ON THE LIGHT RAY TRANSFORM WITH WAVE CONSTRAINTS

ANDRAS VASY AND YIRAN WANG

ABSTRACT. We study the light ray transform on Minkowski space-time and its small metric per-
turbations acting on scalar functions which are solutions to wave equations. We show that the
light ray transform uniquely determines the function in a stable way. The problem is of particular
interest because of its connection to inverse problems of the Sachs-Wolfe effect in cosmology.

1. INTRODUCTION

Let M = [to,t1] xR3 and (¢, ),t € [to, 1],z € R? be the local coordinates. Let gy = —dt? + dz?
be the Minkowski metric on M. Consider the Lorentzian manifold (M, gps). We denote the interior
by M° = (to,t1) x R? and the boundaries by .7y = {to} x R3 and ./ = {t;} x R3. See Figure 1.

Consider light-like geodesics on (M, gps) which are straight lines. We parametrize the light rays
as follows: let x9 € % and v € S? the unit sphere in R3. Then a light ray from z in direction
(1,v) is y(7) = (to,x0) + 7(1,v),7 € [0,t1 — to]. See Figure 1. The light ray transform for scalar
functions on (M, gps) is defined by

(11) Xu(f)(y) = /0  Fy(r)dr, f € O (M)

Of course, one can regard Xjs as the restriction of the light ray transform Xgs of the Minkowski
spacetime (R?*, gjs) acting on functions supported in M. However, it is perhaps better to think of
X as the compact version of the transform, which is similar to the geodesic ray transform on a
compact Riemannian manifold with boundary.

In this work, we study X acting on scalar functions which are solutions to the Cauchy problem
of wave equations on (M, gys). Let ¢ > 0 be a constant. Denote (. = 97 + ¢2A where A is the
positive Laplacian on R3, namely A = Z?:l D%i, D, =— —1%. Here, ¢ is the wave speed. On
(M, gnr), ¢ = 1 is the speed of light. Consider the Cauchy problem

O.f=0 on M
f:fl) atf:f27 on <y(]-

The problem we address in this paper is the determination of f or equivalently fi, fo from X,/ (f)
with the constraint (1.2). Our main result is

(1.2)

Theorem 1.1. Suppose 0 < ¢ < 1 is constant. Assume that (f1, f2) € N* of ngép(yo) X

Hgomp(fo),s > 0, and fi1, fo are supported in a compact set & of . Then Xy f uniquely
determines f and f1, fo which satisfy (1.2). Moreover, there exists C > 0 such that

11 f2)llve < CNXnt fll provsrz iy and [ fllms+rany < ClIXa fl govarz o)
where € is the set of light rays on M, see Section 4.
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We will prove stronger versions of the theorem including lower order terms in the wave equation

in Section 8. However, for ease of presentation, we use the standard wave equation on Minkowski
spacetime throughout the paper until the final sections where the necessary changes are indicated.

/)

M = (to,t1) x R?

- L
\ < y v - 2!
____________ %

FIGURE 1. The setup of the problem for the Minkowski space-time.

We also consider metric perturbations gs = gas + h where h satisfies assumptions (A1), (A2) in
Section 9, which says that A is a suitably smooth small perturbation of the Minkowski spacetime.
In this case, the light rays may not be straight lines. Let Xs be the light ray transform on (M, gs)
see (9.6). Let Oy, be the Laplace-Beltrami operator on (M, g5). Consider the Cauchy problem

Ogsf=0 on M°

(13) f = f17 atf = fQ, on .%.

We prove

Theorem 1.2. Consider (M, gs) satisfying assumptions (A1), (A2) to be stated in Section 9.
Assume that (f1, fo) € N*,s > 0, and f1, fa are supported in a compact set & of Sy. For d >0

sufficiently small, X5f uniquely determines f and f1, fo which satisfy (1.3). Moreover, there exists
C > 0 such that

1(f1s f2)llne < Ol X5 fll ovsrzgyy and [|flirs+rary < Ol X5l rovarz )
where €5 is the set of light rays on (M, gs), see Section 9.

