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Abstract

We prove stability for a formally determined inverse problem for a hyperbolic PDE in one
or higher space dimensions with the coefficients dependent on space and time variables. The
hyperbolic operator has constant wave speed and we study the recovery of the first order and
zeroth order coefficients. We use a modification of the Bukhgeim-Klibanov method to obtain
our results.

1 Introduction

Suppose D is a bounded domain in R™, n > 1, with a smooth boundary and T > 0. Let a(z,t), c(x, t)

be smooth real valued functions on D x [0,T] and b(x,t) = (b*(z,t),--- ,b"(x,t)) a smooth n-
dimensional real vector field on D x [0, T]. Define the hyperbolic operator

Lape:= (0 —a)’ —(V—-0)2+c (1.1)

=0-2a0, +20-V+c—ar+V-b+a®—b. (1.2)

When it is clear from the context, we use £ instead of £, .

Let w(z,t) be the solution of the well-posed IBVP
Lapcw =0, (xz,t) € D x [0,T] (1.3)
w(,O):f, wt('?o):ga on D
w = h, on 0D x [0,T]
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for f, g, h with appropriate regularity. For a given a,b, ¢, define the response operator

Aape: (f,g,h) — [w('aT”D’wt('?T)‘Dv aVw|8D><[0,T]] ; (1.6)

hence Agpc(f, g, h) represents the boundary and final time response, of the acoustic medium with
acoustic properties (a, b, ¢), to the initial boundary input (f, g,h). So we have the forward map

A:(a,b,c) = Agpe,

whose injectivity and stability has been studied by several authors. This is an overdetermined
problem (when n > 1) because the distribution kernel of A depends on 2n parameters while a,b, ¢
depend on n + 1 parameters. Our goal is to study of the recovery of a,b, ¢ from less (but slightly
different) data than A, . - we study a formally determined problem where the data depends only
on n+ 1 parameters. Before we state our goal, we first describe what is known about the injectivity
and stability of A type forward maps.

In general, A is not injective, due to gauge invariance (described later), and in such cases one
hopes to recover curl(a,b) and ¢ or one studies special cases when a,b are known or ¢ is known.
Below, injectivity and stability results for A type forward maps are to be understood in this sense.
We use the term A type forward maps because there are results in the literature with one or more
of the following:

e data is collected only on a part of the lateral boundary
e data is not collected on t =T
e there are no sources on t = 0

e the data is the far field pattern in the frequency domain, which in some sense is equivalent
to A but with ¢t varying over (—oo, 00)

e the principal part of the operator is not the wave operator but a hyperbolic operator associated
with a non-constant velocity or even a Lorentzian metric.

While the inverse problems associated with A type forward maps are overdetermined problems,
there are considerable challenges dealing with some of these problems either because three coeffi-
cients are being determined simultaneously, or data is given only on a part of the lateral boundary
or the wave velocity is non-constant. The results we obtain are only for the constant velocity case,
though for a formally determined problem.

From domain of dependence arguments, it is clear that for hyperbolic operators with coefficients
dependent on z,¢ and measurements over a finite ¢ interval [0,T], to recover the coefficients on
D x [0, T] one needs sources on D x {t = 0} and measurements on D x {t = T'}, in addition to the
lateral boundary sources and measurements. So, for inverse problems with coefficients dependent
on z and t, with sources only on the lateral boundary and receivers/measurements only on the
lateral boundary, of the z,t domain, either one must know the coefficients in appropriate regions
contiguous with ¢ = 0 and ¢t = T, assume analyticity of the coefficients with respect to ¢, or data
measurements over infinitely long ¢ intervals. The situation is different when the principal part of
the operator is not the wave operator (or coming from a Lorentzian metric) but the Schrédinger



operator 70, + A where waves travel with infinite speed or perhaps a fractional differential operator
which is non-local in nature. We do not describe the results for such operators.

For coefficients which depend on x, ¢, results on the injectivity of A type forward maps, for data
on infinite time intervals, may be found in, for example, [27, 31, 33| 28]. For the finite time interval
case, the injectivity of A type forward maps, but with coefficients known in certain regions near t = 0
and t = T or analytic in ¢, results may be found in, for example, [14} 26, 10, 11, 3, 5, 15, 18, B32], 12].
The stability of A has been studied extensively in, for example, [34] 29, [6, B0, 4, §]. The results
mentioned here, for x,t dependent coefficients, are for over-determined problems and the stability
results, even for these over-determined problems, are of log-log type. There are better stability
results for the Schrodinger operator (infinite speed of propagation) with Holder stability (but not
Lipschitz stability), still for an over-determined problem - see [17].

We do not survey results for A type maps when the coefficients are independent of ¢ - no sources
are needed on t = 0 and no measurements are needed on ¢t = T. A brief survey of such results
may be found in [I6]. Most of these results use generalizations of the Boundary Control Method
introduced by Belishev (see [1l 2]) or generalizations of geometric optics solutions for hyperbolic
PDEs introduced in [24], which were themselves imitations of similar (but harder to construct)
solutions for elliptic PDEs constructed by Sylvester and Uhlmann in [35].

We now describe results for formally determined inverse problems for hyperbolic PDEs.

For coefficients independent of ¢, there are uniqueness and stability results, for formally deter-
mined problems, based on the ideas introduced by Bukhgeim and Klibanov in [9] which had the
first such results in dimension n > 1. See [7] for a survey of such results and an exposition of the
significant modifications of the important ideas in [9]. The only drawback of these results is that
they require the initial source to be a positive (or negative) function throughout the domain (in z
space). Rakesh and Salo in [23], 22], for the case a = 0,b = 0 (recover ¢), avoided the use of posi-
tive initial sources, using instead the more natural incoming plane wave source, except one needed
data from two such experiments, corresponding to incoming plane waves coming from opposite
directions. These ideas were extended to obtain similar results for the operator with general a, b, ¢
or the operator associated with a Lorentzian metric (with restrictions) in [20, 21]. The articles
[23] 22 20}, 21] contain uniqueness and Lipschitz stability results for these problems.

