd, —r))

4+ 26(t r)di‘i((ul ) (r, 7)) + 25(t — T)%((wl —w2) (1, 1))
=—(q1 —q2) V2 + gé(t — r)dii(ra(w, r+) —ra(rf,r—))
= —(q1 — q2) V2
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because of (4.4]). Summarizing, « is smooth on the regions ¢t > || > 0 and —|z| < t < |z| with

(D + C_h a = (CII - (IZ)UZa (CL’, t) € Ka (45)
1
a(z,|z|+) = e / q —q2)(sz)ds,  w#0, (4.6)
0
1 o
alefol4) — ale o) =~ [ (@ - a)sods w20 (17)
T Jo
alz,t) =0, 1<t<|zl. (4.8)
If the g1, g2 are such that
Vilsx,3 = V2lsx3y  Wilgx[-1,1) = Walsx[-1,1); (4.9)

then a|gy(—1,3 = 0 and we show that ¢ = go.

Firstly, we claim « is continuous across t = |z| on K. Since vi(z,t) = va(x,t) on S x [1,3], we
have vy (z, |z|) = va(x, |z|) for all z € S. Hence

1 1
/ q1(sz)ds = / q2(sz) ds, Ve €S,
0 0

and since the ¢; are supported in |z| < 1, we have

/ (1 — q2)(sz)dz =0, VxR’ |z[=1,
0
which implies
/ (@1 — q2)(s7) dx = 0, Vz € R3
0

and hence, from (4.7)), the jump in « across ¢t = |z| is 0.

Summarizing, o is smooth on the regions ¢ > |z| and —|x| < t < |z|, continuous across t = |z|

and satisfies ( . , with algy (1,3 = 0. So, from Lemma we have 0,a/gy (1,3 = 0, hence
g1 = qo from Prop031t1on [4.1] Note the hypothesis of Lemma holds because of (4.5 . ) and (4.8).

4.2 Proof of Proposition

We define K := {(x,t) € R?* x R: —|z| < t},
Q:={(z,t) eR¥*xR:e<|z| <1, —|z| <t <3}, Q+ =Qn{t>|z|}.

Suppose p,q are supported in B and zero on |x| < 3¢, € small. Choose an a between 4 and
4(1 — 9¢2)~! and define

¢($,t) :a’x‘Z_(t_|xD27 (‘Tvt) GRB XR;
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from Lemma [5.4] we know that
b=e
is strongly pseudoconvex w.r.t [ in a neighborhood of @ for a large enough A. For convenience, at

times, we use the expressions ¢(r,t) and ¥ (r,t) instead of ¢(z,t) and ¥ (x,t); here r = |z|.

We claim (see Figure [4.2)), that the smallest value of ¢ on the set {(z,|z|) : 3¢ < |z| < 1} is
larger than the largest value of ¢ on

{(z,t) s |z] <1, t =3} U{(z,—|z]) : |z| <1} U{(z, 1) : |z| < 2€, t € R}.

Ont =r, 3¢ <r < 1, the smallest value of ¢ is 9ae?. Ont =3, 0 < r < 1, the largest value of ¢ is
a—4. On t = —r, the largest value of ¢ is a — 4. On 0 < r < 2¢, t € R, the largest value of ¢ is
bounded above by 4ae?. Hence our claim is proved because we chose a between 4 and 4/(1 — 9¢2).

So we can find 6 > 0, ¢ € R and a small [ in (0, €) such that (see Figure

e ¢ < c¢— 9 on the set

Bx[3-=013U{(z,t):0<|z| <1,0<t+7r <IJU{(z,t):|z| <2 1<t <3
e Yy>c+dont=r3c<r<1.

Choose x(x,t), a compactly supported smooth function on R? x R such that x is 1 near t = ||
and 0 on the parts of dQ) where we do not have information. More specifically, we construct a
compactly supported smooth function y such that (see Figure |4.2))

e x(x,t) =1 on a neighborhood of {(x,t) :t=r, 3e <r <1}
e x(z,t) =0 when |z| < e or when t >3 —1/2;
o x(z,t)=0o0n {(z,t): 0<t+r<1/2,0<r <1}

e V. :x is non-zero only when € < |z| <2ec¢or3—1<t<3—1/20r when [/2 <r+t <L

Define
Bz, t) = x(z,t)a(x, ), (z,t) € K;