Our motivation for this setup of the light ray transform comes from some inverse problems
in cosmology. We are particularly interested in the determination of gravitational perturbations
such as primordial gravitational waves from the anisotropies of the Cosmic Microwave Background
(CMB), see for example [11, 2, 4]. The Sachs-Wolfe effect in their 1967 paper [18] manifests the
connection of the CMB anisotropy and the light ray transform of the gravitational perturbations.
We discuss the background in Section 2 and 3. Physically, ¢ < 1 and ¢ = 1 in Theorem 1.1
correspond to different Universe models driven by hydrodynamical perturbations and scalar field
perturbations, respectively.

The reason that we are able to get a stable determination is due to the restriction of singular-
ities of f. In general, it is known that time-like singularities in f are lost after taking the light
ray transform, so one does not expect to determine all information of f, although the light ray
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transform is injective on C§°(M). In particular, we do not expect Theorem 1.1 to hold for ¢ > 1.
There is a fundamental difference in our treatment between the ¢ < 1 and ¢ = 1 cases. The former
requires a good understanding of the normal operator X}, X s which was considered in [12] and
further generalized in [13], while the latter relies on a thorough analysis of the operator X/ FE
where F is the fundamental solution or parametrix for the Cauchy problem.

The paper is organized as follows. In Section 2 and 3, we discuss the (integrated) Sachs-Wolfe
effects and explain how the inverse problem is related to our theorems. In Section 4, we review
some properties of the light ray transform. Then we consider the Cauchy problem in Section 5. In
Section 6 and 7, we construct the microlocal parametrix for the light ray transform with the wave
constraint for ¢ < 1 and ¢ = 1 respectively. We prove Theorem 1.1 and the version including lower
order terms in the wave equation in Section 8. Finally, we address the small metric perturbations
of Minkowski space-time in Section 9.

2. THE INTEGRATED SACHS-WOLFE EFFECT
Consider the flat Friedman-Lemaite-Robertson-Walker (FLRW) model for the cosmos:
M = (0,00) x R gg = dt* — a*(t);;dx"da’

where (¢,z),t € (0,00),z € R? are coordinates and §;; = 1 if i = j and otherwise 0. Here, the
signature of gg is (+, —, —, —) because we will refer to some results in [15] later. The factor a(t) is
assumed to be positive and smooth in ¢. It represents the rate of expansion of the Universe.

It is known that the actual Universe is not exactly isotropic. We assume that the actual cosmos
is a metric perturbation g = gg + dg on .# where dg is a small perturbation compared to gg. We
introduce the conformal time s such that ds = a~'dt. Then we get

go = a*(s)(ds? — 8;jdx'dx?) = a*(s)gm

where g/ is the Minkowski metric on .# = (0,00). We write g = a?(s)(ga +Jg) where g denotes
the corresponding perturbation in conformal time. In the literature, the metric perturbations are
classified to scalar, vector and tensor type. We consider the scalar type perturbations. In the
longitudinal gauge, also called the conformal Newtonian gauge, the metric g is of the form

(2.1) g =a*(s)[(1 4 2®)ds* — (1 — 2V)dz?

see [15, Section 2]. Here, ®, ¥ are scalar functions on M. We remark that there is a gauge invariant
formulation of cosmological perturbations. However, in the longitudinal gauge, the gauge invariant
variables are equal to ®, WU, see [15]. In this work, we fix the gauge and work with ®, ¥ for
simplicity. The physical meaning of ®, ¥ in (2.1) is very clear. They are the magnitudes of metric
perturbations.

Consider the Cosmic Microwave Background (CMB) measurement. Our main references are
[2, 4, 18]. Let % = {so} x R? be the surface of last scattering. This is the moment after which
photons stopped interaction and started to travel freely in .. Let . = {s1} x R? be the surface
where we make observation of the photons. Let v(7) be a light ray from %y to .. It represents
the trajectory of photons in .Z. Explicitly, we have

7(7—) = (S(],.I'(]) + T(L”)v (80,.%'0) € t5”07” € 8277_ € [0751 - 30]'

Then we consider the photon energies observed at .%,.” denoted by Ey = go(§(s0),0s), E =
go(¥(s1),0s). Here, the observer is represented by the flow of the vector field 0s. The redshift z is
defined by
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In [18], Sachs and Wolfe derived that to the first order linearization, 1+ z is represented by a light
ray transform of the metric perturbations, see [18, equation (39)]. In cosmological literatures, one
often connects this to the CMB temperature anisotropies. Let T' be the temperature observed
at . in the isotropic background gg. Let 7T be the temperature fluctuation from the isotropic
background. One can compute d7'/T in terms of the energies Ey, E. One component of 67/T is
the integrated Sachs-Wolfe (ISW) effects

orT

(2.2) ( T

s _ /0 T 08(1(1)) + BT (4(F))dr = Xt (Ds + O, W)

see [4, Section 2.5]. Note that this quantity depends on the light ray = which indicates the
anisotropy. We remark that another component of §7'/T is the ordinary Sachs-Wolfe effect (OSW)
which only involves ®, U at .#5. The integrated Sachs-Wolfe effect can be extracted from the CMB
and other astrophysical data, see for example [14].