We also note the work in [19], a coefficient recovery problem for a semilinear hyperbolic PDE,
with the coefficient independent of ¢ and the data consisting of a weighted average of lateral bound-
ary measurements. This seems to be an under-determined inverse problem but the non-linearity of
the PDE is crucial for this result. The article [I3] also contains a uniqueness (and reconstruction)
result for a formally determined a, b, ¢ recovery problem with the coefficients dependent on x and t.
They use a single boundary source h, constructed as the infinite sum of a combination of sources,
each generating a solution travelling along a ray for the hyperbolic PDE, and the rays associated
with these solutions forming a dense subset of the x,¢ domain. The challenge is to build the source
h so that the data from the h source can be separated into the data contributions from the sources
in the sum. We believe such a source h on the lateral boundary would have support consisting of
the full lateral boundary.



The articles [23], 22] were attempts at (and have come close to) solving the long-standing open
Fized Angle Scattering inverse problem. There are other long-standing formally determined open
problems for hyperbolic PDEs (with coefficients independent of ¢) such as the Back-scattering
Problem, where the results are much weaker than the result for the Fized Angle Scattering Problem.
We do not survey the results for these two problems as the introductions to [21], 23] 25] have a good
survey of the results.

Here we study a formally determined inverse problem with the coefficients a, b, ¢ dependent on
x,t. We prove uniqueness (up to gauge) and Lipschitz stabilty, using the modifications of the ideas
of Bukhgeim and Klibanov in [9], an idea in [21] and our new idea for problems with coefficients
dependent on x,t. Our results have one weakness - the problem must be posed in the full space
R™ x (—o0,T] and do not work for space time cylinders bounded bases such as D x (—oo, T

Let B denote the open unit ball in R®, n > 1, T > 0 and suppose a(z,t),b'(x,t),c(z,t),
i=1,---,n are compactly supported smooth functions on R™ x R. If w is a unit vector in R” and
T € R, let U(x,t;w, ) be the solution of the IVP

LU =0, on R" x R, (1.7)
Uz, t;w,7)=H(t—7—2-w), reR" t<0 (1.8)
and let V(x,t;w, ) be the solution of the IVP
LV =0, on R" x R, (1.9)
Vizg,tiw,7) =6t —17—2-w), reR", t<0. (1.10)

So U,V are the disturbances in the medium caused by two types of impulsive incoming plane waves.
Here 7 is the time the incoming plane wave reaches the origin; 7 may also be regarded as a time
delay. Given T > 0, define the map

J: (a7 b, C) — [Uv U, V, Vt] (.CL‘, T;w, T) ‘:EER”,OJEQ,TE(*OO,T+1]

mapping the medium properties (a,b,c) of the region R™ x (—oo,T], to the final time medium
response, to incoming plane waves, coming from a finite set of directions w in the finite set €2 of
unit vectors in R”, with delays 7 € (—oo, T+ 1]. Our goal is to study the injectivity and stability of
F. We note the data set for our inverse problem (associated with F) depends on n + 1 parameters
and our unknown functions (a, b, c) depend on n + 1 parameters; hence our problem is formally
determined.

We introduce definitions used throughout the article. Given a unit vector w € R™, a 7 € R and
a T > 0, we define the wedge shaped region (see Figure [L.1))

Qur={(z,t) eR"xR:7+z-w<t<T}
and its higher and lower boundary

Hw;r = Qw,frm{t:T} Lw,'r = Qwﬂ'm{t = T—i—ﬂ?-w}.



t=T+x'w

Figure 1.1: The wedge shaped region and its boundary

We suppress the T dependence of these sets as T" will not vary. For any submanifold M of R" x R
and a function w on M we define the weighted norms

1/2 1/2
LM,U:(/ e20t<|va|2+o—2|wP>) , kuo,M,a:(/ e%t\wﬁ) |
M M

where Vs is the gradient on the manifold M made up only of derivatives in directions tangential
to M. We will also use |lw||1,as, ||w|oa for the standard H* and L? norms on M.

[w

Given compactly supported smooth functions a,?’,c on R” x R, we define the function

a(z, t;w) := exp (/0 (a+w~b)(x+sw,t+s)ds> , (x,t) e R" x R. (1.11)

— 00

Note that a(zo,to;w) is determined by the values of a,b in the region t < ty.

We start with the well-posedness of the IVP associated with U and V.

Proposition 1.1 (The Heaviside function solution). Suppose a,bi,c, i = 1,--- ,n, are compactly
supported smooth functions on R™ x R, w a unit vector in R™ and 7 € R. The IVP - (@
has a unique distributional solution

Uz, tyw,7) =u(x,t;w, T )H(t — 7 — - w), (x,t) e R" xR

where u(xz, t;w, T) is a smooth function in the region t > T+ x - w and is the unique solution of the
characteristic IBVP

Lopeu=0, reR" 7+z-w<t, (1.12)
u(z, tw, 7) = az, t;w), zeR" t=7+z- w, (1.13)
u(z, tyw, 7) =1, zeR" 7+z-w<tkO. (1.14)

Further, given T > 0 if [|[a, b, ]||o~ (g, ,) < M for N =5+ [n/2] then

lulles(q...) < C,

where C' depends on M and the support of a,b, c.



A similar result is true for V(z,t;w, 7).

Proposition 1.2 (The delta function solution). Suppose a,b’,c, i = 1,--- ,n, are compactly sup-
ported smooth functions on R" X R, w a unit vector in R" and 7 € R. The IVP (1.9) - has
a unique distributional solution

V(z,tyw,7) = a(z,tiw,7) 0t =T —2-w) +v(z, tiw, T)H(Et — 7 — 2 - w), (z,t) e R" x R

where v(x,t;w, T) is a smooth function on the region t > 7+ x - w and is the unique solution of the
characteristic IBVP

Lapev =0, t>74+ 1w, (1.15)
v(z, tiw,7) =0, t<0 (1.16)

1
vt+w-Vv—(a—i—w-b)v:—iﬁa’b’ca, t=7+x w. (1.17)

Further, given T' > 0 if ||[a, b, ]|lo~ g,y < M for N =7+ [n/2] then

lvlles.,..y < C,

where C' depends on M and the support of a,b, c.