B has the same regularity properties as «, 8 and (3, are zero on || = € by construction and 5 and
By are zero on S X (—1, 3] because of the hypothesis on «. Further, 3, 5; are zero on t = 3 and [ is
zero in a neighborhood of ¢ = —r because of . Since 3 € H'(K) is compactly supported and 1 is
strongly pseudoconvex w.r.t O in a neighborhood of @, from Theorem 1 in [Ta96], we have

o / (V0 B + ?B2)< / | BP, (4.10)
Q Q

for large o. Here and below £ =+ gq.
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r+t=I
r+t=0

Figure 4.2: Construction of x

For r € [3¢, 1], using (4.2, and that x is 1 in a neighborhood of ¢ = r with 3¢ < r < 1, we have

p(ro) = d% /Or p(s0) ds = d% <r /Olp(TSQ) ds)

d d

= —-(ra(rf, 1)) = —(rf(r6,7))
=(rf-VpB+rp:+ 5)(ro,r)

= (r(Br + B) + B)(ro, 7).

Hence, using the support of p and Lemma we have

/ 620¢($’|$|)|p($)|2 de — / e2a¢(x7|w\)‘p(x)|2 dx
B B\B.

< / V@l (1, 1 B2 + 6)(x, |]) du
B\B.
<0812 0, + 1812 00, (4.11)
< [ @i (412)
Q

with the last inequality a consequence of (4.10). Noting that « is continuous across ¢ = |z| and
smooth on each side of ¢t = |z| one may verify using a test function that

LB = L(xa) =xLa+alx +2(xiar — Vx - Va).
So using the hypothesis of the proposition, we have

[LBI=sxIpfl+h  on@

for a bounded function h on @ with support on the region where V, ;X is non-zero; hence ¢ < c—4¢
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on the support of h. So, in (4.12)), using the function g(o) from Lemma we obtain
/ 20 (z,|z|) ’p( )‘2 dﬂjﬁ/ 20 (x,t) |p( )|2 dxdt+62g(c_6)
B Q
3
< / (270 l]) )2 / D=0 lT) g gy 4 20(e=D)
<|z|<1 -1

#g(a)/ 620¢(x7|w‘)‘p(x)‘2+e20'(c—5)'
B

Hence, from Lemma for large enough o we have

/ 20 (z,|x|) ’p( )‘2 dx_\<62o(c—6).
B
Since ¥(x, |x|) > ¢+ d on 3e < |x| < 1 and p(z) is supported in 3e < |z| < 1, we obtain

20(0+6)/ |p(l’)’2 dx_\<620(c76)
B

/ ip(a)? de<e ",
B

for large enough . So letting ¢ — co we conclude that

[ @) dz =0
B

which is equivalent to

and hence p =0 on B.

4.3 Proof of Proposition

Choose a x(r) € C*°(R3) which is supported in |x| > 1/4 and 1 on |z| > 1/2. We seek W (z,t) in
the form
o(t + |z[)
47| x|

W(z,t) = x() + W (a,1)

so we need to prove the well-posedness of the inhomogeneous IVP

(O+ @)W = F(x,t), (2,t) e R® xR, (4.13)
W(z,t)=0, t<—1, (4.14)

where 5t
F(a,t) = —(O+q) (X(g;) m> . (4.15)

Later we show that F(x,t) =0 for t < —1 and F(z,t) € L}(R, H*(R?)) for all s < —7/2. So, from
Theorems 9.3.1, 9.3.2 and the remark after that in [H076], we conclude that (4.13), (4.14) has a
unique solution in the class of functions which are locally in H'(R, H*(R3)), s < —7/2.
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Next we address the regularity of W (z,t). We have

_ Ot =)

W(z,t) = , t< -1

4|z

and, for ¢t < —1, the wave front set of W is

WF (M> cl ={(z,—|z| : oz,0lz|) : 2R3 |z|>1, 0 €R}.

4r|x|

Since ¢ is smooth and (O 4 ¢)W = 0 on R3 x R, from Hormander’s propagation of singularities
theorem (Theorem 2.1 in Chapter 6 of [Ta81]), the wave front set of W is invariant w.r.t the
bicharacteristic flow associated with [, hence singularities of W are preserved along rays of [J.
Further, for ¢t < —1, the singularities of W must lie on ¢ = —|z|. Since the z, ¢ rays are lines which
make a 45 degree angle with lines parallel to the ¢ axis, the only x,t rays which lie on t = —|x| for
t < —1 are those which lie on the cone t? = |z|2. Hence the singularities of W lie on t? = |x|? only.

