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RECOVERY OF TIME DEPENDENT COEFFICIENTS FROM
BOUNDARY DATA FOR HYPERBOLIC EQUATIONS

ALI FEIZMOHAMMADI, JOONAS ILMAVIRTA, YAVAR KIAN, AND LAURI OKSANEN

ABSTRACT. We study uniqueness of the recovery of a time-dependent magnetic
vector-valued potential and an electric scalar-valued potential on a Riemannian
manifold from the knowledge of the Dirichlet to Neumann map of a hyperbolic
equation. The Cauchy data is observed on time-like parts of the space-time bound-
ary and uniqueness is proved up to the natural gauge for the problem. The proof
is based on Gaussian beams and inversion of the light ray transform on Lorentzian
manifolds under the assumptions that the Lorentzian manifold is a product of a
Riemannian manifold with a time interval and that the geodesic ray transform is
invertible on the Riemannian manifold.

1. INTRODUCTION

1.1. Statement of the problem. Let (M, g) be a 1 + n dimensional Lorentzian
manifold with boundary. Throughout this paper, we will assume that (M, g) has
a global product structure, that is to say M = [0,T] x M, g = —dt* + g, where
T > 0 and (M,g) denotes a smooth compact connected Riemannian manifold of
dimension n > 2, with smooth boundary dM. We assume that g € C%(M;Sym?M),
where Sym?M denotes the bundle of symmetric two-tensors over M. We denote by
Aj; the Laplace-Beltrami operator given by Aj := div; V9, where div; (resp., V9)
denotes the divergence (resp., gradient) operator on (M, g). In local coordinates
(2% := ¢,z ... 2") and for each u € C?*(M) we have:
Agu =Y |gI"*0.,(|3]"*g" 0n,u),
i,j=0

where §7! := (§")o<ij<n and |g| := |det g|. As g = —dt*+g, we have Ay = —02+ A,
where A, is defined analogously. Consider a complex-valued scalar function ¢(t, )
(electric potential) and a complex-valued one-form A (magnetic potential), such that
the following regularity assumptions are satisfied

gECM) and AeC (M;T*M). (1.1)

Key words and phrases. Dirichlet to Neumann map, Gaussian beam, inverse problems, lens data,
light ray transform, magnetic potential.
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2 HYPERBOLIC DIRICHLET TO NEUMANN MAP

In local coordinates, the one-form A can be expressed as

Alt,x) = b(t,z)dt + > wi(t,x) da’ = bt, x) dt + w(t, ), (1.2)
i=1
where w is a time-dependent one-form on (M,g). Given A and ¢ as above, We
consider the initial boundary value problem (IBVP)

(
—Aju+ AVIu+qu=0, onM,
u = h, on (0,7) x OM, (1.3)
u(0,-) =0, Ou(0,-)=0 on M,

with non-homogeneous Dirichlet data h € Hy((0,7) x OM). Note that in local
coordinates, AVIu = —bdyu + 7. g’w; Oju. We introduce 7, the outward unit
normal vector to (0,7) x M, and define the hyperbolic Dirichlet-to-Neumann (DN
in short) map, given by

(AD)u
2

where u solves problem (1.3). This is well-defined as equation (1.3) admits a unique
solution w € C(0,T; H'(M))NC* (0, T; L*(M)), with dyulo,mxom € L*((0,T) x OM).
This follows from [29, Theorem 2.1] as explained in Section 2.1. The goal of this
paper is to study the unique recovery of the complex valued coefficients A and ¢
given A 44, up to the natural obstructions discussed in the next section.

Aug:h— (Opu—

)i(0,1)xoM

1.2. Natural obstructions. The first obstruction concerns the recovery of the mag-
netic potential A. Indeed, for j = 1,2, fix (A;, ¢;) defined as above and assume that
there exists (¢, z) € C*(M) with ¥|7)xam = 0, such that

Ar = Ay +2dY, g1 = g2+ Agp — A VI — (VI V§¢>g ; (1.4)

where d denotes the exterior derivative on M, that acts on f € C*°(M) through
df = 0if dt + df with d denoting the exterior derivative on M, and (-, -); denotes
the inner product on (M, g). Then, for u; the solution of (1.3) with A = A;, ¢ = ¢,
j = 1,2, it holds that u; = e¥uy and, using the fact that Yj0,myxom = 0, we obtain
(Alﬁ)ul («4117)’(1@ (./4217)11,2

5 = Opug + (Opt))ug — B Opug — 5

This proves that A4, 4, = A4, but Ay # Ay as soon as 1 does not vanish iden-
tically. In other words, the DN map A4, is invariant with respect to the gauge
transformation given by (1.4) and the best we can expect is the recovery of the
coefficients A and ¢ from A 4, modulo the gauge invariance (1.4).

Opuy —
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 3

The second obstruction to our problem is due to finite speed of propagation for
the wave equation. Let us define the set

D ={(t,x) € M |dist(z,0M) <t < T — dist(z,0M)}.

Due to domain of dependence arguments (see [25, Section 1.1] and [26, Section 1.1]),
it is not possible to recover the restriction of any of the coefficients A and ¢ on the set
M\ D from A4 ,. Therefore, for our problem, the best we can expect, is to recover
the coefficients modulo the gauge invariance above, on the set D.

1.3. Main result. Before stating the main result, we need to recall the definition
of the geodesic ray transform on the (spatial) Riemannian manifold M. For each
(y,v) € SM, with SM denoting the unit tangent bundle of M, let v(-;y,v) denote
the unit speed geodesic starting at point y, in the direction v, that is:

Vii(sy,v) =0, v(0y,v) =y, §(0;y,v) =v.
For any (y,v) € SM, we define 7..;(y,v) through:
Teait(y, ) 1= Inf {t > 0[y(t;y,0) € OM, Y(t;y,v) & Ty(ty0)OM }-
We now define
0_SM :={(y,v) € SM |y € OM, (v,v(y))g <0, Tezit(y,v) < 00}, (1.5)

where v denotes the outward normal unit vector on dM. Henceforth, for the sake of
brevity, we use the term maximal geodesic to refer to the geodesics v(+;y,v) (or v()
in short) with (y,v) € 9_SM, over their maximal interval of definition in M*, that
is the interval I := (0, Tezit)-

Definition 1.1. Let (y,v) € 0-SM and let v(-;y,v) : I — M. We define the
geodesic ray transform of (f,a) € C(M) x C(M;T*M), as follows:

T(f,0) = / () + alr(0)5(8)] dt.

We also need to recall the definition of the solenoidal component, a*, of a one-
form a with local representation a = Y7, ay da®. Let dov:= 377, %a,-(\/ggijaj)
denote the divergence operator on M sending one-forms to functions. Given any
a € L?(M;T*M), it can be uniquely decomposed as

a=a’+dy, (1.6)

where da® = 0 and ¢ € Hj(M) solves Ayp = da in the weak sense on M. This is
called the Helmholtz decomposition (see for example [42]). We will be working with
C'(M) one-forms. In this case, one can immediately see that since da € C(M) C
L"(M), elliptic regularity implies that ¢ € W2"(M) C C(M). We will use this
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4 HYPERBOLIC DIRICHLET TO NEUMANN MAP

observation later in the paper to derive the smoothness properties for the gauge.
With these notations, we can now state the main geometric assumption on (M, g).

Hypothesis 1.2. Let (M,g) be a compact connected Riemannian manifold with
smooth boundary. We say that the geodesic ray transform is injective on M with
respect to functions f € C(M) and one-forms o € C(M;T*M), if the following
holds:

Ty (fra) =0, V(y,v) € 0_SM implies that f=0 and o’ =0.

According to Theorems 3 and 4 in [36], Hypothesis 1.2 will be fulfilled if M is
simple. This condition can also be fulfilled by a non-simple manifold. We refer to
Section 2.2 for a more detailed discussion about this aspect.

Finally, let us introduce the set £ C D where we recover the coefficients. For any
x € M, we define Dy(x) := sup {7esit(y,v) | (y,v) € _SM, x is in y(-;y,v)} and let
D,(M) :==sup{Dy(x)|x € M}. For T > 2D,(M), we define

£:={(t,x) € M|Dy(x) <t <T — D,(x)}.

Theorem 1.3. Let g € C5(M;Sym>M), A;, Ay € CH(M;T*M) and q,q, € C(M).
Assume that supp (A; — As) C &, supp (1 — q2) C &, and

Ai(t,x) = As(t,x), Y(t,x) € (0,T) x M.

If Hypothesis 1.2 holds, then A4, 4 = Mayq implies that there exists v € C*(M)
with |0, ryxom = 0, such that (1.4) holds.