While V' = —0, U, the relationship between u and v may be a little more complicated because
the domains of u,v depend on 7.

The inverse problem has a gauge invariance. If ¢(z,t) is a smooth function on R™ x R then, for
any smooth function f(x,t) on R™ x R, we have

Or—a—¢)(?f) =@ —a)f, (V—b=Ve)(ef)=e?(V—b)f (1.18)
implying
La+¢t,b+v¢,c(e¢f) = ed)[/a,b,cf; (1'19)
in particular

Lotépivec(€®U) = e Loy U =0, Loatgbivoc(€®V) =e?LapV =0,

Hence, if ¢ is compactly supported then e?U and e®V are the Heavisde function and delta function
solutions corresponding to the triple (a + ¢y, b+ V, ¢). So, if we also have ¢(-,T) = 0, then

ff"(a,b,c):fr"(a+¢t,b+v¢,c).

Actually our data on t = T will also involve time derivatives of U,V so, for gauge invariance, we
will also need some time derivatives of ¢ to be zero at t = T. We will be specific below.

We state our principal results next. We have seen in (|1.2)) that L, . can also be written in the
form

Lope=0—2a0,+2b-V +q



where
gi=c—a;+V-b+a* b (1.20)

We can regard the operator £, . as determined by the functions a, b, c or by the functions a, b’ q.
We use both points of view below - the context will clarify the point of view in play.

Our work has two new ideas, perhaps one more significant than the other. Our most significant
idea allows us to obtain Lipschitz stability for a formally determined z,t dependent coefficient
problem as compared to the logarithmic stability results for overdetermined problems (though on
bounded domains) in the literature. This is showcased in its simplest form in the study of the less
complicated problem of recovering ¢ given a,b. Our second idea is about separating the estimates
on c¢ from the estimates on a,b when we prove stability for the a, b, ¢ problem.

We start with the stability result about recovering ¢, given a, b.

Theorem 1.3 (Stability for the ¢ recovery problem, given a,b). Suppose T > 0 and a(z,t),b'(z, 1),
i=1,---,n, are compactly supported smooth functions on R™ x [0,T] and w is a unit vector in R™.
If q,4 are compactly supported smooth functions on R"™ x (—oo,T| with support in B x [0,T] and
g, d, a,b]||c7sim/zy < M then

T+1
lg = dll2 %/ (o =0)( T50, 7)1, + [[(00 = 80) (5 T50, 7)o, 1, - AT
-1

Here v, % are the functions associated with (a,b,q) and (a,b,§) in Proposition[1.4 and the constant
depends on M and the support of a,b,q,q.

The proof of this theorem presents one of our ideas, uncluttered by the complications appearing
in the proofs of the other theorems.

Next we state a stability result about recovering a,b if ¢ is known. Note there is no gauge
invariance if g is known. Below e!,--- ,e” is the standard basis for R™.

Theorem 1.4 (Stability for the a,b recovery problem, given q). Suppose T > 0 and q(x,t) is a
smooth compactly supported smooth functions on R™ x [0,T]. If a,b,d,b are compactly supported
smooth functions on R™ x (—oo, T| with support in B x [0,T] and ||[a,b, q,ad,b, ||| c7+im/2 < M then

T+1
lla—a,b—"bll[r2 < 2/ [(w—=a)(, Tsw, 7)1, m,, + (e = 4e) (- T 0, 7)0,H,,. dT
-1
w

where w takes the values —e™ and e',---  e™. Here u, 1 are the functions associated with (a,b,q)

and (a, l;, q) in Proposition . The constant depends on M and the supports of a,b, a, l;, q.

Next we have a uniqueness result about recovering (a, b, c). Noting the gauge invariance men-
tioned earlier in the introduction, the most we can hope to recover is curl(a,b) and c¢. However,
for ¢(x,t) to be a gauge we needed ¢(-,T) = 0 (and ¢.(-,T') = 0 because of the data we use in our
theorems) - this is reflected in the hypothesis of the next theorem.



Theorem 1.5 (Uniqueness for the curl(a, b) and c recovery problem). Suppose T > 0 and a, b, ¢, d, b, ¢
are compactly supported smooth functions on R™ x (—oo, T| with support in B x [0,T]. If

[u, u] (2, Ty w, ) = [, U] (z, T w, T), Vee H,,, Te€[-1,T+1], w= ei, 1=1,---,n,
[v,v)(z, T, e", 1) = [0, %) (x, T; €™, 7), Vee H, -, 7€ [-1,T+1],

and
T T )
/ (a+b")(x+ se”, s) ds:/ (G +0b")(x+ se”, s)ds, Vr € R"
T T )
/ (ar + b)) (z + se”, s) ds :/ (Gt + 07)(z + se™, s) ds, Vz € R",
then

c=¢ d (adt +)° bida;i> =d (ddt +)° 6idaﬂ'> .

i=1 i=1

Here u,v,4,0 are the functions associated with (a,b,c) and (a, I;, ¢) in Propositions and .

This result is obtained by combining our most significant idea with an idea in [21I] about a
uniqueness problem for a time independent coefficient determination problem. We do not know
how to prove a similar uniqueness result when all the three coefficients a, b, ¢ are to be recovered -
that problem does not have gauge invariance.

Our final result is a stability result for the (a,b,c) recovery problem. Again, due to the gauge
invariance, we can only expect to recover curl(a,b) and c¢. To obtain stability we need more data
than was needed for the uniqueness result in Theorem We define ¢(z,t) to be the solution of
the TVP

Oyp=V-b—a+c (x,t) € R" x (—o00,T] (1.21)
P(-,t) =0, t<O0. (1.22)
Theorem 1.6 (Stability for curl(a,b) and ¢ recovery problem). Suppose T > 0 and a,b,c,d, b, ¢

are compactly supported smooth functions on R™ x (—oo, T| with support in B x [0,T].
If ||la, b, c,a,b, d] ||C7+[n/2] < M then

- M =) T w0, 1), dT

T+1
M%@MﬂWWﬁZ/lww%mﬂ%ﬂ

T+1
+3 [  u = d) Tsw o,, d

w 71

T+1
+ Z/ 10 =), T5w, Tl - + (0 = 60) (T 0, 7)o, A
—1

w

+ 1@ = ) T)llzzn + 104(% = D) Tllrn + 107 (% = &) T) lloens



with w taking the values +e', i =1,--- ,n. Here

n n
n = adt + Z bidz?, N = adt + Z I;idaci,
i=1 i=1

u,v,4,0 are the functions associated with (a,b,c) and (a, b, ¢) in Propositions cmd and the
constant depends on M and the supports of a,b,c,a,b, ¢.