Since W (x,t) is supported on t = —|x| when t < —1, from a domain of dependence argument
we see that W is supported in ¢ > —|z|. On the region ¢t < |x|, we seek W (x,t) in the form

Wiag) - LA )

= t)H (t

where w(z,t) will be a smooth function on —|z| <t < |z|.

First ([1.14]) forces w(z,t) = 0 for —|z| <t < —1. Next, since

a(t
O <(—|—|x])> =0 when |z| < ¢,

47| x|

(1.13) forces
O(t + |])

4|z

(O+ @) (w(z, ) H(t + |z|) = —q(z) when t < |z|. (4.16)

When x # 0 we have (below n = 3)

vw@@H@+m»:éwmmmu+myuvmm@Hu+mm

A(w(x, ) H(t + |z])) = w(z, )8 (t + |z|) + QH -Vw(z,t)d(t + |x|)

+ nT_lw(:n,t)é(t + |z|) + (Aw)(z, ) H(t + |z|),

||
w(z, t)o(t + |x|) + we(x, t)H(t + |z|),
O (w(z, ) H(t + |z])) = w(z, )8 (t + |x|) + 2w (z, t)5(t + |z|) + wee(z, t)H(t + |z]).

Hence, for z # 0

(O+ @) (w(x, t)H(t+ |z])) = 2 (wt Tl Vw — ‘xw’) It + |z]) + (O + q)(w(z, ) H(t + |z|).
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Using this in (4.16]) we see that we need to find a smooth w(z,t) on —|z| <t < |z| such that

O+ qQuw=0 on —|z| <t < |z (4.17)
and
(—|z|ws + = - Vw + w)(x, —|z|) = qé:_), x # 0. (4.18)
Now (4.18) may be written as
d q(r0)
— —7)) = =1
dr(rw(rﬁ, T)) s r >0, |0 ,

which combined with w(r6,t) = 0 for ¢ < —1 implies
1 o0
rw(rf, —r) = _8/ q(s0) ds, r>0, [f|=1
™ T

and hence 1 oo
w(z, —|z|) = —/ q(sz) ds, x # 0. (4.19)
8w 1

The existence and uniqueness of a smooth w(z,t) on —|z| < ¢t < |z| satisfying (4.17)), (4.19) and
w(z,t) =0 on —|z| <t < —1is proved in [Balg].

We now prove the earlier claim that the F(x,t) defined by (4.15) is in L?(R, H*(R3)) for all
s < —7/2. From Theorem 7.3.1 in [F'J98] we have

O <‘5(L‘:|l‘f|)> — 3(x,1),

and since x(x) supported in |z| > 1/4, Vx(x) is supported in 1/4 < |z| < 1/2, g(z) is supported in
|x| < 1, we conclude that

_ Ot =)

P = 2D @4 g - 29x) - ¥

= a(z)§(t + |z|) + b(x) &' (t + |z|)

ot + Iw\)>

4| x|

where a(x),b(x) are smooth functions supported in 1/4 < |z| < 1. Now, for (¢,7) € R? x R, the
Fourier transform of b(z)d' (¢t + |z|) is

Fba) e+ L)) €)= [ @)tk e e d
X
= iT/ b(z) e I dy,
R3
implying
|F(b(z) &' (t + |x])) (&, 7)] < Cl7). (used when 7 small)

Further, for 7 # 0, we have

F(b(x) &' (t + |2]))(&,7) = _% 9 b()e~ i€ 92 (e17) dy

= —/ r20%(r2b(x)e ™€) 1T da
R3

T
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implying
(1+1€D)?
7]

Hence, for s < 0, using the above upper bounds we have

b0 8 + oDl ga 1y = [ [ 1+ 1ERYI50() 8¢+ el PP d

1
— 2\s T / T . 2 -
- <//R+/||/R) (L+ |61 (b(x) 8'(t + ) (&, 7)I* dE d
E 2)s 2ys (L4 1€%)?
4/_17 /Rg(lﬂél ) dEdr+/|T|>1/Rg(1+yg\ p e dedr

< [l de+ [ iRra PR
< /OOO r2(1+ %)% dr + /OOO r2(1+ %) 2 ar

is finite if 25 + 6 < —1, that is if s < —7/2. Hence a(z)d'(t + |z|) € L?*(R, H*(R3)) if s < —7/2.
Using a similar argument one may show that b(x)d§(t + |z|) € L*(R, H*(R3)) for at least s < —7/2.