The inverse Sachs-Wolfe problem we study is to determine ®, ¥ from (67/7)"W. Tt is also
interesting to determine @, ¥ at the initial surface /5. Before we proceed, we observe that there
are natural obstructions to the unique determination from (2.2). If ® + ¥ is a constant, then the
integrated Sachs-Wolfe effect is always zero. So the goal is to determine ®, ¥ up to such natural
obstructions.

3. DYNAMICAL EQUATIONS FOR PERTURBATIONS

For the Sachs-Wolfe problem, we should take into account that g satisfies the Einstein equations
with certain source fields and initial perturbations at .y from gg. On the linearization level, this
puts the perturbation d¢g under some wave equation constraint as we discuss in this section. The
derivations of the equations for the perturbation take some amount of work and they are mostly
done in the literature, see for example [2, Section 5.1] and [4]. We follow the presentation and
the notations in [15, Section 4-6] closely. Instead of the gauge invariant approach, we choose to
work in the longitudinal gauge for simplicity. It is not hard to transform back and forth and our
analysis works for the gauge invariant formulation as well.

Let R", be the Ricci curvature tensor and R the scalar curvature on (.#, g) (in conformal time).
Let T", denote the stress-energy tensor of certain source fields. The Einstein equations are

1
G", = 8&GT",, G',=R', — 5" ,R

where G is Newton’s gravitational constant. We assume that T, = ) , + 0T", where OT
denotes the stress-energy tensor of the background field and §7T denotes the perturbation. We also
have g = a®(gas + 8g). Then we can write G, = OGr, +6G", + --- . From the asymptotic
expansion, one finds that the Einstein tensor for the background metric g); are

0G0 =342, G, =0, OG" ; =a(2H + H?)§" |,
where i, j = 1,2,3, H(s) = Jsa(s)/a(s), see [15, equation (4.2)]. Hereafter, H' = 0;H denotes the
derivative in the conformal time variable. We emphasize that we work with a flat Universe and
we get the equation (VG , = 87GOTH,.
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For the first order perturbation term, we get 6G" , = 87GT",. After lengthy calculations, one
obtains (see [15, equation (4.15)]) the following equations for &, ¥

—3H(H® + V') + AV = 47Ga?sT°
(3.1) O (H® + V') = 4nGa?5T",

1 . 1. .
[(2H' + H*)® + HY + V" + 2HV' + FA@—D)"; — 55“€(<1> — ) = —4rGa®sT" |,

where 4,7 = 1,2,3, 0; denotes the ith component of the covariant derivative with respect to the
background metric gjs, and A denotes the standard Laplacian on R3.

Now we need to specify the source field. We consider two important examples: the perfect fluid
and the scalar field.

We first consider Universe dominated by perfect fluid sources. Let u be the four fluid velocity
of a fluid source. The stress-energy tensor for a perfect fluid is

T = (e + p)u®ug — pé® 5
see [15, equation (5.2)], Here, € is the energy density and p is the pressure of the fluid. We assume
that € = €y + de, p = po + dp where 0 denotes the quantity for the background and § denotes the

perturbations. For fluid source, from (3.1) one deduces that the perturbations ® = W. In the case
of adiabatic perturbations, ® satisfies the following equation, called Bardeen’s equation

(3.2) " +3H(1+ ) — EAD + [2H + (1 + 3¢2)H?|® =0,

see [15, equation (5.22)]. In general, the right hand side of the equation is a non-zero term related
to the entropy perturbations. The fluid velocity u also satisfies a wave equation with speed cs, see
[15, equation (5.25)]. Here, ¢; < 1 is the speed of sound. Prescribing Cauchy data of ® at .7,
one can solve the Cauchy problem of (3.2) to get ® in .#. We formulate the inverse Sachs-Wolfe
problem in this case as

Problem 3.1. Determining ® from (2.2) where ® satisfies the Cauchy problem of (3.2).