The proof of this theorem relies in part on injectivity of the so-called light ray
transforms of vector valued functions. Recall that a curve § in M is a null geodesic
(or a light ray), if V%B =0 and (B, f); = 0. Given the product structure of M, we

can parametrize maximal null geodesics through S(t) = (t+1t,7(t)),t € I where 7 is

a unit speed maximal geodesic in M and t € R. We define the light ray transforms
L, and L4 of g € C(M) and A € C(M;T*M) as follows:

£.(8) = / (B®)dt and La(B) = /ﬁ A

I

We have the following proposition, that will be proved in Section 5.

Proposition 1.4. Let (¢, A) € C(M) x C*(M;T*M) be such that supp ¢, supp.A C
E. If Hypothesis 1.2 holds, then we have the following statements:
(i) If L,(B) =0 for all mazimal null geodesics 5 in M, then ¢ =0 on M.
(ii) If L4(B) = 0 for all mazimal null geodesics 3 in M, then there exists 1 €
C%(M) vanishing on OM such that A = dip on M.
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 5

1.4. Previous literature. Results related to the recovery of coefficients for hyper-
bolic equations can in general be divided into two categories of time-independent
and time-dependent coefficients. Starting with the seminal works [4, 6], there is
an extensive literature related to the recovery of time-independent coefficients for
hyperbolic equations. These results usually rely on the Boundary Control method,
developed in [4, 6] and a time sharp unique continuation theorem [41], which provide
the building blocks of very general results. We refer the reader to [27] for an intro-
duction to the method and to [28] for an example of a state of the art result in this
direction. We also refer to [5, 21] for review. The unique continuation theorem in
[41] fails if the dependence of the coefficients on time is non-analytic and therefore
extension of these results for general time dependent coefficients is not possible (see
e.g. [1, 2]). We refer the reader to [17] for a uniqueness result, when the dependence
of the coefficients on time is real analytic. Starting with [12], methods based on
Carleman estimates have also been quite fruitful in deriving uniqueness results for
time-independent coefficients of hyperbolic equations. Contrary to the Boundary
Control method, where the best known stability estimates are double logarithmic
[11], these methods tend to give strong stability estimates. We also mention [30]
where Boundary Control method is combined with complex geometric optics and
stronger estimates are obtained for low frequencies.

In the time-dependent category, most of the results are obtained for the reconstruc-
tion of the zeroth order term, ¢, and are based on a use of geometric optic solutions
for the wave equation. Let us mention that this approach has also been used in
the time-independent category [8, 9, 23, 37] to obtain strong stability estimates al-
though they suffer from considerably stronger geometric assumptions compared to
the Boundary Control method. Methods based on geometric optics were used in
the context of recovery of time-dependent coefficients starting with [35]. Among the
literature of results in this direction, we refer to [10, 19, 24, 32, 33]. The leading
coefficients for the wave equation in all these results are constant. Uniqueness of ze-
roth order coefficient ¢ for a variable coefficient wave equation was considered in [26]
where the recovery of the potential was based on inversion of geodesic ray transform
for scalar functions. It should be noted that even in the case where A = 0, the result
in this paper is a significant improvement of [26], since there (M, g) was assumed to
be simple.

Approaches based on global geometric optic solutions fail if the Riemannian man-
ifold (M, g) is not simple (see Section 3.5). This motivates the use of Gaussian
beams in the current paper. Gaussian beams were introduced in [3, 34] and they
were first used in the context of inverse problems in [7, 20]. We refer the reader
to [21] for a thorough presentation in the case of a wave equation with a smooth
metric, a smooth electric potential and no magnetic potential. This paper is con-
cerned with the reconstruction of time-dependent vector valued coefficients for the
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6 HYPERBOLIC DIRICHLET TO NEUMANN MAP

wave equation under weak geometrical assumptions on the spatial manifold (M, g)
and weaker regularity assumptions on the coefficients. We use Gaussian beams to
reduce the inverse problem to the inversion of the light ray transform of the unknown
coefficients. The closest previous work to this reduction is [40], where the authors
study the problem of recovery of the geometry along with a time-dependent magnetic
potential A and an electric potential ¢ in a Lorentzian manifold from a micro-local
formulation of a Cauchy data set on the boundary. It is shown that if g, A, ¢ belong
to some C*, with k sufficiently large, then this Cauchy data set uniquely determines
the scattering relation of g along with light ray transforms of A, ¢. Their approach
is based on the study of Fourier Integral Operators and propagation of singularities.
The inversion of the light ray transform on a general Lorentzian manifold is left as
an open problem. Our Gaussian beam construction makes the reduction to the light
ray transform more explicit in terms of the smoothness required. We also succeed in
the inversion of the light lay transform, in the sense of Proposition 1.4. Our inversion
method for the light ray transform was inspired in part by techniques developed in
the context of the Calderén problem [14].

1.5. Outline of the paper. This paper is organized as follows. In Section 2, we
discuss the forward problem (1.3) and also discuss the Hypothesis 1.2. In Section 3,
we present the Gaussian beam construction near a null geodesic in M. In Section 4,
we show the reduction step from the knowledge of the Dirichlet to Neumann map
A 44, to the knowledge of the light ray transforms of A, ¢ and conclude that Theo-
rem 1.3 follows from Proposition 1.4. Finally, Section 5 is concerned with the proof
of Proposition 1.4.

2. PRELIMINARIES

2.1. Direct problem. Let Xu := AVYu + qu, where A and ¢ satisfy (1.1). We
consider the wave equation

—Aju+ Xu=F, in M,
Ulgeor = h, on (0,T) x OM, (2.1)
u’t:O = Uo, 8tultzo = U, On M

It is classical that u is in the energy space

C([o, T); H'(M)) N CH([0, T); L*(M)) (2.2)
when h =0, F € L* (M), up € H}(M) and u; € L?*(M). The wave equation
—Agv = F, in M,
Vlecomr = h, on (0,7) x OM, (2.3)

U’t:O = Uy, at"U|t:0 =y, on M,

22 Jan 2019 11:09:28 PST
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 7

was considered in [29]. It was shown there that if F' and u; are as above, and
ug € H'(M) and h € H'((0,T) x OM) satisfy the compatibility condition

h|t:0 = uO|x€8M; (2-4)

then the solution v is the energy space (2.2), and 9yv|.eons € L*((0,T) x OM).

Let us now set u = v — w where v is the solution of (2.3) with F, ug, u; and h
as above, and w is the solution of (2.1) with F' = Xv € L*(M), ug = 0, u; = 0
and h = 0. Then u satisfies (2.1) with the same F, ug, u; and h as in (2.3) for v.
As both v and w are in (2.2), so is u. But then —Aju = F — Xu € L*(M) and
Oyl zeonr € L*((0,T) x OM). Tt is straightforward to turn this regularity result to
the corresponding estimate

||U||C([0,T];H3(M))mcl([o,T];Lz(M)) + ||al/u||L2((O,T)><8M) (2.5)
< CUIE N L2y + 0l g oryxaney + ol g ary + el 2 )

for solutions u of (2.1) under the compatibility condition (2.4).
We write [ f(t) = fot f(s)ds, and show now that u satisfies the estimate

lull 2 any < CIF 20y » (2.6)

when wug, u; and h vanish identically. The map taking F' to u is continuous from
L*(M) to H'(M), and by considering its adjoint, we obtain also continuity from
H=Y(M) to L*(M). Let F € L*(M) and define v and w as above, but with ug, u;
and h vanishing also for v. Then —Azlv = IF and

HUHL2(M) = Hat[UHp(M) <cC “IFHL2(M)-
Moreover,
||w||L2(M) <C ||XU||H*1(M) <C ||U||L2(M) )

and the above two estimates imply (2.6).

2.2. On inversion of the geodesic ray transform. We are not aware of results on
inversion of the geodesic ray transform Z,(f, o) when the metric tensor g is assumed
to be only C%-smooth. Therefore, for the purposes of the present section, we assume
g to be C*°-smooth.

It is well-known that simple manifolds satisfy Hypothesis 1.2, see Theorems 3 and
4 in [36]. It is also likely that the method to invert the geodesic ray transform using
convex foliations, originating from [43], can be used to show that Hypothesis 1.2
holds under the assumptions that the boundary of M is strictly convex in the sense
of the second fundamental form, and that there is a strictly convex function on M.
In [31] this is shown under the further assumption that f and « are smooth. Let us
point out that, even when A4 = 0, combining Theorem 1.3 and [31] gives a result on
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8 HYPERBOLIC DIRICHLET TO NEUMANN MAP

unique determination of smooth ¢ that falls outside the scope of the closest previous
results [26].

Let us now describe a non-simple case satisfying Hypothesis 1.2 as studied in [38].
There it is assumed that (M, g) satisfies the following:

(i) M and OM have real analytic atlases.
(ii) There is an open set of simple geodesics I' on a slightly larger manifold (M, g)
such that T*M C {N*v|~v e I'}.
(iii) Any path in M connecting two boundary points is homotopic to a path of
the form

caUyrUcUynU--- Uy Ucky,
where ¢; are paths on OM and v; = 7;|y for some 4; € I'. Moreover, v;
intersects OM only at its endpoints and is transversal to OM.
(iv) g is generic in the sense of [38, Corollary 1].