The information about 1) is needed for the stability result in Theorem This information
corresponds to having (for odd n) the integral of V - b — a; + ¢ on all light cones with vertices on
t = T and related quantities. For the even n case, it would be a weighted integral on such solid
cones.

The above theorems used the traces on t = T of u, v and their time derivatives, for 7 € [-1, T+1].
There is no information about [a,b, ] in u(-,-,-,7) and v(+,-,-,7) for 7 < —1 because u, v are zero
since the support of [a,b, ] is in B x [0,T].

The Carleman estimate with explicit boundary terms in Proposition (in Section @ plays in
important role in the proofs of the theorems. It is perhaps of mild interest that one can use the
weight ¢ in the Carleman estimate for the wave operator even though this weight is not strongly
pseudo-convex. The proofs of our theorems do not require this particular weight; any increasing
function of ¢, such as the traditional Carleman weight e for some large \, would be sufficient for
use in our theorems.

Figure 1.2: The cylindrical domain and its boundary

We can obtain similar results if our data consists of the lateral boundary trace and final time
trace on a bounded domain, that is, if we study the injectivity and stability of the map

[0 w020 SW}

where Q = {£ef :i=1,--- ,n} and (see Figure

(a,b,c) — { [8f’tu, 857151)] i

wEQ, TE(—OO,T—FI], ‘B|S2

Hop= (Bx{t=T}) NQus  Sur= (9B x (=00, T]) N Qu,r.



To accomplish this we would replace the Carleman estimate for the region ), » in Proposition
by a Carleman estimate for the region (B x R) N Q. . and the revised proofs would be almost
identical to the proofs in this article. The proof of the modified Carleman estimate also would be
almost identical to the proof of Proposition [6.1

The one weakness of our results is that we cannot adapt our method to the situation where
the forward problem is over a bounded domain D x (—oo,T] rather than over the free space
R™ x (—o00,T1.

We introduce definitions used throughout the article. We define the differences

ut=u—1u, v:=v—10, a:=a—a, b:=b—0b, c=c—¢ g=q—4q.

Sometimes we suppress writing the a, b, c dependence of £, . and just use £ and £ where £
corresponds to a, b, ¢. We also have the corresponding functions a and ¢ defined in 1)

We also note that
O +w-V—(a+w-b)a(z,t;w) =0 (1.23)
as seen from

0
a_l(at—i—w-Voz)(ac,t;w):/ (O +w-V)(a+w-b))(x+sw,t+s)ds

—0o0

0
:/ i((a—{—ou‘b)(a:—|—sw,t-|—s))ds

oo A5

= (a+w-b)(x,t).

2 Proof of Theorem 1.3

In this theorem a = a, b = b. Since w is fixed, we suppress the dependence on w.

Using 1' , its version for 4, 6, ¢ and that a = d, b= I;, the function v satisfies

Lo _(jrl}) on Q’T7
=0, t <0,
20 +w-V—(a+w-b)v=—qa, on L.

<

Applying the Carleman estimate in Proposition to ¥ on the region ), we have
12 112 —112 =12
ollollier, < 1L006,0.q, + NVl om, +oll00]60m, -
Since « is positive and bounded away from 0, on L, we have

4l < [gel = 2|(0r +w -V = (a+w-0))v] <[] + VO] + |2

10



while on @,

[£o] = |qo] < 14l

hence
ol|@llg o.r, < NallG 0.0, + N0 5.1, + 00N 611, - (2.1)

We integrate (2.1)) w.r.t 7 over [~1,7 + 1). Noting that ¢ is supported on B x [0,T], we define
g =0 for t > T for convenience and L; to be the set t = 7+ z-w < T. The LHS of (2.1) is

T+1
o/ / 620t|q(:1;,t)]2da;d7':a/ / et |G(z, t)|?0(t — 7 — x - w) dx dtdr
—1 R t=14+x-w R JR? xR

:0/ /e20t|q(x,t)|25(t—T—a:'w)demdt
R xR JR
= O'/ et |g(z, t)|? dx dt
R™ xR
A2
= UHqu,a,Ex[o,T}'
The integral w.r.t 7 over [—1,T + 1], of the RHS of (2.1)), consists of the ‘data part’

T+1
datar = 0/1 19112 0,21, + 1060116 0,1, d7

and (using the support of )

T+1 5 T+1 5 5
[ alha, < [ 1 < 10 oy

Combining the two pieces we have

2 2
JH‘1||o,a,§x[o,T] = HqHO,U,EX[O,T] + ‘data’

which gives us the estimate in Theorem if we choose ¢ large enough.

3 Proof of Theorem 1.4

Here ¢ = ¢. The proof is similar to the proof of theorem except one uses the solution U.

We start with an intermediate estimate for a fixed w, 7. We suppress the dependence on w, T
during the derivation of this intermediate estimate. Using 1 ) lb and their analogs for d,b
and that g = ¢, u satisfies

L1 = 2at; —2b- V4,  on Q,
=0, t <0,

—a, on L.

S g

u =

11



Applying the Carleman estimate in Proposition [6.1] to % on the region @, we obtain

ollal? o =< @015 ,0.q + ollalli . + o108l .11 (3.1)
Now, on L, using ((1.23)) we have

Or+w-V—(a+w-b)(a—d)=—(r+w-V—(a+w-b))&
= (O +w-V—(d+w-b))d+ @+w- b)d
= (a4 w - b)d.