Commuting equation (3.2) with Js, we see that 0;® also satisfies a wave equation. Hence, we
arrived at the model problem we proposed in the introduction.
Next, let’s consider Universe governed by a scalar field ¢. The stress energy tensor is

T!, = V6,6~ [V 6V ab ~ VO,

see [15, equation (6.2)]. Here, V is the potential function for the scalar field ¢. The field itself
satisfies the Klein-Gordon equation C¢ 4 04V (¢) = 0. Now assume that ¢ = ¢g + d¢ where ¢y is
the scalar field which drives the background model and d¢ denotes the perturbation. Then we can
split 7", = OTH, 4+ §T",. Again, one finds that ® = ¥ and it satisfies the equation

(3.3) " +2(H — ¢4 /d)®" — A® +2(H' — Hepy /o) ® = 0

see [15, equation (6.48)]. This is a damped wave equation with wave speed ¢ = 1. We can formulate
the inverse Sachs-Wolfe problem in this case as

Problem 3.2. Determining ® from (2.2) in which ® satisfies the Cauchy problem of (3.3).

Again, we arrived at the model problem in the introduction with ¢ = 1. We do not need it but
record that the scalar field perturbation also satisfies a wave equation, see [15, equation (6.47)].

Applying our main result of the paper, in particular Theorem 8.3 which allows lower order terms
in the wave equation, we obtain the following result.
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Corollary 3.3. For the inverse Sachs-Wolfe effect Problems 3.1 and 3.2, one can uniquely deter-
mine ® in A (and the initial conditions at %) in the longitudinal gauge up to a constant in a
stable way.

4. THE LIGHT RAY TRANSFORM ON FUNCTIONS

We recall some facts about the light ray transform on scalar functions. Consider the Lorentzian
manifold (M, gps) and hereafter we change the signature of gys to (—, +,+,+). For (t,z) € M°,t €
(to,t1),r € R3, we use E = (1,£),7 € R, € R? for the dual variables in Tt0)M°. We divide the
tangent vectors in T{ ;) M® into time-like vectors Q; \M° = {= € R*: gy (5,8) = -2+ €] < 0},
space-like vectors Q(J;x)MO = {2 € R*: gy(E,Z) > 0} and light-like vectors LynyM°® = {Z €
R* : gy (E,Z) = 0}. We denote the corresponding vector bundles by Q~M°, Q+tM°, LM°. The
cotangent vectors can be classified similarly using the dual metric g3, on T M°. The corresponding
bundles are denoted by Q*~M°, Q%+ M°, L*M°.

From now on, without loss of generality, we take to = 0 in M, which amounts to a translation
in the ¢ variable. Let & be the set of light rays on (M, gas). As M has a global coordinate system,

we can parametrize ¢ as follows. Let y € R3 v € §? o {2 € R3: |z| = 1} with |- | the Euclidean
norm. We denote 6 = (1,v) so that # is a (future pointing) light-like vector. Then we have

¢ ={y(1) (1) =(r,y+7v), 7€ (0,t)}
which is parametrized by (y,v) € R? x §%. For f € C§°(M°) and y € R3,v € $?, we have

t1 t1
@) Xt = [ ey = (o7 [ [ [T (oo,
0 R3 JR3 JO

The Schwartz kernel of Xy, is d7 the delta distribution on € x M° supported on the point-line
relation Z defined by

Z:{(%q)G%XMO:qE’y}:{(y,v,(t,x))ER3XS2><M°::c:y+tv}.

We know (see e.g. [12]) that X, is an Fourier integral operator of order —3/4 associated with
the canonical relation (N*Z)', where N*Z denotes the conormal bundle of Z minus the zero
section. Hence Xy : &'(M°) — D'(€) is continuous. Here, D'(M°), E'(M°) denotes the space of
distributions and compactly supported distributions on M°.

It is known that on R?*, the light ray transform is injective on C§°(R%), see [16, 10], but not
injective on §(R*) (Schwartz functions on R*). It is proved in [10, Corollary 7] that the kernel of
the transform consists of $(R*) functions whose Fourier transforms are supported in the time-like
cone. One can obtain analogous results for Xj,;. The point is that after taking the light ray
transform, time-like singularities in the functions are lost.