Here v € T' being simple means that the endpoints of v are in M \ M and there
are no conjugate points on vy, simple geodesics are given topology in the sense of the
parametrization (2) in [38], and N*y denotes the conormal bundle of 7, viewed as a
1-dimensional submanifold of M.

3. GAUSSIAN BEAM SOLUTIONS
The goal of this section is to construct the so called Gaussian beam solutions
u; € C([0,T]; HY(M)) N C ([0, T); L*(M)) for j = 1,2 of the problems

—Agul + Alvgul + qu; = 0, (t, l’) € M,
Ul(()ux) = atu1(07x) = 07 LS M:

) (3.1)
—Aguy — AsVIuy + (—0As + 2)us =0,  (t,x) € M,
U2<T7x) :6tU2(T,I') :07 S M7
taking the form
uy(t,2) = Py (t o) + Ry, (tx), (t,x) € M, (3.2)
uy(t, x) = e PPEGy(t 1) + Ry (t, 1), (t,1) € M, (3.3)

with p > 1. Here, § denotes the divergence operator on (M, g) sending one-forms
to functions. The two equations in (3.1) are in essence formal adjoints of each
other, with respect to the real L?(M) inner product. The phase function ¢ will be
chosen so that both the oscillatory parts ¢””? and e~ remain bounded in L*(M)
as p — oo and such that the principal terms |e?#("®)y, (¢, z)| are concentrated near a
fixed maximal null geodesic in D. The remainder terms R, ,, Ry , will vanish in the
limit p — oo.
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 9

3.1. Fermi Coordinates. We will start by reviewing Fermi coordinates near a fixed
maximal null geodesic 8 : [r_, 7] — M, where we are using the time coordinate
t as the parametrization for the null geodesic. Here, 5(7_), 8(7,) denote the start
and end points of the maximal null geodesic on the boundary (0,7") x M. Note, in
particular, that §(t) € D for all ¢t € [7_, 7,]. Fermi coordinates were first introduced
by E. Fermi [18]. In this paper, the geometry has a product structure which makes
the construction of Fermi coordinates slightly easier. This is to some extent similar to
[16, 22], where a coordinate construction was carried out in the context of an elliptic
partial differential equation on a Riemannian manifold with a product structure. We
will therefore follow [16] with some modifications.

Let us introduce notation that will be fixed throughout the remainder of this
paper. We begin by embedding (M, g) into a closed manifold (M, g) and extend the
null geodesic B to M := (0,T) x M such that §(t) is well-defined on the interval
[T_—&, 71 +¢]| with e > 0 a small constant. We also consider extensions of the metric g
and the coefficients A1, As, q1, ¢2 to the bigger set M such that the extended metric g
is C% smooth and the extensions of the coefficients satisfy the regularity assumptions
in (1.1) with M replaced by M. Finally, for the sake of convenience, we define the
constants a, b, ag, by, s_ and s as follows

a=V2r —g), b=v2rs+e), ag=V2Ar.—2), bo=+v2r+2), (34)

2

= \/57—7, Sy = \/§T+.

We will now present Fermi coordinates near the null geodesic 8 in M. In all the fol-
lowing arguments, 5(¢) denotes the parametrization of the null geodesic with respect
to the time coordinate in M.

Lemma 3.1. (Fermi coordinates) Let 3 : (1 —e, 7. +¢€) — M be a null geodesic as
above. There exists a coordinate neighborhood (U, ®) of B([T- — 5,7 + 5]) denoted
by (2°:=s,2' =1, 2%, ..., 2") such that:
e O(U) = (a,b) x B(0,¢") where a,b are given by (3.4) and B(0,0") denotes a
ball in R™ with a sufficiently small radius &' only depending on the geometry
(M, g) and e.
o O(B(1)) = (\/_tO ,0) forallt € (- —e, 74 +¢).
n tzmes

Furthermore the metric § in this coordinate system is C* smooth and satisfies

ag]k

g|5:2dsdr+2(dzj)2 and |5 =0 forall 0<i,5,k<n.

Jj=2
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10 HYPERBOLIC DIRICHLET TO NEUMANN MAP

Proof. Let us begin by defining IT : M — M through II(t,z) = x. Note that [15 = v
where 7 is a unit speed geodesic passing through the point zy = I1(5(a)). We choose
{a, ..., o, } such that the set {%(x0), s, ..., @, } forms an orthonormal basis for T}, M.
Let y1 denote the arc length parameter along the geodesic y from the point zqy. For
each2 <k < n,let eg(y1) € Tyy M denote the parallel transport of o, along v to the
point y(y;). Smce 4 is also parallel along 7, the set {¥(y1), e2(y1), ..., €n(y1)} forms
an orthonormal basis for Tw(yl)M . We now define the coordinate system (y°,...,y")

through F, : R™ — M:
fl(yo = tay17"'7yn) = t epry Zy eoz 7

where exp,(-) denotes the exponential map on M at the point p. Let us remark that
since g € C®(M; Sym®M), the map F is locally in C® (see for example [15]).

We now define (s := 2% r:=2z' ... 2") = F(4°,...,y") through
s:=20= S(t+y')+3,
ro=zl= ( t+y')+ 4, (3.5)
2=l Vj > 2.

N

For the sake of brevity, we will also use the notations z = (s, 2’) = (s, r, 2”) for this

coordinate system. Let us consider the composition map F : R1*? — M given by
F =FioF, ' Itis clear that for all t € [T_ — &, 7, +¢]:

F(V2t,0) = Fi(t, t — ag,O) = Fi(t,t — (1_ —€),0) = B(t),

implying that F(s,0) is injective for all s € (a,b) as ( is not self-intersecting on the
time interval [7_ — ¢, 74 + ¢|. Furthermore, for all s € (a,b) it holds that

o 1 V2

57 (0 = (FO I ),
) 1 V2
o750 = 5 A A (e,

0 V2
E]:(& TUa)|T:0 = €a(7(8 - a)),

where v, denotes the ath coordinate vector in R™"2. Thus F(s,2’) is a locally C®
map in a neighborhood of the null geodesic § such that F(s,0) is injective and
DJF(s,0) is invertible. The inverse mapping theorem applies to deduce that F(s, 2’)
is a diffeomorphism on a neighborhood of [ag, by] X B(0,d") with § sufficiently small.
We then choose ® = F~!. Note that ® € C° near the null geodesic, and since

22 Jan 2019 11:09:28 PST
Version 1 - Submitted to Analysis & PDE



HYPERBOLIC DIRICHLET TO NEUMANN MAP 11

g € C%(M;Sym>M), we deduce that the pull back of the metric metric g, ®*g is C*
smooth in the Fermi coordinate system.

Let us now study the form of the metric in this single coordinate chart (U, ®) given
by the z-coordinates. We will first derive the form of the metric in y-coordinates
which is just an affine transformation of the z coordinates (the linear part of this
affine transformation is unitary). To find the form of the metric in y-coordninates,
we note that F; preseves the product structure on M and therefore it suffices to
check the form of the Riemannian metric g near the geodesic v = II(8) in M. Let
the indices 7, 7, kK run between 1 and n and the indices «, § between 2 and n. Since
the set {¥(y1),e2(y1),...,en(y1)} is an orthonormal basis, we see that gjx|y = ;x|
This implies that 01¢;x|, = 0. Now note that:

DaYijly = <vgaai’ Dj)gly + (0, vgaaj>g|”/7

where V9 denotes the Levi-Civita connection on (M ,g). Using the symmetry for
Levi-Civita connection we see that

Vgaaﬂ'y = vglaa|7 = Vg(yl)ea(ylﬂv =0,
which together with V4 = 0 implies that 9;g11|, = 0 for all j € {1,...,n}. AThis
implies that I'{;|, = 0 for all j, where T}, denotes the Christoffel symbol for (M, g).
Pick an arbitrary unit vector (v2,...,0v") € R™! and for each y' € R consider
the geodesic in M parametrized as h(7) = exp.,,(F > _n_, v*ea(y1)) With the corre-

sponding Fermi coordinates (y, 702, ..., 7v"). Note that 2*(0) = v®, and h satisfies
0 = ht(F) + Dag (M)A (PP (F) = Top(7)h* (7R (7),
since hzﬁ(f) = 0 in this coordinate system. Since v® is arbitrary, we deduce that

Ihgly,=0 foralll<k<nandal2<apB<n

To conclude that all the Christoffel symbols vanish on the null geodesic, we still need
to show I'f4|, = 0. Using the definition of the Christoffel symbol we see that it
suffices to show that 0,¢15|, = 0. But,

Dag1ply = (01, VI0u0p)4ly = Fiﬁ‘v =0.