Since ¢ is positive and bounded away from zero we have
la+w-b < (O +w-V—(a+w-b))(a—d).
Using this in (3.1)) we obtain
olla+w-blfqr, < M@ bllfoq. +ollalien, +olldalfqm,-

Integrating this w.r.t 7 over [—1,T + 1] and repeating the argument in the proof of Theorem
[1.3] we obtain

T+1
- 7 — 7 — — 112
O'H(I tw- b||(2),U7§X[O7T] %< H [CL, b]Hg,U,EX[O,T] i /1 ||u %’U’HW’T + ||ut”0’U»HUJ,T dT' (32)

Noting that B B
2a = (a+€"b) + (a— €"b)

and o o
e-b=(a+e-b)—a
we obtain
71112 71112 e 2 2
AW o0 < N0 0 + oS [ N P
— /-
where w takes the values —e™ and e!,--- ,e™. The theorem follows if we choose ¢ large enough.

4 Proof of Theorem [1.5]
The proof proceeds as in the proofs of Theorems and but using both the U and the V/

solution. However, we need to add an idea from [21I] to separate ¢ from a,b.

We define

0 ’ 0 ’
qS(x,t)z—/ (a4 €™ b)(x + se",t + s5)ds, (;S(x,t):—/ (@4 €"-b)(x + se", t + s)ds;

—00 —00
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we are given that
[w, ug] (-, Tsw, 7) = [th, 4] (-, Ty w, T) on H, ., Vre[-1,T+1], w= ei=1,---,n,
[v, 0] (-, T; €™, 1) = [0, 0] (-, T; €™, T) on H, ., Vre[-1,T+1],
[6,6:](-,T) = [, 4] (-,T),  on R™.

Hence
[eu, (e®u)d](-, T;w, ) = [e‘z;ﬁ, (e‘{’ﬁ)t](-,T;w,T) on H,, Y7 €[-1,T+1], w=¢€i=1,---,n
[, (e20)](-, T e, 7) = [e‘f’q}, (eéﬁ)t](',T; e, 7) on Hy, ,, Vre[-1,T+1].

The two sides correspond to the data for the coefficients [a + ¢¢,b + V¢, | and [d + ét, b+ V(ﬁ, é]
so we work with this new set of coefficients. What we gain from this new set of coefficients is that

((a+ o) +e" - (b+Ve))(x,1) = (a+e"-b)(z,t) + (O + €" - V)o(, 1)
= (a+¢€"-b)(x,t) — (&g—i-e”-V)/o (a+€"-b)(x + se,,t+s)ds

. —o0
:(a+e”-b)(az,t)—/_ %((a—ke”b)(m—ksen,t—ks))d‘s
=0.

Further, [a, b] and [a+ ¢¢, b+ V@] have the same curl. So to prove our theorem it is enough to show
that if we have [a, b, ¢] and [a, b, ¢] such that

[w, ue) (-, T w,7) = [, 4] (-, T;w,T) on Hy,,, Vre[-1,T+1], w=e,i=1,---.,n,
[v, 0] (-, T €™, 7) = [0, 0] (-, T; ", 7) on Hy,,, Vre[-1,T+1],
and
a+e"-b=0, a+e"-b=0 on R" x (—o00, T

then
[CL, b, C] = [d, b, é];

actually we show
[a’ b7 q] = [d7 b’ q/jl

which then implies ¢ = ¢.

Summarizing, we are given that

[@, %) (-, T;w,7) =0  on Hyr, V7€ [-1,T+1], w=¢i=1,---,n, (4.1)
[0,0 (-, T;€",7) =0 on Hy,,, Vre[-1,T+1], (4.2)

and
a+e"-b=0, d+e"-b=0 on R" x (—o0,T]. (4.3)

We have to show that )
la,b,q] = [d,b,4].
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Note that the supports of the new a, b, ¢, &, b, ¢ may not be in B x [0, 7] but will still be in D x [0, T]
for some bounded region D in R™.

Using , and its analogs for a, 6, ¢, the function u satisfies
L = 2ai; — 2b- Vi — i, on Q,
u =0, t <0,
u=a—aq, on L.

Repeating the argument in the proof of Theorem the only difference being that £# now has a
g term on the RHS and that @ ) holds, one obtains

oll[a, b”’OJDX[O 7] < |a, b Q]HOUDX[() T)* (4.4)

Next, we take w = €™ and we suppress writing the explicit dependence on e™. Using (1.15]),
l) and its analogs for a, b, ¢, the function v satisfies

L0 =2at; —2b-Vio—qo  onQ,

v =0, t < O0.
Applying the Carleman estimate in Proposition to ¥ in the region @ and noting (4.2)), we have
< < 1[0, dll5 o.q. - (4.5)

In this estimate w = e, and from our discussion above we know that &« = 1 and & = 1 in this case.
So, on L, using |i and its equivalent for [d, b, ¢], we have

20 +w-V—(a+w-b)(©) =20 +w-V—(a+w-b))(v—171)
= —La—20,+w-V—(d+w-b)o+ (@+w-b)o
= —La+Ld+ (a+w-b)
=—q+(@+w-b)o
S

ollv 2

Using this in (4.5)) we obtain
ollal o, . < 1@0.@l3 00, (4.6)

Integrating this over 7 € [—1,T + 1] and using the arguments used in the proofs of the earlier
theorems we obtain

O-HQHO,mﬁx[O,T} % || [a7 B? g]
Combining this with (4.4) we obtain

,0,Dx[0,T]*

alll@. b, a@llo o 5xor < 1@ 6 @llo o 5xor)s

so taking o large enough we obtain a = 0, b= 0,7 = 0; hence (a,b) = (4,b) and ¢ = ¢ However
these a, b, d, b are the ¢ modified versions of the old a, b, 4, b so we obtain

d <adt + Z bidazi> =d <ddt + Z 6idazi>

i=1 =1

for the older a, b, a, b. Of course we have already shown ¢ = ¢.
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5 Proof of Theorem 1.6

From the introduction we know that if u, v are the solutions associated with the coefficients [a, b, ]
then e¥u, e¥v are the solutions associated with the coefficients [a + ¢, b + V4, c]. Further, using
le$ — 1] < eM|s| for all s € [-M, M] we have

le¥w — ew,u')] < le¥w — e¥b| + |e¥h — e%&]
< Jw — | + eV — 1
< |w =] + | = 9I.