To see the difference in the treatment between space-like and light-like singularities, consider
the normal operator X3, X ;. For the light ray transform on R*, the Schwartz kernel of the normal
operator can be computed explicitly using Fourier transforms, see [16]. Let’s look at the microlocal
structure. The canonical relation C = N*Z’ is

C={((y,v,n,w); (t,2,7,6)) € (T"C\0) x (T"M"\0) : y = = — tv, 1=,

4.2
( ) w:t£|TvS27 T ==, yER?)aUESQ’T/ER?)v(t?x)EMO}a

see [12, equation (39)]. In the expression of w, ¢ is regarded as a co-tangent vector to T,S%. If
E = (7,¢) is light-like, then w = 0, see [12, Lemma 10.1]. We look at the double fibration picture
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If p is an injective immersion, the double fibration satisfies the Bolker condition, and the normal
operator Xy, o X belongs to the clean intersection calculus so that the normal operartor is a
pseudo-differential operator, see for instance [6]. As shown in [12, Lemma 10.1], p fails to be
injective on the set £ N C' where

L ={(y,v,n,w;t,z,E) € (T*E\0) x (T*M°\0) : Z is light-like}.

In particular, the normal operator is an elliptic pseudo-differential operator when restricted to
space-like directions, see [16] and [12]. In general, it is proved in [21] that the Schwartz kernel
of the normal operator X3,X) is a paired Lagrangian distribution and a parametrix can be
constructed within the framework of [5]. However, the picture near light-like directions is still not
so clear. We remark that Guillemin [7] considered the structure of X, X;, for 2 4+ 1 dimensional
Minkowski spacetime.

5. SOLUTION OF THE CAUCHY PROBLEM

We find a representation of the solution of the Cauchy problem in this section. Consider
Ocu=0, on M°=(ty,t;) x R

U:fl, 8tu:f2, on y(]:{to}XR3.

The fundamental solution can be written down quite explicitly. However, it will be more conve-

nient to look at its microlocal structure. For (5.1), all we need is the Fourier transform, see for

example Treves [19, Chapter VI, Section 1]. For general strictly hyperbolic equations, Duistermaat-

Hormander (see [3, Chaper 5]) constructed a parametrix for the Cauchy problem. So one can find

a parametrix for (5.1) even when the equation contains lower order terms which will be used in

Section 8.

Let (7,€),&€ € R3 be the dual variables in T*M° to (t,z),z € R3. Take Fourier transform of
(5.1) in x variable, we get (for tg = 0)

2ﬂ(ta E) + 62|£|2ﬂ(t7 5) = 0,
@(0,8) = f1(€), 9a(0,8) = fo(£).

(5.1)

Solve this ODE, we get

; ztc|£| 1 —itele 1 2
a(t,§) = (fi+ ’f\fz) (fi — ‘g‘fz)
Taking the inverse Fourier transform, we get
u(t,x) = (277)—31/ei(m~£+ct£|)(f f )€ + (2m)~ 1/6i(m~£—t0|£l)(f _ Lf )d¢
’ 2 rs| ’ 2 R

(5.2) _ (271')_3/ i(z-&+ctlg]) hl(f)d£+ (2m)~ /el(zf—tcm)im(g)df
= E+h1 + E—h27
where X 1 . 1 .. . 1,4 1,
hi = §(f1 + mﬁ), hy = §(f1 - mh)
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We see that Ey are represented by oscillatory integrals

(5.3) By (f) = (2m)° / Uy EElE) £y dyde

The phase functions are ¢4 (¢, z,y,&) = (z —y) - £ £ ct|¢| and amplitude function a(t,z,£) = 1. In
Hoérmander’s notation, we conclude that £y € I -1 (R x M®; (C*)") are Fourier integral operators
where the canonical relations are

(5.4) c* = {(t,z,Co, 5y, €) € T*MP\O x T*R3\0 : y = & — ct(£&/|€]), ¢ =&, o = €]}

It suffices to regard hq, ho as the reparametrized initial conditions for the Cauchy problem and
represent uw = E{hy + E_hg in (5.2). Once we find hq, hy, we can easily find fi, fo from

fr=hi+ha, fo=icA3(hy — hs)

6. THE MICROLOCAL INVERSION: ¢ < 1

In this case, it is important to observe that singularities (or the wave front set) of the solution
u to (5.1) are all in space-like directions for (M, gas). From the canonical relation C* in (5.4), we
know that for w in (5.1)

WF(u) C {(t,x,&,&) € T*M°\O : & = £cl¢'|},

and |(€0,& )]z, = =65 +1€'] = (=c* + 1)|¢'| > 0 for ¢ < 1. For such (&,¢&’), the corresponding
vector in T'M° is time-like. So these singularities correspond to trajectories of particles moving
slower than photons in (M, gar).