Thus in y coordinates g|z = n;; where nj; denotes the Minkowski metric on R*™"
and 0;g;k|s = 0. Since the map y — z is affine, it is easy to verify that g satisfies the
claimed properties. Il

It should be clear now that the constants a, ag, s_, s4, by, b defined in (3.4) merely
denote the s-coordinates of the points 3(7_ —¢), B(17- —3), B(7-), B(74), B(T4+ +5),
and [(1, + €) respectively.
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12 HYPERBOLIC DIRICHLET TO NEUMANN MAP

3.2. Eikonal and Transport equations. Throughout this subsection we will as-
sume that § is a null geodesic in D that is extended to M as described above with
local coordinates (2;...,2") and that A, ¢ satisfy (1.1). Let us consider the differ-
ential operator:
Ly =—0;+AVI+q.
We start the construction of the approximate Gaussian beam by defining the set
V={(z",2) € M|2" € [a, b, |+'| <6}, (3.6)

with 0 < 0 < ¢’ (see Lemma 3.1) sufficiently small such that the set ¥V does not
intersect the sets {0} x M and {T'} x M (this can always be fulfilled as § € D). We
make a WKB ansatz of the form

u = ey, (3.7)
such that u is an approximate solution to L 4 ;u = 0 as a formal power series in p > 1.

Here, ¢ € C3(V) and v € C*(V). We make the following ansatz for ¢, v respectively:

|2

o= pr(s,2) and (s, 2) = plup(s)x(75), (3.8)

where for each k = 0,1,2, ¢, is a homogeneous polynomial of degree k with respect
to the variables z* with ¢ € {1,...,n}. The smooth function y : R — [0, oc] satisfies
x(t) =1 for [t| < %, and x(t) =0 for |t| > 1. We also define the set where
Note that:

Ag(e"?v) = €2 (—p*(dip, dp)gv + ip(2(dp, dv)g + (Dgp)v) + Agu).
Let us define:

S = (dp,dp)z, and Tuv:=2(dp,dv); + (—AVI@ + Ajp)v.
Then:

Lag(e??v) = e(p*(Sp)v — ipTav + Lagv). (3.9)

We require that S = Y7 _ 50k Oip vanishes up to second order on the null

geodesic f with respect to the transversal directions (the case Sy = 0 is known as
an eikonal equation). Put differently, in terms of the Fermi coordinates we require

that:
oM o™
Jor Do (S¢)(s,0,...,0) =0 for s € (ap,by), (3.10)
for all m = 0,1, 2 and all choices of ay,...,a, > 0 such that Z?’:l aj =m.
We will also require that the following transport equation holds along the null geo-
desic :
(Tavo)(s,0,...,0) =0 for s € (ag,bp). (3.11)
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 13

3.3. Construction of the phase. We begin by solving equation (3.10). For m = 0,
we obtain the equation

" 0p D
(Y "2 T)5=0 1<Vij<n

kd=0 0zk 821
Recalling that g|g = 2d2%dz" + (d2?)? + ... + (d2™)?, this reduces to
2000 D10+ > _(Okp)? = 0. (3.12)
k=2

Similarly, for m = 1, we obtain (recall that for all 4, j, k we have 9;¢g'%|5 = 0)

(Z g2 0 0p)s =0, foralll<a<n. (3.13)
k,1=0

Recalling the definition of the phase function ¢ from equation (3.8), it is clear that
equations (3.12) and (3.13) will be satisfied if we set ¢y = 0 and ¢; = r. Next we
consider the case m = 2 in equation (3.10) and write wa(s, 2') 1= 37, ., ., Hij(s)2'2/
where H;; = Hj; is a symmetric matrix. Let us impose the auxiliary condition that

SH(s) >0 for s € (ag,by). (3.14)

This assumption will lead to a Gaussian decay away from the null geodesic 5, but we
will also provide a geometric motivation behind this assumption in the next section.
We require:
n
0 ( gkl dp Dy
8ziazj kd=0 8zk Gzl

This is equivalent to:
(075" Okp O + 250350 D10 + 2570750 Oy + 40:g7 020 Do) |5 = 0.

which again simplifies to

s=0 1<Vij<n.

(029" + 290,00 +2> e die)ls = 0.

k=2
We therefore obtain the following Riccati type ODE:
d
d_H +HCH+ D=0, s¢€(apby) H(s_)=Hy with $Hy >0, (3.15)
s
where C' is the matrix defined through
011 =0

Cij =0 otherwise
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14 HYPERBOLIC DIRICHLET TO NEUMANN MAP

and D = (Dij)nxn = (058" |8)nxn for all 4,5 € {1,...,n}. Note that since g is
C* smooth in the Ferml coordinates, we have D & CQ([ao, bo); C**™). We now recall
two lemmas. For the proofs, we refer the reader to [21, Lemma 8,Section 8] and [21,
Lemma 10,Section 8] respectively.

Lemma 3.2. The Riccati equation (3.15) has a unique solution. The solution H is
symmetric and S(H(s)) > 0 for all s € (ag,by). We have H(s) = Z(s)Y (s)~ where
Z(t) and Y (t) solve the following system of first order linear ODFEs:

d

—Y=CZ, Y I
4 (=1,
4y Dy, Z(s)-H
ds~ 0

In addition, Y (s) is non-degenerate for all s € [ayg, by).

Lemma 3.3. The following identity is satisfied:
det(S(H(s)) - |det(Y (s))]* = det(S(Hop)).

Let us make some remarks about the regularity of the solutions Y'(s), H(s). Since C
is a constant matrix, the matrix Y (s) also satisfies

2
%Y = —CDY, Y(s_)=1, Y(s_)=CH,. (3.17)
since D € C%([ag, by]; C*), we immediately deduce that Y € C*([ay, bo]; C"™*™). Now
considering the ODE for the function Z(s), we deduce that Z € C3([ag, bo]; C**").
Finally, since H(s) = Z(s)Y!(s) and since Y (s) is non-singular on [ag, by], we
conclude that

H € C*([ag, bo]; C™™) and ¢ € C3(V) (3.18)

in the Fermi coordinates.

3.4. Construction of the amplitude. Let us now study the transport equation
(3.11). First observe that in Fermi coordinates

e)ls = Z §0%0ls = Z Lils = Tr(CH).

1,7=0
Thus equation (3.11) simplifies to:
20500 4+ (THCH) — A(s,0)8)vo = 0 s € [ag, b, (3.19)
where AS == Ad, = (A, dz");. We proceed to prove that

vo(s) = det(Y () “2ez - ATOPM g g g ) (3.20)
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HYPERBOLIC DIRICHLET TO NEUMANN MAP 15

satisfies equation (3.19). Indeed, this follows immediately from the observation:

ay d
Tr(C(s)H(s)) = TH(C(5)Z()Y (5)™") = Tr{—=(s)Y (s) ") = —log(det(Y(s))),
s s
where we have used the fact that 4 (s) = C(s)Z(s). Clearly vy € C*([ao,bo)),
which together with the definition of v implies that v € C*(V). This concludes the
construction of the amplitude function and also the construction of u defined by (3.7)
which we refer to as an approximate Gaussian beam.

3.5. Geometrical interpretations. We will briefly discuss some geometrical as-
pects of the approximate Gaussian beam construction. In particular, we will discuss
explicitly, how conjugate points on (M, g) manifest themselves in the vector valued
function Y (s) constructed above. First we note the following lemma.

Lemma 3.4. Let 8 be a null geodesic as above and let us consider the Fermi coor-
dinates near B. We have the following identity:

82§11
9507, |5 = —2Roiojp;

for all indices i,j € {1,...,n}, where Ry, denotes the curvature tensor for the
Lorentzian manifold (M, g).

Proof. First note that by Bianchi identities the expression is clearly symmetric with
respect to indices 7, 7. We let V9 and fj-k denote the Levi-Civita connection and the
Christoffel symbol for (M, g) respectively. Recall that g denotes the inverse of the
matrix g;; and since glg = 2d2%dz' + (dz?)* + ... + (dz")? it follows that

aZiaZj B azlﬁzj A

Since [0;,0;] = 0, we have
Roiosls = (V5, V5,00, 05)5l5 — (V5,V5,00,0;)5s-

Using the definition of the Levi-Civita connection we have

VI VS0 => (0T5)0k + Y ThTom, (3.21)
k=0 k,m=0
and
VEV%0 =D (0500 + Y Thl . (3.22)
k=0 k,m=0
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16 HYPERBOLIC DIRICHLET TO NEUMANN MAP

Recall that 8;g;k|3 = 0. This implies that T, |3 = 0 but since Jy also denotes the
tangent vector to 3, we observe additionally that 80F§k| 3 = 0 which implies that
(3.21) vanishes along 8. Hence we obtain

n

Roiojls = —(O_ 0Tk, 0;)5ls = Zgﬂca T60)ls Z Gixd"" 03 Go0) |5
k=0 k,m=0
1o
Z ,mgoo -3 1-2]-900|5 -5 ”gn|

g

We can next use the above lemma in conjunction with the product structure of the
Lorentzian manifold M to derive the following corollary.