Similar estimates hold for the first and second order derivatives of e¥w — e¥u. Further [a, b]
and [a + 1y, b + V1] have the same curl so we may assume we are working with the coefficients
[a+ ¢, b+ Vb, c]. Now

c—(a+P)+V-b+VY)=c—a;+V-b—01p=0.
So it is enough to prove Theorem with the assumption that
c—a;+V-b=0, ¢é—da+V-b=0; (5.1)

note this also implies ¥ = 0, 1/1 = 0.

Given the unit vector w, we define the orthogonal decompositions
V=V,+Vi  b=b,+b
where
Ve i=ww-V), Vi=V-ww-V), by:=wW-bw  br:=b—(w bw.
Note that
Vo -Vi=0=Vi.V,, w-Vi=0, b, Vi=0=V}i-b, b)-V,=0=V,-0).

We obtain some intermediate estimates and, for convenience, temporarily we suppress the depen-
dence on T.

Estimate from the U solution.

Using (5.1)), we have
L=0-2a0;+2b-V+a>—b2, L =0-240, +2b-V +a* — b

hence, from ((1.12)), (1.13]), we have

L = 2aty — 2b- Vi + ((b+0)b — (a+ d)a)s,  on Q, (5.2)
u=0, t <0,
u=a—a, on Ly,. (5.4)
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So Proposition [6.1] applied to @ in the region @, gives us

12l o, + Nl = 6l1T o0, < 1@ 0l6,00. + 1807 0,1, + 1006 5,11,

(5.5)

Next, we obtain higher order estimates by differentiating (5.2)) - (5.4), keeping in mind that V2

and 0y + w - V span the tangent space to L.

We have

L(Via) = VE(2ad, —2b- Vi + (b + 0)b — (a + d)a)d) + [£,VE]a,  on Q,
Via=0, t<0

Via=Vi(a—d), onL,,
S0, in Qwv
\L(Via)| < |[a, b, Va, Vb, a, b| + |[a, Va, d,a)|.
Hence applying Proposition (6.1)) to V2@ we obtain
) L s o o7 - 7T 1.
IV (e =&)L, < ~lla,b,va, Vb, a, billl§ o0, + EIIUII%,U,QW

1 1-
+ ”kuH%,a,Hw + HatkuHg,o',Hw‘

(5.6)

We repeat the argument used to obtain (5.6) with differentiation w.r.t 9; + w - V replacing differ-

entiation w.r.t V2. Noting that d; + w - V is also tangential to L, we obtain

1

o
= a2 2112

+ 1Va, 0allly o 1., + 107l 6,11,

) l 7o o = 7 _
10+ w- V)= )i r, < ll[@: b Va, Vb, a, b5 o0, + 7l 00,

Using (5.5)), (5.6]), (5.7), for o large enough, we obtain
10 + w - V) (o — &)

L . )
or, HIVa@=d) i or, +lla—dli,L,

l s o o - T oo _
< ;”[aﬂ b,Va,Vb,a, bt]”?),a,Qw + ||[U, Vu7atu]||%,a,Hw + Ha?uH(Q),a,Hw'

We use (5.8) to estimate @, b. From (1.23)

Or+w-V—(a+w-b)(a—d)=—0r+w-V—-(a+w-b)d
= (O +w-V—(d+w-b))d+ (@+w- b)d
= (a+w-b)d,

and & is positive and bounded away from zero. Hence

la+w-b <O +w-V)(a—a&)|+ |a—dl
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Differentiating (5.9) w.r.t Vj; and noting that Vj; commutes with 9; + w - V, we obtain
Vi(@+w b)) <g|a+w b+ |VE04+w-V)(a—a&)|+ |Vi(a—d)| + |a—dl. (5.11)
Differentiating (5.9) w.r.t d; + w - V, we obtain

(O +w-V)(@a+w-b)| g |a+w-bl+[(0+w-V)*(a—d&)|+](0 +w-V)(a—d)
+ |a— d. (5.12)

Since V3 and 9; + w-]V are tangential to L, using (5.10)), (5.11)), (5.12) and (5.8, we conclude

[(8i4w - V)(@+w-b), Vi@+w-b),a+w-b3 ., + [Vila—d),a—dllf L,

1 _ _
< E H [EL, b? vav Vb’ at, bt] H%,O’,Qw + H [ﬂv VTL, 8th] %,O’,Hw + Hﬂtt H%,U,H“n (513)

for large enough o.

Estimate from the V solution.

Using 1' i and its version for 4, I;, ¢, the function v satisfies
Lo =2at; —2b- Vo + (b+b)b— (a+a)a)s, on Q,
0, t <O0.

v
Hence, applying Proposition (6.1)) to v over the region @, we obtain
9 1

HT) 1,0,L, < ;”[a76]H(2),U,Qw + HT)H%,U,HUJ + Hat@ %,U,Hw' (514)
On L,
20 +w-V—(a+w-b))v=—La, 20 +w-V—(d+w-b)o=—-Ld,
hence
20i+w-V—(a+w-0))(0) =20 +w-V —(a+w-b))(v—17)
= —La—20+w-V—(d+w-0)6+2a+w-b)o
= —La+Ld+2a+w-b)d
implying

(0 +w-V = (a+w-b)®) = |La— Ld| — |[a,b]]
which used in ([5.14]) gives us

1

lea = £l gz < @R oz + BB g + NE12 0., + 1001R (5.15)

We need a different representation for Lo — L£é&. We claim

La=((a;— Vi by)+w- (b — Va)) o+ Viia — 20 . Via +bt%a, (5.16)
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provided ¢ — a; + V - b = 0 - we postpone the proof of to the end of this section. Then
La—Lé = ((a— Ve -by) +w- (b — Va) a
+ (6 = V- bo) +w- (b = Vd)) (@ — d)
+ Vi (a—d) - 26t - Vi(a— &)+ bt (- &)
— 2bkd+ b - (b+ b)Sé.
Using this and that « is bounded away from zero, we have
(Lo~ L] = |(@ — Ve - bo) +w - (b — Va)| — [V (0 — &) — [VE(a— 6)| — |a —d] - [3],
which used in ([5.15]) gives us
@~ Vo B) + - (B — V) 3,
<@ DE g, + 1V5 (@ = &R, + 1V5 (@ = OB 0, + llo = 613,
+ éH[@, OlI18 0,0, + 19117 0,1, + 1060118 11, (5.17)

Combining the U, V' estimates.