|F(b(2) 0'(t + [2)(€,T) < C

(used when 7 not small)

5 Lemmas for the spherical and point source problem

For this section, define K := {(z,t) € R® x R: —|z| < t, x # 0}, for € > 0 we define
Be={zecR3:|z| <€}, Q:={(z,t) eER¥xR:e< || <1, —|z|] <t <3}, ¥:=8x(-1,3],
and, for 7 > 0, we define

Qr=Qn{t>z]}, Q_:=Qn{t<|z|}, Qir=0QyN{t <7},
Yi=Yn{t > |z|}, Y_=Yn{t<|z|}.

5.1 Energy estimates for the spherical and point source problem

We derive a weighted energy estimate on ¢ = r and an energy estimate for the exterior problem,
the first needed in the proof of Proposition [.1] and the second needed in the proof of Theorem

Lemma 5.1 (Energy estimate on t = |z|). If ¢ is a smooth function on R® with support in B and
B, are smooth functions on t > |x| > 0 such that 3, 0,5 are zero when |x| =€ (e > 0 is small) or
when |z| =1, then
z,Jal) L 0.8)% 4 6282 de<oll812 0 2
[ (B 0 + 53 3B + 0267 ) @, lal) da=<o |81 g, + 1O+ D8I
€ ij
for all o > 0 large enough, with the constant dependent only on €, ||q|l and HQ/)HCQ@+).
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Proof. For 0 > 1, let = €% 3; then on Q.
=€ 1Bl [Vl (|VarBl + ol B). (5.1)
Further, since § is smooth on the region t > |z|, we have
Lp:= (O +qu = e (L8 + 20y — V- VB) + o0y + o (4] — [Vo[*)B)

which implies
|Cul=e™ (1LB] + 0|V iB] + 0|8]). (5.2)

Define

1
J = / <(,Uft + MT)Q + FZ(Q’UM)Q + J2M2> (xv |$|) dx
B\B. "
and, for any 7 € [1, 3], define

B(r)i= [ (Vaunl? + 0% 1) da
B\B.
Note that from ((1.19) we have

1
(Voo + 2t = (o + ) + 55 > ().
1#]
For any 7 € [1, 3], integrating the relation
20(Op + o) = (4 + [Vul* + 0%p?)e — 2V - (Vi)

over the region @ -, and noting that 1 and O,p are zero when |z| = € or |z| = 1, we have

J=E(r) -2 /Q (O + o)
— B(r) -2 /Q L+ (0% + q)p)

<E(r) + / (R

Q+

Integrating this over 7 € [1, 3], using (5.1)) - (5.2) and that o2|u| |pu|<c|me|* + o®|u|? we obtain
I<o [ Vaanl w0ttt [ 12l
Q+ Q+

<o /Q (VB2 + 0?82 + / 7|2, (5.3)
+

Q+

Now p = e’¥3 s0 B = e %1 and hence, on Q., we have
7B, + Bl + el + P |ul QG BPRIQipl + PP, VB = |uf

So this combined with (5.3)) and the definition of J proves the lemma. O
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Next we obtain a uniqueness result for an exterior problem.

Lemma 5.2 (Uniqueness for exterior problem). Suppose a(z,t) is a continuous function on K
which is smooth on the subregions t > |x| and t < |z| and satisfies

Oa =0, on (x,t) € K, || >1,
a(z,t) =0, onl<t< |z,

Oz‘z = 0;

then o = 0 on the region {(z,t) : |z| > 1, —1<t<3}.

Proof. Firstly a = 0 on the conical type region C := {(x,t) : |z| > 1, |z| <t < 3}. This follows
from integrating the identity

2uu = (uf + |Vul?); — 2V - (u;Vu)

over the region C'N {t < 7}, for all 7 € [1, 3], and observing that « is smooth C' and a = 0 on X1
(the lateral boundary of C) and the conical boundary of C. Note the conical boundary of C' is a
characteristic surface so @ = 0 on this surface is adequate for our purpose. Hence o = 0 on the
region {(z,t) : || > 1, 1 <t <3}

Next, on the region {(x,t) : |z] > 1, —1 <t <1}, a is smooth and solves the backward IBVP
Oa = 0 with a = 0 on ¥_ (the lateral boundary) and o = 0,y = 0 on ¢t = 1. So again by standard
estimates o = 0 on this region.