Corollary 3.5. For any null geodesic 5 as above, we have the following
92!
g s =0,
0z182i

for all indices i € {1,...,n}.

This corollary can be used to simplify the Riccati equation (3.15) further. Indeed,
Corollary 3.5 implies that Dy; = 0 for i € {1,...,n} and since Cy; = C}j; = 0 for all
j €{1,...,n}, we can simply take Hy; = s + ¢y for any constant ¢y with S(cg) > 0,
Hy = Hj = 0 for all j > 1 and take Hyyy ;41 = H,; for alli,j € {1,...,n — 1}
where H is a symmetric (n — 1) x (n — 1) matrix satisfying

d N .
d—H +20*+ D=0, H(s_)=Hy, (3.23)
s
with [)Z-j = D141 for all 4,5 € {1,...,n — 1}. This observation also simplifies the
construction of the matrix Y. Indeed, we can take Y1; = ¢y and Yy; = Y;; = 0 for all
jed{l,...,n}.

Note that a key ingredient in the construction of Gaussian beams is the requirement
that the matrix valued function Y'(s) is non-singular. This is indeed guaranteed in
the above construction as a consequence of choosing S(Hy) > 0. We will briefly
discuss what happens when one pursues real valued solutions to this linear system.
Recall that Y'(s) satisfies equation (3.17). This of course implies that the columns
of the matrix Y should also satisfy the same ODE. Let V' be one of the columns
of Y with representation V' =37 | Vj(s)a%j. Using the definition of the matrix D

and Lemma 3.4, we deduce that %Vi = > i1 Roio;V’. Rearranging the indices and

22 Jan 2019 11:09:28 PST
Version 1 - Submitted to Analysis & PDE



HYPERBOLIC DIRICHLET TO NEUMANN MAP 17

using the Bianchi identities we obtain (recall that on the null geodeisc, 9y = 5):

D2 .
g2’ t R(V.B)B = 0.

This is the well-known Jacobi equation along 3. We therefore see that the columns
of Y are variation fields of some variation of 5 through null geodesics. In particular
based on this geometric characterization of Y, one can deduce that if there exists
a point [(s) on the interval [ag, by] that is conjugate to ((ag), then any real valued
solution Y'(s) to (3.17) will always become singular at that point (see for example
[13, Section 5.5]). Therefore a global geometric optic construction with a real valued
phase function can not be achieved in the presence of conjugate points on (M, g).

3.6. Construction of the remainder terms. With the WKB construction com-
plete, we now return to the task of constructing solutions u;, us to (3.1), concentrat-
ing on a null geodesic 8 € D. In particular, we will construct the remainder terms in
equations (3.2)-(3.3). We consider the differential operators L 4, 4, and L, ., (formal
adjoint of L 4, ,, with respect to the real L? inner product). We can use the previous
discussion to obtain two families of approximate solutions given by e"”?v; and e~ *"?1,
to these differential operators. Indeed, let
FLP = _LAMH (eipgovﬁ’ FQ’P = _Lj(42,q2 (e_ip¢172>'

Applying equation (3.9), we obtain

Fl,ﬂ = _eipw[pz(sgp)vl - ip7j41vl + LA1,Q1U1]> (3 24)
F2,p = _eimﬁ [p2 (%)62 + Z.10,7:%{21}2 + Lf42,q21_}2]' .

The phase function ¢ € C3(V) is chosen exactly as in Section 3.3 and adapting
equation (3.11) to this case, we make the following ansatz for vy, vy:

!/
v = piuglon(E) ori=12

such the functions v; o(s) satisfy the following transport equations:
205010 + (Tr(CH) — A f)vio =0, s € [ag, b
205090 + (Tr(CH) + Ayf)va0 =0, s € [ao, bo)-
Using (3.20) we have:

(3.25)

1 s .
vio(s) = det(Y (s)) Bz AT

_10rs (A.B)(r .
Va0(s) = det(Y (s))"ze 2V (A0,

Note that F, ,, I, , are compactly supported in a small tubular region around the
null geodesic where the Fermi coordinates are well defined. Also recall from the

(3.26)
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18 HYPERBOLIC DIRICHLET TO NEUMANN MAP

previous discussions that vy, vy € C*(V) in the Fermi coordinates. Next we define
the expression R;,, j = 1,2, as the solution of the following IBVP

LaygBip = Fl,pa (t,x) eM,

R, ,(0,2) =0, O;R1,(0,2) =0, xzeM (3.27)
By (t, ) = 0, (t,2) € (0,T) x OM,
Lj42,q2R2,,0 = FZ,pa (t, i[f) € M,
Ry (T,z) =0, Ry (T,z) =0, zeM (3.28)
Ry ,(t,x) =0, (t,z) € (0,T) x OM.

The energy estimate (2.5) in Section 2 implies that equations (3.27) and (3.28) admit
unique solutions

R;, € C([0,T]; Hy(M)) NCH([0, T]; L*(M)) j=1,2,

with the estimates:

1R ol < CllEFjpll 2 (3.29)
We claim that R, ,, 7 = 1,2, satisfy the following decay property
lim (HRJ',/JHH(M) +p! HRj,p“Hl(M)) =0, (3.30)

p——+o00
and showing this completes the construction of the solutions uy,us of (3.1). Note
that for j = 1,2, using (3.10), (3.11) we have the following bounds:
[vjlle2qay < Cp¥,
Tauil < Ot (D), (3:31)
1Se| < CIZPN(]Y]) for z € V,

where C' > 0 only depending on the geometry and [|A;]|ct, || Azl|cr. Here, N denotes
a continuous function depending on the geometry (M, g) and such that A/(0) = 0.
Note that equation (3.14) implies that:

7| = |e=%| < e—DP|Z'|27

(3.32)

with D > 0 independent of p and only depending on the geometry. In particular
these estimates imply that:

n o4 n 22 Z/
1% 7|2 < / et (Eha. — o,
y

n i n _ o Z/ _
It Sl 5 [ 12195020 De (S =02, (a9

z- N ;
ITae)e™ s S [ o212 Pe P Fa(Ehds = 0o,
%
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Combining these bounds with (3.24), we find
1Ej ol p2agy = o), § = 1,2, (3.34)
and using the estimate (3.29), we deduce that
lim p~ HRj,pHHl(M) <C lim p7'|E pHL2 =0, ;=12

p—+00 p—r—+00
Therefore, in order to prove the bound (3.30), it only remains to prove that

im |[R;pll o0y =0, J=1,2. (3.35)

p—+o0
Let us begin by stating the following two lemmas that will simplify the proof of the
estimate (3.35).
Lemma 3.6. Let ¢,V be as above. Then, O,p does not vanish in V.

Proof. Since we are considering the neighborhood V we may use the Fermi coordinate
system (s,2’). Recall that in this coordinate system o(z) = 2! + H;;(2°)2'27 =
r+ H;;(s)z'2? where 4,5 € {1,...,n}. Therefore:

\/_8t()0 8590 Grgo =—-1+ Z Z] Z Z] +2 Z Hzl

1<,5<n i=1

which implies that for [2/] = /|22 + ... + [2?]2 < § sufficiently small we have
1
Ovp| > 3 (3.36)
U

Lemma 3.7. Let ¢ be as above and suppose that f € C(V) with supp f C V. The
following estimate holds:

hmp ||/ f(7, )€ dr|| 2(ar) = 0. (3.37)

Proof. Note that since f is supported near the null geodesic 3, we may use the Fermi
coordinate system (s, z’). Define ¢, : R"** — R through

-1 ntl

(@) = K7 p + x(pilxl),
with x defined as in (3.8) and & = ||x||L1(rn). We define the smooth functions:

fr=1*C (s,2)€eV.

It is clear that f, is supported near the null geodesic 3 and

. k
lim [f, = flewo =0, Iollwemn <Gt WEEN. (338)
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20 HYPERBOLIC DIRICHLET TO NEUMANN MAP

We write
t
1% / F(7, )9 drll ey < I+ Lo,
0

where

t t
I = Hp4/ Folr, e dr| 2y, and Iy = Hp4/ (f=fo) (7, )e?? T dr| 2
0 0

For I, we integrate by part in time using ¥ = pgt’;@tei’w and use Lemma 3.6
together with the fact that the set V does not intersect the sets {0} x M and {T'} x M
to obtain

I € H—I;Z f W” I @ 1/t (_9p) e d | <pi
e’ 2y + llpt™ O- e dr|| 2y S p A,
1 20, p L2(M) P ; X L2(M) S P

where we are using the first bound in (3.33) together with equation (3.38) to bound
the first term by p~! and the second term by p’%. For the term I, we can use
the Cauchy Schwarz inequality along with inequalities (3.33) and equation (3.38) to
obtain

L <T)p5(f = £)e%? 2oy < Tl fo — Flleo - 1o €72y = 0 as p — o0.