Multiplying the V based estimate ((5.17)) by a small (independent of ) ¢ > 0 and adding it to
the combined U based estimate (5.13]), we obtain

ell(ar — Vi - bo) +w- (b = Va5 5.z, , + 1 +w- b5 r.. .
+IVs@+w 03 or, . + 110 +w-V)(@+w-b)§, ...

7 17 o= o7 = 7
< ell@ 6o, + @b, Va, Vb, billl5 0q,,, + dataw.r.o
where
dataw,r.o = [V @, Wl o 11, + 18ulli oz, + 191800, + 1005 0,m,.

Integrating this w.r.t 7 over [—1,T + 1] and repeating the argument used at the end of the proof
of Theorem [L.3] we obtain

la+w-b,Vi(@a+w-b), (O +w-V)@a+w-)§,mnxpr
+€l[(ar — Vi - bw) +w - (b — Vd)”?),a,wx[o,T]

< ellfa, Bl|

1 = - - T+1
gﬂwxm + EH[a,b, Va, Vb, at,bt]ugﬂwxm + / 1 datay, ;5 dT.

All norms below are || - [[g ornx[0,7] Unless noted otherwise. Since Vi and V,, - b, are the same
for w and —w, using the estimates for w and —w, we obtain

llla, w - b, Vid, Vi(w . 5), a; + (w-V)(w- B), w-Va+uw- l_),g]||2 +€lllar — Vi - by, w - (l_)t — VC_L)]HQ
_ 1 _ _ B T+1
< €||b)* + g||[a, b,Va, Vb, a, by +/ dataty o dr.
1
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Noting that the LHS has the terms d:a — V., - b, and dia + V,, - by, as well as w - (by — Va) and
w - Va + w - d:b, we obtain that

ellfar, (w-V)(w-b), w-by, w-Va, Via, Vi (w-b)|? +|l[a,w - b
B 1 B B B T+1
< ep)? + —lla.b, va, vb, ar, be)||? +/ datag, ;. dT.
-1
Now taking w to be e, -, e, we have
T+1

_ _ _ 1 _ _ _ n
(@, b]||* + €||[Va, as, Vb, bs]||* < €l|b]|* + g||[a, b,Va, Vb, as, bi||* + Z/ dataye, ;o dT.
i=17 1

So taking e small enough and then fixing a ¢ large enough
~ o no T4l
@, b, Va, Vb,ar, bl < Y / datae, ;.o dr.
i=17 -1

Since ¢ = a; — V - b, we conclude

B B B n T+1
@, b, e, Va, Vb, an, bl < Y / datage, o, d,
i=17-1

for the fixed large enough o.

For a fixed o, on a compact set, the weighted and unweighted norms are equivalent, so the
theorem is proved. It remains to show ([5.16) when ¢ =a; — V - b.

Proof of (5.16}).

‘We note that

La—ca=((0—a)?—(V-b>2)a= ((at—a)2 — (Ve — by + VL —bj)Q)a

(@ = @) = (Vo = b.)? = (Vi ~ b1)?)

:((Ot—a)Q—(w-V—w-b)2—(V$—bj)2>a.

Hence, using (1.23)

La—ca+ (VE-b ) a=0-w-V—at+w-b)(@i+w-V—a—w-ba
— (O —a)(w-V—w-bDa—(—w-V+w- b)(0 —a)x
=(w-b —w-Va)a,
therefore
La=(ct+w- (b — Va))a — (Vi —b1)%a

Now ) )
(VL =0 2a=vVLia—20) - Via— (VL bh)a+ bt a
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while
c:at—V-b:at—Vw-bw—Vi-bj;,

hence

Lo= ((ar — Vi by) +w - (b — Va)) o+ VE2a — 261 - Via + bt 0.

6 The Carleman estimate

We show that the standard Carleman estimate with boundary terms holds for the operator £, .
with the Carleman weight ¢ over the region @), r. We need the explicit boundary terms in the
proofs of our theorems. Here a, b, c are compactly supported smooth functions on R" x [0, T7.

Proposition 6.1. If w(z,t) is a compactly supported C* function on Q. then, for large enough
o, we have

a/ 27 (Vw4 0% w]?) + (T/ 2 (|\Viw]? + o?|w|?)

w,T Lw,T

< / Lyl + o / (Ve + o2wf?)  (6.1)
w,T Hw,‘r

with the constant independent of w and o. Here Vi, is the gradient operator on the plane Ly, ;.

Proof. This proposition could probably be proved by using energy estimates coming from standard
multipliers but we use Carleman estimates since we have already calculated the boundary terms in
[22] for a general situation. Below, we use the notation used for Theorem A.7 in [22].

We appeal to Theorem A.7 of [22]. The hypothesis of Theorem A.7 requires the strong pseudo-
convexity of ¢ but the proof of Theorem A.7 just needs that the relation (A.9) (in Lemma A.6)
holds. One can verify that (A.9) holds for the wave operator and ¢(z,t) = t. In fact (A.9) holds
because there are no “(z,&,0) € Q x S with p(x,&) — o?p(x,0¢) = 0 and {p, d}(z,£) = 07 as we
show next. We have p(z,t,&,7) = 72 — |€]? and ¢(x,t) = t. Hence

0= {p7 d)}(xatagaT) = proy = £27

and
0= p(l‘7t7€77-) - 0-2p(x)tav¢7 ¢t) = 7—2 - |€’2 - 02

imply 7 = 0,£ = 0,0 = 0, hence there are no points “(z,¢,0) € Q x S with p(z, &) — o?p(z,0¢) = 0
and {p, ¢}(x,&) = 0”. Note S represents the unit sphere.