5.2 Carleman weight for the spherical wave problem

Please refer to beginning of subsection [3.1] for the definition of pseudoconvexity and strong pseu-
doconvexity for differential operators and associated results that we use here.

Our goal is to construct a function, dependent only on r,t, which is decreasing in |t — r| for
a fixed r and strongly pseudoconvex w.r.t [J. As discussed at the beginning of subsection [3.1
one starts by constructing a function whose level surfaces are pseudoconvex w.r.t [J. We start by
characterizing all functions, dependent only on 7,t, whose level surfaces are pseudoconvex w.r.t [J;
this may be useful elsewhere.

Lemma 5.3. If ¢(r,t) is a smooth function on (0,00) x R such that (¢r, ) # (0,0) at every point
on this region, then the level curves of ¢p(x,t) = ¢(|z|,t) are strongly pseudoconver w.r.t O on the
region (R™\ {0}) x R, n > 1, iff the following holds on (0,00) x R:

r(Gudy + e} — 2000 $1) + b1 (07 — 67) > 0, whenever [¢¢] < |¢r| (5.4)
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Proof. As discussed at the beginning of subsection [3.1] since [J is a second order operator with real
principal symbol, the level surfaces of ¢ will be strongly pseudoconvex w.r.t [J on a region iff the
level surfaces of ¢ are pseudoconvex w.r.t [1 on that region.

Define Q := (R \ {0}) x R, ¢(z,t) := ¢(|z|,t) on Q and note that Vb # 0 at every point
of 2. Below double indices imply summation. Temporarily we denote t by xg, 7 by & and take
x = (o, 21, ,Zn), & = (&, -+ ,&n). The condition (1.3) in [Ta96], in expanded form, is condition
(8.4.5) in [H576], so the level surfaces of ¢ are pseudoconvex w.r.t P(z, D) (with principal symbol
p(x,§)) on Q iff

T (0) S 0.9) g 0,6) + (G () A (0.6) ~ (0 e (0.8) S (0) > 0
whenever (z,€) € Q2 x R, ¢ £0 and
p(,€) =0, (Vep-Vod)(z,&) =0.
If we introduce ¢g = —1 and ¢; = 1 for j = 1,--- ,n then the principal symbol of O is

p(z,€) = €&

and the psuedo-convexity condition may be rewritten as

€j€kPa;2,, 556k > 0

whenever x € €2, £ # 0 and y
€j&; =0, €&jba; = 0.

Written in the original variables, the pseudoconvexity condition is
TQQZtt - 2T£j<5512jt + fjgkqu]xk > 07 V(fl',t) € Q7 (577—) # (07 0)7 7—2 = |§‘2) qut - 5 : VCCQZ

Since the condition is homogeneous in (£, 7), we may take 7 = £1, |{| = 1 and the condition is
equivalent to

(gtt - 2§]¢\§th + g]&kégx]xk > 0
whenever (z,t) € Q, |{] =1 and by =E-Vyo.

Now

v v €
¢t = ¢t7 ¢Z‘j = ¢7‘7J
o o Ti ;T @ Ljlk
sttt = ¢tt7 (b:c-t = ¢rt7j7 ¢xxk = Qbrr]i + léjk - ¢7“]7-
J J 2 3
T T T T

With (¢, ¢¢) # (0,0) at every point, the pseudoconvexity condition is

. . 2 2 . 2
¢tt_2¢rt(x 5) +¢r7”(x 25) +¢rﬁ_ 7”(1: f) >0
T T r T
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at points where |¢|2 = 1 and ¢y = ¢.(z - €)/r. Since (¢, ¢r) # (0,0) at every point, the condition
¢t = ¢p(x - ) /7 holds only at points where ¢, # 0, so at such points we can write

8 _ o
r br
and hence the pseudoconvexity inequality is

¢ % b Grdi
0< ¢tt - 2¢rt¢7:: +¢rr¢7§ + 7 - ’I"QZS%t

_ r(¢tt¢72~ + ¢rr¢% — 2¢rOrdt) + ¢r(¢g - ¢%)

02 |
Also, since [£| = 1, we have
o _le-dl _lellel
|¢r ] r r
Further, if |¢¢| < |¢,| at some point then we can find an § € R™ with |£| = 1 so that ¢, = ¢ (x-§)/r
at that point. Hence we have proved the lemma. ]

Next we construct a function of r, ¢ which is strongly pseudoconvex w.r.t [J and such that the
function is a decreasing function of |t — r| for a fixed r.