U

Proof of Estimate (3.35). The result for Ry , and R, , being similar, we will only give
a proof for R; ,. Using the energy estimate (2.6) in Section 2, together with the fact
that R, , solves equation (3.28), it suffices to prove that lim, . || Fspllz2(m) = 0,

where F, ,(t,z) := f(f Fy ,(7,z)dr. We have:
F.,(t,x) = Li(t,z) + L(t,x) + I5(t, x), (3.39)

where

ht.a) == [ e [PS)ran(ra)] dr
Lta) = [ @ fipTa,un(ra)] dr

h(t.a) == [ @ (L)t dr.

We proceed to bound each of the above integrals using the Fermi coordinates (s, 2’)
around . This can be done since each of the above integrands is supported in a
small tubular neighborhood of . For the first integral, I;, we apply integration by
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parts to obtain

]1(t,m):/0 piapﬂo(&eip“’)(&p)(ﬂx)vl(T,x) dr

_ipe'? Yo o0 Se

= o (Sgp)(t,x)vl(t,:c)—i-/o e ZpaT[(&go)vl] (1,2)dr
ipe'P? . /t o 020 : /t 00 Or[(Sp)v1]

= S + e S dt — e TPt
Oy (S)ur +-ip 0 ‘ (3TSO)Q( Pl i 0 ¢ Or¢p

= S1(t,x) + So(t, x) + S3(t, x).
(3.40)
Using (3.33) we deduce that [|S1| 2 = o(1). For Sy(t, x), we first use the Cauchy-
Schwarz inequality to observe that
0/

Sl L2(a) < PT||€ipww(&P)Ul||L2(V)‘

Recalling that ¢ € C*(V) and applying the bound (3.33) again, we deduce that
|1S2]|L2(am1) = o(1). For Sy, we integrate by parts again to obtain

_ _eipap at[(S(,O)Uﬂ teipgo 87'((‘990)@1) SR
1= e Gt ], o G = S

Using equation (3.10), it is clear that |9,(S¢)| < |2/|N(|2]) and [02(Sw)| S N (7))
on the set V. Using this observation, together with bounds analogous to (3.33), we
deduce that [[S4 2y = o(p~2) and 195]|L2(am) = o(1). Let us now consider the
function I»(t, ). We have:

t ‘
b@@ZAM%&WWWﬂm@@MT

) . (3.41)
= T :1:)—/ s [a (M>] dr = S(t,x) + Sa(t, )
atQO A1 V1 9 o T aTQO . 6\%, 7\l .
Using (3.33) again, we deduce that ||Ss||L2(a1) S p~2. For S7, noting that 8t(T“§t1:1) €

Ce(V), we can use Lemma 3.7 to show that lim, , ||S7||r2m) = 0. Finally, for
the function I3(t,z), since p,v; € C*(V), we have Ly, ,,v1 € C(V) and that this
function is supported near the null geodesic 5. Using this observation together with
Lemma 3.7, we conclude that lim,, ||13]/z2(m) = 0. This completes the proof. [J
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4. REDUCTION TO THE LIGHT RAY TRANSFORM

In this section we will obtain the light ray transforms of A and ¢ on null geodesics
from the knowledge of the Dirichlet to Neumann map A4, and then use Proposi-
tion 1.4 to prove Theorem 1.3. Proposition 1.4 will subsequently be proved in the
next section.

4.1. Recovery of the light-ray transform of A. From now on we fix ¢ = ¢; — ¢o,
A = A; — A, extended by zero to (R x M)\ M. We take  to be a maximal null

geodesic in D C M and extend it to M. For j = 1,2, we define
uj € C([0,T); H'(M)) N C ([0, T]; L*(M))

a solution of (3.1) taking the form (3.2)-(3.3) with the properties described in the
previous section. We fix ugz the solution of (1.3) with A = As, ¢ = ¢ and f given by
f(t,z) = uy(t,z) = vi(t,2)e??, (t,z) € (0,T) x OM.

Then the function ©v = us — u; solves
—Agju+ A (t, 2)VIu + ¢o(t, v)u = AVIu + quy, in M,
u =0, on (0,7) x OM, (4.1)
u(0,-) =0, Ou(0,)=0 in M.
Moreover, since A; = As on (0,7) x OM by assumption, we have dyu = Jyuz—dyu; =
Ay o f — A, g f = 0. Multiplying (4.1) by uy and integrating by parts we obtain

/ [AVIuius + quiug) dVy = 0, (4.2)
M

where dVj(t,z) = | g|%dt A dx denotes the volume form for § = —dt®> + ¢g. Applying
(3.30), we obtain

0= lim p_l/ [AVIuius + quiug) dVy =i lim (AVggo)e_m(“”)vlﬁg dvj.
p——+00 M p——+oo M

Recall that the functions v; and v, are supported in a small tubular neighborhood
of the null geodesic 5. Thus the integrand in the above equation is supported near
and we can the use Fermi coordinates z = (2°,...,2") = (s,2/) = (s,7,2%,...,2") =
(s,r,2") to compute the limit. We have:

- n _ 2 ﬂ o d Y -1 2 M
V1l = P2 v1U2,0X " ( 5 ) =pzdet(|[Y(s)]))"G(s)x" ()

where

Y

e /. (.A(T,O)ﬁ)dT'

Q
—~
Va)
~—
I
N|=

Note that:
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Using Lemma 3.1 we have || det g|(s, z’) — 1| < C|2/|>. Using the fact that A,q =0
on the set M \ M and the above two obsevations we get

bo
lim / p2G(s)e 5@ (det |V (s)]) "ty (l%) ds Ndz' = 0.
\z’|<6

p—r+00

Lemma 3.3 imphes that
|#'|

[, e edey () W5 d = 0+ 0ol ),
|2’|<d

where C' # 0 is a constant. Combining Fubini’s theorem and the above equation we
have

bo S+ .
0= g(s)ds:/ G(s)ds =G(sy) —G(s-).

Since G(s_) = 1 by definition, we conclude that G(s;) = 1, which implies that for
any null geodesic g € D, we have
1
exp(= / A)=1.
2 Js

Since supp A C &, we can conclude that:

y— /A €z, (4.3)

for any maximal null geodesic in R x M. Now consider equation (4.3) and write
B(t) = (t+t,7(t)), where t € I and t € R. We consider the family of null geodesics
Bs(t) = (s +t,v(t)) and note that equation (4.3) holds for all s € R. Since A is of
compact support, we must have that [ 5 A vanishes for |s| large. Together with the
continuity of A, we can conclude that it must vanish for all s. Therefore, for any
maximal null geodesic in R x M we have

[a-0
B

Finally, under the hypothesis of Theorem 1.3, together with Proposition 1.4, we
conclude that the first equation in (1.4) holds.

4.2. Recovery of the light ray transform of gq. The previous discussion yields
that A; — Ay = dy for some ¢ € C*(M) with 1]gm = 0. We define ¢ = 19, and let

A2<t7$) = A?(t>$) + Qd& = Al(tax) V(t, .1') € Ma

0,7) = (t0) + A8~ 40— (V5. 0)  wewem Y
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The gauge invariance of the DN map implies that
AA17q1 - AAQ,QQ = AAlan' (4'5)

Furthermore, we also know that supp(Ga —¢;) C €. We now proceed as in the
previous section. We start by fixing ¢ = ¢1 — ¢2. As before, we take [ to be a
maximal null geodesic in D C M and extend it to M. For j = 1,2, we define

uj € C([0,T]; HY (M) N CH([0, T]; L*(M)),

as the Gaussian beam solutions of (3.1) (with A, replaced with A, and g replaced
with G), taking the form (3.2)-(3.3). We fix uz the solution of (1.3) with A4 = A,,
q = ¢o and f given by

ft,2) :==ui(t,z) = vi(t,x)e*?, (t,x) € (0,T) x OM.

Then the function v = us — u; solves

—ANgu+ Ay(t, 2)Vu + Go(t, x)u = quy, in M,
u =0, on (0,7) x OM, (4.6)
u(0,) =0, Ju(0,:)=0 in M.

Moreover, (4.5) implies dpu = Oyuz — Opuy = Ag, o f — Aay [ = 0. Multiplying
(4.6) by us and integrating by parts we obtain

/ quiugy dVy = 0. (4.7)
M
Applying (3.30), we obtain

lim qe” 20,5y dV; = 0, (4.8)
p—0 J aq

Here, we note that since A, = A;, we have

n Z, n Z/
U102 = 92’01,0172,0X2(’7;|> =p2 det(!Y(S)DIXZ(%).