The proposition will follow from an analysis of the boundary terms in the statement of Theorem
A.7. The principal part of L . is the wave operator and without loss of generality we assume that
7=0,7=(y,2) with y € R" !, 2 € R and w is the unit vector in the direction of the positive z
axis hence L, ; is the plane t = z.
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The boundary term on ¢ = z has been computed in Subsection A.2 in [22] and is given by

vy = (1 — 62)(us + u)? + (8 + b0)uy 2 — 2(us + )y - 6,)

V2
= 0%(¢x + 00)(|6a]* — 07)u® — (uz + ur)g(z, t)u.

where u = we?® and ¢ is some smooth function independent of o. Hence, on t = z for ¢ = t we
have © = we’" and

1
—ViEj = (us +w)? + |uy|* + o2u? — (uy +u)g(z, t)u

V2

1
> (uy +up)? + uy|? + o?u? — i(uz + ug)? — ku?
1
= §(uz +up)? + uyl? + (0 — k)u? k independent of o
= 27 ((wy + wy)? + Jwy|* + o?w?) using a standard argument

for o large enough.

To get the boundary terms on ¢t = T', we again go to the expressions in subsection A.2 on [22]
for the wave operator. Here v, =0 and v, = (0,0,---,0,1), hence v;E; =0 for j =1,--- ,n and

vE; = —¢y(Jua]® — uf) + 0 (|a]* — 67 )u® + 2us(us - b — wrdy) + g(, t)uu.

Hence, on t =T, for ¢ =t we have

B, = —(|um\2 — u?) -0

= —(Jug|® + u7) — o*u® + g(z, hwu

= =2 (| Vw4 o?w?)

2u% — 2u? + g(z, t)ugu

by a standard argument. The proposition now follows from (A.11) of Theorem A.7 in [22]. O

7 The forward problems

7.1 Proof of Proposition [1.1

The existence, uniqueness and the regularity may be proved in a fashion similar to the proof of
Proposition 1.1 in [23]. The only part which is new is the progressing wave expansion which we
show below. Below, £ will mean L .

We seek U in the form
Uz, t;w,7) =u(z, tiw,n)Ht — 7 — 2 - w)

for some function u(z,t;w,7) defined on the region ¢t > 7+ x - w. To describe u(z,t;w, T) in detail,
we work with the special case when 7 = 0; the general 7 result will be inferred easily from this
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special case. Below we denote U(z,t;w,0),u(z,t;w,0) and a(z;w,0) by U(z,t;w),u(x,t;w) and
a(z;w).
The initial condition and the speed of propagation force
u(z, t;w) =1, when t < 0.
Also, observe that
O —a)(f(x, ) Ft —z-w)) = fF(t—2-w)+ (0 —a)f)F(t —z-w)
(O — a)?(fx,)F(t —x-w)) = fF'(t —x-w)+2((0r — a) f)F'(t — 2 - w)
+ (0 — a)* f)F(t — z - w)
(V-0(fz,t) Ft —2-w)) = —wfF'({t—x - w)+(V=0)f)Ft—x-w)
(V=02F(t—z-w)=fF"(t—z -w)—2w- - (V=bFF(t—z w)
+((V=0)?NF(t—z-w),

SO
C(fa)F(t—7-w) =2(fi+w-Vf = (a+w-D)f)F (t—z-w)+ (LHF(E—z-w).  (T.1)
Hence
LU =2(us+w-Vu—(a+w-bu)d(t —z-w)+ (Lu)H(t —z-w).
This forces Lu = 0 on the region ¢t > = - w and, on ¢ = x - w, u must satisfy the transport equation

(ug +w-Vu— (a+w-bu)(z,z - wyw) = 0.

Noting (1.23) and that a(z, 2 w;w) = 1 for z-w << 0 we see that u(z,z w;w) = a(z, - w;w).
Hence
Uz, t;¢,7) =u(z, tw, T)H(t — 7 — 2 - w)

where u(z,t;w, 7) is the solution of the characteristic initial value problem.

7.2 Proof of Proposition [1.2

The existence, uniqueness and the regularity may be proved in a fashion similar to the proof of
Proposition 1.1 in [23]. The only part which is new is the progressing wave expansion which we
show below. Below, £ will mean L .

We seek V in the form
V(z,t;w,7) = f(z,t;w, 7)0(t =T —z-w) +v(x, tyw, T)H(t — T — 2 - w)

with v(z,t;w, 7) supported in the region t > 7+ x - w and, for t << 0, we have f(z,t;w,7) = 1 and
v(z,t;w,7) = 0. There are many choices for f(x,t;w,7) but a unique choice for f(z,7+z - w;w, 7).
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To describe V (z, t;w, 7) in detail we work with the special case when 7 = 0; the general 7 result will
be inferred easily from this special case. Below we denote V (z,t;w,0), f(z,;w,0) and v(z,t;w,0)
by V(z,t;w), f(x;w) and v(x, t;w).
We seek V in the form
V(z,t;w) = f(z,t,w)o(t —z-w) +v(z, tw)H(t —x - w),
hence, using ([7.1)),

(LV)(z,t;w) =2(fi +w-Vf—(a+w-b)f)(z,t;w)d (t —z-w)
+Qu+2w-Vov—2(a+w-b)v+Lf)(z,r wyw)d(t —z - w)
+ (Lv)(z, tw)H(t — x - w).

Amongst the many choices for f to zero out the first term in the above expansion of LV, we choose
one for which
fitw-Vf—(a+w-b)f=0, on R"™ x R.

Hence we chose f(z,t;w) = a(x,t;w) so we must now require
Lv=20 ont>ux-w
and, on t = x - w, v must satisfy the transport equation

2t w-Vo— (a+w-bv)(z, 2 w;w) = —(La)(z, z - w;w), x € R".

So for a general T,
V(z,tyw,7) = a(z,t;w)d(t —7—2-w) +v(z, tw,T)H({t — 7 — - w)

where v(z, t;w, T) is the solution of the characteristic IVP.
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