Lemma 5.4. For a > 4, if
¢, t) = alae|* — (t - |z[)”

then
U(x,t) = @t

for large enough X, is strongly pseudoconvex w.r.t I on the region (R3\ {0}) x R.

Proof. From the discussion at the beginning of subsection [3.1] it is enough to prove that the level
surfaces of ¢ are strongly pseudoconvex w.r.t O on the region (R?\ {0}) x R, so we use Lemma [5.3]
to prove this.

For convenience we take
1, 5 2 1 2 2 1.9 2
o(r,t) == 5((” —(t—r)) = 5((&— 1)re+2rt —t°) = i(br +2rt —t%)
where b = a — 1. Hence

gf)r:bT‘—i-t, ¢t:T—t
¢7"'" = b7 ¢Tt = 17 ¢tt = -1

Now ¢, = 0 and ¢; = 0 exactly at the points where r = ¢ and br +t¢ = 0, that is iff b = —1, because
we are working in the region where r £ 0. So we have to be sure that b # —1.
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Next, the condition |¢¢| < |¢,| is equivalent to
r—t)” < |br + |2

which simplifies to
(1=b*)r<2(b+1)t.
If we choose to have b+ 1 > 0 (that is a > 0) then the condition |¢;| < |¢,| is equivalent to

1-0
2

t> T. (5.5)

Next, from Lemma for ¢ to have strongly pseuodoconvex level surfaces w.r.t [, we want

0 < (réu + ¢r)0p + (rder — G )b7 — 2rdricrcyy

—r 4 br 4+ t)(br + )2 + (br —br —t)(r — t)* = 2r(r — t)(br + 1)

(b—1)r +t)(br + )2 —t(r —t)% — 2r(r — t)(br +t)

(b—1)r +t)(br + 1) — (r — t)(tr — t* + 20r + 2rt)

(b—1)r +t)(br + )% — (r — t)(2br® 4 31t — t?)

3+ rt2(b— 1) + 20+ 14 3) + r2t(2b(b — 1) + b% + 2b — 3) + r>(b2(b — 1) — 2b)
rt? (b4 1) + 3tr2(b* — 1) +b(b* — b — 2)r3

= (b+ 1)r(3t> +3(b — V)tr + b(b — 2)r?)

o nononA

(
(
(
(
0
3

whenever (5.5 holds. So assuming we choose b+ 1 > 0, we want the quadratic form
f(r,t) :==r2b(b — 2) + 3(b — 1)rt + 3t

to be positive in the region ¢t > (1 — b)r/2. But (r,t) and (—r,—t) give the same value of the
quadratic form but opposite inequalities for ¢ > (1 — b)r/2, so we want this quadratic form to be
positive definite. If we choose b > 2 then this quadratic form will be positive definite if

0<12b(b—2)—9(b—1)> =3b> —6b—9 =3((b—1)* — 4),

that isif b > 3. So we conclude that if b > 3 then the level curves of ¢(r, t) are strongly pseudoconvex
in the region where r # 0. O

Next, we compute the limit of an integral associated with the Carleman weight we use in the
proof of Proposition 4.1

Lemma 5.5. Let D = {x € R?: ¢ < |z| < 1} and ¥(z,t) be the function in Lemma . Define

3
9(0) = sup / 2o(bla)—b(a.jal)) gg.
zeD J—-1

then lim,_,o g(0) = 0.
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Proof. Below x € D. Since A > 0 and ¢(z, |z|) > 0, we have
Y(x, |z]) — (@, t) = A@IE) _ A0@l) = Adl@zl) (] _ MO |zD)—d0))

= M) (] — M) > ) Al

Now, for s > 0,
1 —e"%>min(1/2,s/2),

hence
2(¢(x,t) — (a, |2])) < —min(L, A(t — [2])?)
SO
3 3 . ) 3—|z| ) 9
/ 20t —v(ell) gy < / o min(LAG—|2])2) gy _ / o—omin(1LA2) g
-1 -1 —1—|z|
3
< / 670’ mll’l(l,)\tQ) dt.
J2
Hence, by the dominated convergence theorem
3 _ ,
0 < lim g(o) < lim e~ min(LA) gp — ),
g—00 o—00 )
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