Thus, taking the limit p — oo and using Lemma 3.3 we deduce that

/t ()t =0. (4.9)

This equation only holds for maximal null geodesics in D, but since suppq C &£, we
can conclude that this equation holds for all maximal null geodesics f in R x M.
Together with Proposition 1.4, we conclude that ¢ = 0, thus completing the proof of
Theorem 1.3.
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5. INVERSION OF THE LIGHT RAY TRANSFORMS

This section is concerned with the proof of Proposition 1.4. We start with the
inversion of the light ray transform of a scalar function ¢ satisfying suppq C &.

Proof of statement (i) in Proposition 1.4. We know that for any maximal geodesic
Bin R x M,

/t (B it =0,

Using the identification of maximal null geodesics 8 = (f + t,v(t)) with maximal
geodesics in M, we conclude that

Laltn) = [ ali+ tr(@) di =0, (51)
I
for all £ € R and all unit speed maximal geodesics v in M. Taking the Fourier
transform of L(t,~) with respect to the variable ¢ € R and using the fact that ¢ is
compactly supported, we deduce that

0= Lq(r.) = / / (4 (8)) dE dt = / ¢(r, (1)) dt,

where ¢(7,-) denotes the Fourier transform of ¢ with respect to the time variable.
Evaluating at 7 = 0, we get

/ 40, 7()) dt = 0,

I
for all geodesics v in M. Using Hypothesis 1.2, we deduce that ¢(0,-) = 0. Next, we
evaluate all the derivatives of L(7,7) at 7 = 0:

0= Tt o = 0 [ i) aa =3 (1)

; / (it)77926(0,~(t)) dt.

=0 g

(5.2)
We now use induction on j to show that 92¢(0,-) = 0 for all j € N. This is true for
j = 0 as shown above. Suppose the induction hypothesis holds for all j < k. Then

using (5.2) implies that
[ .y a o
I

Together with Hypothesis 1.2, we conclude that 9%G(0,-) = 0. This completes the
proof by induction. Now, since ¢(t,-) is a compactly supported function in ¢, we
know that ¢(7, ) is real analytic with respect to 7 and since all the derivatives vanish
at 7 = 0, we conclude that ¢ vanishes identically, which implies that ¢ = 0. O
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It remains to prove the inversion of the light ray transform of a one-form A sat-
isfying supp.A C &€ up to the natural gauge. let us begin with some remarks and
lemmas. We write A = bdt + w. Similar to the proof above, we have

0= ZA(r,7) = /R eiri /I BT + £, 7(8)) + (i + £, 7(6))3(8)] de d,

for all maximal geodesics v € M. Since A is compactly supported, we can interchange
the order of integration to obtain

o=22vmr=/@vm@»+amvmﬁw»w,

1

where b and & denote the Fourier transform in time of the compactly supported
function b and the one-form w respectively. Evaluating at 7 = 0, we obtain

Using Hypothesis 1.2 together with smoothness properties of the Helmholtz decom-
position discussed in Section 1.3, we deduce that

~

b(0,2) =0, &(0,2) = diho(x), (5.3)

for some 1y € C*(M) vanishing on 9M. Note that since w is C' smooth, and since
dipo(z) = ©(0,7) € CH(M;T*M), it follows that

Yo € C2(M)
We have the following lemma.

Lemma 5.1. Let v_1 := 0 and 1y be as above. There exists a sequence of functions
{r}s2, € C*(M) all vanishing on OM and such that for every k > 0,

O0(0,2) = dyp(z), and OFb(0, ) = ikiby_1 ().

Proof. We proceed by induction. The claim is true for £ = 0 as discussed above.
Suppose it holds for all m < k. For m = k, we have:

FLA(0,~) = Ek: (k>

=0 \J

[ @1-110150,9(0) + 600,106 dt = .

1

Now using the induction hypothesis together we can simplify this expression to obtain

ﬂ&mm@wﬁmmwmﬂmwz—i(@

I im0 \J

([ (01001 + duyi 0] de).

I
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Now using the fact that [, t"7dy;4(t) — [;(k — j)t*"71p; dt, we can simplify
the right hand side of the above equatlon to

RS (5) [y @i = ottice = o) an

=3 (5 furre i+ z (") fntintu,i1an

e I I

=ik [ Yra(v(1)) dt.

I

Hence we have
/I 850 7(1)) — iktbes (4(8)) + E(0,(£)3(D)] de = 0.

Using Hypothesis 1.2 together with smoothness properties of the Helmholtz decom-
position in Section 1.3, we conclude that there exists 1, € C*(M) vanishing on dM
such that

500, x) = dyp(z), and  OFb(0,z) = ikie_ ().
(0,z) € CY(M; T*M) and ¢y, € C'(M), we conclude that
Yy € CQ(M)

This completes the induction argument. U

Since diy, = 87’?(1)

Proof of statement (i) in Proposition 1.4. Let us define
t

¢@@:A%@@@:/ b(s, z) ds, (5.4)

— 00

where we are using the fact that supp.A C M. Note that since A has compact
support, equation (5.3) implies

T
Y(t,x) =y(T,x) = / b(s,z)ds =b(0,x) =0 fort>T. (5.5)

0
Similarly, ¥ (¢,x) = 0 for t < 0. Again, we let 1/3(7‘, x) denote the Fourier transform
of ¢ in the time variable. Note that since v is compactly sup~ported in time, (7, x)

is analytic with respect to 7. Let us define the coefficients {t;}32, through

.

¢(T7 :L“) = A

k=0
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We claim that () = ¢ (z) holds for all k > 0 and all z € M. To see this note

that by definition dy¢) = b. Hence i7¢)(7) = b(7). Now differentiating this expression
k + 1 times and evaluating at 7 = 0 we deduce that

v A 1 4
e = W0) = i 0 0) =

where we used Lemma 5.1 in the last step. Thus, we have

1&(7, x) = Z wk(@T’“.

k!

Since w(t, z) is also compactly supported in ¢, Lemma 5.1 implies that

w(r,x) = kz: —aﬁwli?’ x)Tk = kZ: _dl/JZ!(ZU)Tk‘ (5.6)
—0 =0

Note that for every fixed x € M, the following estimate holds:

T
950(0.2)] < 05t ) lmiey S [ ettt
0
which implies that the infinite series (5.6) is uniformly convergent with respect to
x € M, and therefore we can write

w(r,x) = Z —dwl];!(x)Tk = d(z ¢k<x)7'k) = di)(T, z).

k=0 k=0

Hence, w = dv, and subsequently
A=bdt+w = (0)dt + dp = dv. (5.7)

Note that 9| r)yxom = 0 as Yglopr = 0 for all & > 0. We will now show that
Y € C*(M). Indeed, it is clear from equation (5.4) that ¢ € C'(M). But then since
dy = A € CH(M;T* M) we may conclude that v € C*(M). d

5.1. Remarks. With the proof of Theorem 1.3 complete, let us state a few remarks.
We start with the auxiliary condition that the coefficients A, ¢ should be known on
the set M \ €. This is merely an artifact of the light ray inversion method, as the
Gaussian beam construction shows that the light ray transforms of A and ¢ can
be obtained on the set D. As the ratio D,(M)/T grows, the set £ grows and the
coefficients are therefore recovered in a large set that is closer in size to the optimal
set D. The assumption that D (M) < oo in particular implies that the manifold
(M, g) should be non-trapping. To illustrate this remark, consider M = [0,1] x S*
with S* denoting the unit circle and note that in this case D,(M) = co.

Regarding the smoothness of the metric g, note that we only require the metric
in Fermi coordinates to be C* smooth. This however, can only be guaranteed if the
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metric is a priori known to be C® smooth, as there could be some loss of regularity
in the angular directions of the exponential map of a Riemannian manifold. One
can in fact use a mollification of the phase function ¢ to improve the result to
g € C*(M;Sym*M). The key here is that there is no loss of regularity in the direction
tangent to the null geodesic in Fermi coordinates. We believe that the result could
be extended to g € C2(M;Sym?M), but this will require mollification of the metric,
gp- Improvements beyond the C*-smoothness for the metric g could be much harder.

ACKNOWLEDGMENTS

A.F was supported by EPSRC grant EP/P01593X/1, J.I. was supported by the
Academy of Finland (decision 295853), Y.K. was partially supported by the Agence
Nationale de la Recherche grant ANR-17-CE40-0029 and L.O was supported by the
EPSRC grants EP/P01593X/1 and EP/R002207/1.

REFERENCES

[1] S. ALINHAC, Non-unicité du probléme de Cauchy, Ann. of Math., 117 (2) (1983), 77-108.

[2] S. ALINHAC AND M.S. BAOUENDI, A non uniqueness result for operators of principal type,
Math. Z., 220 (1995), 561-568.

[3] V. BaBicH, V. ULIN, The complexr space-time ray method and quasi-photons, Zap. Nauch
Semin. LOMI 117(1981), 5-12 (Russian)

[4] M. BELISHEV, An approach to multidimensional inverse problems for the wave equation, Dokl.
Akad. Nauk SSSR, 297 (1987), 524-527.

[5] M. BELISHEV, Recent progress in the boundary control method, Inverse Problems, 23 (2007),
R1-R67.

[6] M. BELISHEV, Y. KURYLEV, To the reconstruction of a Riemannian manifold via its spectral
data (BC-method), Comm. Partial Differential Equations, 17 (1992), 767-804.

[7] M. BELISHEV, A. KATCHALOV, Boundary control and quasi-photons in the problem of a
Riemannian manifold reconstruction wvia its dynamical data, Zap. Nauch. Semin. POMI,
(203)1992,21-50 (Russian)

[8] M. BELLASSOUED, D. DOs SANTOS FERREIRA, Stability estimates for the anisotropic wave
equation from the Dirichlet-to-Neumann map, Inverse Probl. Imaging, 5 (4) (2011), 745-773.

[9] M. BELLASSOUED, D. JELLALI, M. YAMAMOTO, Lipschitz stability for a hyperbolic inverse
problem by finite local boundary data, Appl. Anal., 85 (2006), 1219-1243.

[10] I. BEN AICHA, Stability estimate for hyperbolic inverse problem with time-dependent coefficient,
Inverse Problems, 31 (2015), 125010.

[11] R. Bosi, Y. KURYLEV, M. LASSAS, Stability of the unique continuation for the wave operator
via Tataru inequality and applications, J. Differential Equations, 260 (2016), pp. 64516492.

[12] A. BukHGEIM, M. KLIBANOV, Global uniqueness of a class of multidimensional inverse prob-
lem, Sov. Math.-Dokl., 24 (1981), 244-247.

[13] M. CARMO, Riemannian Geometry, Birkhduser, 1992.

[14] M. CEkI¢, The Calderdén problem for connections, Commun. Partial Diff. Equ. 42(11),
17811836 (2017).

22 Jan 2019 11:09:28 PST
Version 1 - Submitted to Analysis & PDE



30 HYPERBOLIC DIRICHLET TO NEUMANN MAP

[15] D.M. DETURCK, J.L. KAZDAN, Some regularity theorems in Riemannian geometry, Ann. Sci.
Ec. Norm. Supér., 4 (1981), No. 3, 249260.

[16] D. Dos SANTOS FERREIRA, S. KURYLEV, M. LAssAs, M. SALo, The Calderdn problem in
transversally anisotropic geometries, J. Eur. Math. Soc., Vol. 18, No. 11 pp. 2579-2626, 2016.

[17] G. EskIN, Inverse hyperbolic problems with time-dependent coefficients, Commun. Partial Diff.
Eqns., 32 (11) (2007), 1737-1758.

[18] E. FERMI, Atti Acad. Naz. Lincei Rend. Cl. Sci. Fiz. Mat. Nat. 31, 21, 51 (1922).

[19] V. Isakov, Completness of products of solutions and some inverse problems for PDE, J. Diff.
Equat., 92 (1991), 305-316.

[20] A. KarcHALOv, Y. KURYLEV, Multidimensional inverse problem with incomplete boundary
spectral data, Comm. partial differential equations, 23 (1998) 55-95.

[21] A. KaTcHALOV, Y. KURYLEV, M. LASSAS, Inverse boundary spectral problems, Chapman
& Hall/CRC Monogr. Surv. Pure Appl. Math. 123 Chapman & Hall/CRC, Boca Raton, FL,
2001.

[22] C.E. KENIG, M. SALO, The Calderdn problem with partial data on manifolds and applications,
Analysis and PDE.http://arXiv.org/abs/1211.1054

[23] Y. KIAN, Stability of the determination of a coefficient for wave equations in an infinite waveg-
uide, Inverse Probl. Imaging, 8 (3) (2014), 713-732.

[24] Y. KIAN, Stability in the determination of a time-dependent coefficient for wave equations from
partial data, Journal of Mathematical Analysis and Applications, 436 (2016), 408-428.

[25] Y. KIAN, Unique determination of a time-dependent potential for wave equations from partial
data, Annales de 'THP (C) Nonlinear Analysis, 34 (2017), 973-990.

[26] Y. KIAN AND L. OKSANEN, Recovery of time-dependent coefficient on Riemanian manifold
for hyperbolic equations, to appear in International Math Research Notices, https://doi.org/
10.1093/imrn/rnx263.

[27] Y. Kian, L. Oksanen, M. Morancey, Application of the boundary control method to partial data
Borg-Levinson inverse spectral problem. http://arXiv.org/abs/1703.08832

[28] Y. KURYLEV, L. OKSANEN, G. P. PATERNAIN, Inverse problems for the connection Laplacian,
J. Differential Geom., 110 (2018), no. 3, 457-494.

[29] I. LasieckA, J-L. Lions, R. TRIGGIANI, Non homogeneous boundary value problems for
second order hyperbolic operators J. Math. Pures Appl., 65 (1986), 149-192.

[30] S. Liu AND L. OKSANEN,A Lipschitz stable reconstruction formula for the inverse problem for
the wave equation, Trans. Amer. Math. Soc., 368 (2016), 319-335.

[31] G. P. PATERNAIN, M. SALO, G. UHLMANN, H. ZHOU, The geodesic X-ray transform with
matriz weights. http://arXiv.org/abs/1605.07894

[32] A. G. RAMM AND J. SJOSTRAND, An inverse problem of the wave equation, Math. Z., 206
(1991), 119-130.

[33] R. SALAZAR, Determination of time-dependent coefficients for a hyperbolic inverse problem,
Inverse Problems, 29 (9) (2013), 095015.

[34] J. RALSTON, Gaussian beams and the propagation of singularities, Studies in partial differential
equations, 206-248, MAA, Stud. Math. 23, 1982.

[35] P. STEFANOV, Uniqueness of the multi-dimensional inverse scattering problem for time depen-
dent potentials, Math. Z., 201 (4) (1989), 541-559.

[36] P. STEFANOV, AND G. UHLMANN, Stability estimates for the X-ray transform of tensor fields
and boundary rigidity, Duke Math. J., 123 (2004), 445467.

22 Jan 2019 11:09:28 PST
Version 1 - Submitted to Analysis & PDE


http://arXiv.org/abs/1211.1054
https://doi.org/10.1093/imrn/rnx263
https://doi.org/10.1093/imrn/rnx263
http://arXiv.org/abs/1703.08832
http://arXiv.org/abs/1605.07894

HYPERBOLIC DIRICHLET TO NEUMANN MAP 31

[37] P. STEFANOV AND G. UHLMANN, Stable determination of the hyperbolic Dirichlet-to-Neumann
map for generic simple metrics, International Math Research Notices, 17 (2005), 1047-1061.

[38] P. STEFANOV, G. UHLMANN, Integral geometry on tensor fields on a class of non-simple
Riemannian manifolds. American Journal of Mathematics, 130 (1), 239268 (2008).

[39] P. STEFANOV, G. UHLMANN, A. VASY, Local and global boundary rigidity and the geodesic
X-ray transform in the normal gauge. http://arXiv.org/abs/1702.03638

[40] P. STEFANOV, Y. YANG, The inverse problem for the Dirichlet-to-Neumann map on Lorentzian
manifolds. Anal. PDE 11, no. 6, 1381-1414 (2018).

[41] D. TATARU, Unique continuation for solutions to PDE; between Hérmanders theorem and
Holmgrens theorem, Commun. Partial Diff. Eqns., 20 (1995), 855-884.

[42] M. E. TAYLOR, Partial Differential Equations, Vol I, Applied Mathematical Sciences, 2nd edn,
vol. 116. Springer, New York (2011).

[43] G. UHLMANN, A. VASy, The inverse problem for the local geodesic ray transform, Invent.
Math., 205(1) (2016), 83-120.

DEPARTMENT OF MATHEMATICS, UNIVERSITY COLLEGE LONDON, LONDON, UK-WCI1E 6BT,
UNITED KINGDOM
Email address: a.feizmohammadi@ucl.ac.uk

DEPARTMENT OF MATHEMATICS AND STATISTICS, UNIVERSITY OF JYVASKYLA, P.O. Box 35
(MaD), FINLAND

Email address: joonas.ilmavirta@jyu.fi

AIX MARSEILLE UNIVERSITE, UNIVERSITE DE ToULON, CNRS, CPT, MARSEILLE, FRANCE
Email address: yavar .kian@univ-amu.fr

DEPARTMENT OF MATHEMATICS, UNIVERSITY COLLEGE LONDON, LONDON, UK-WCI1E 6BT,
UNITED KINGDOM

Email address: 1.oksanen@ucl.ac.uk

22 Jan 2019 11:09:28 PST
Version 1 - Submitted to Analysis & PDE


http://arXiv.org/abs/1702.03638