Now we can use the fact that in space-like directions, the normal operator X3, o X/ is actually
a pseudo-differential operator as shown in [12]. The symbol of [, is p.(£, &) = =& + |¢']2. Let
x(t) be a smooth cut-off function with x(t) = 1,|t| < 1 and x(t) = 0, [t| > 1/c? for ¢ < 1. Then
we define

&

X1(§07§,> = X(cg‘g,‘g)

s0 x1(£0,&) = 1 on {(&, &) € R* : pe(&o,€") > 0} and x1(&o,&") = 0 on Q" M°. Let x1(D) be the
pseudo-differential operator with symbol y;. We have

Lemma 6.1. x1(D)X};, o Xpxi(D) is a pseudo-differential operator of order —1 on M°. The
principal symbol at (t,x,&y, &) € T*M°® is

472

X1 (&0, €).

']
Proof. First of all, Xy, is a properly supported FIO. It follows from the proof of Proposition 11.4
of [12] that x1(D)X}; o Xarx1(D) is a pseudo-differential operator on M°. The symbol is

o(t..60.€) =230, €ER - )7 [ 0008

S(éo &)

_1
= 27X (€0, €) (€] — [€5]) > dv
Sl
(€0,€")

where 5(150 ¢y = {veS?: &+ v =0} and § = (1,v). We remark that in Proposition 11.4 of [12],

a restricted version of the light ray transform was considered, but the calculation also works for
the full transform on M that we are considering here. Also, in [12], the author studied the light
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ray transform on symmetric two tensors. Here, we need the result on scalar functions and that
corresponds to #° in the integral. Finally, we use the calculation result in [12, Section 8, Lemma
8.1] to find the symbol in the statement of the lemma. O

Now we show that

Lemma 6.2. The normal operator Ey X3,0 Xy E,, E* X3,0 X E_ are elliptic pseudo-differential
operators of order —1 on R3, and By X3 0 Xy E_ and E* X3, 0 Xy Ey are smoothing operators
on R3.

Proof. First of all, we know that (X3,0 Xy )E; = (x1(D)X3,0Xmx1(D))E+ modulo a smoothing
operator, thus (X3, 0 Xy )E4 € 1 (R3 x M°; (C*)’) from the composition of a pseudo-differential
operator and an FIO. The principal symbol is non-vanishing. We also know that £} € I ~i (M° x
R3; (CT~1)). To compose these two operators, we would like to apply the clean composition

theorem [8, Theorem 25.2.3|, however, the operators are not properly supported. But this can be
justified using the oscillatory integral representation. We have (modulo a smoothing term)

B (X0 XyEy) f(2) = (2m) 7 / e Gmmpnethnh gie=y)-CHetlel o ¢) f (y) dyd dadtdn

= (27T)6/ei(z'”y'5+‘”(5n)Ct’7|+Ct5|)a(§)f(y)dyd§dmdtdn

— (2m)° / VO 0(6) f(y)dydedt

where a(§) is the symbol of x1(D)X;;Xaxi1(D). This is a pseudo-differential operator of order
—1 on R3. The same proof works for the minus sign.

To see that £ X7, o Xy E_ is smoothing, we just need to observe that the canonical relations
C*,C~ in (5.4) are disjoint. So a wave front analysis using e.g. [3, Theorem 1.3.7] tells that the
operator is smoothing. O

We finished the proof but we mention the following alternative argument. Essentially, we want
to consider the operator F, for fixed ¢, denoted by E, (t). We know that E (t) : &(R3) — D'(R3)
is a Fourier integral operator

BL(t)f(x) = (2m)® [ om0t sy ayag

with canonical relation C; = {(y,n;2,&) € T*R3\0 x T*R3\0 : y = = + ct&/|¢],€ = n}. Then
E,(t) € I°(R? xR3; C}) is properly supported. The canonical relation Cj is a graph of a symplectic
transformation, thus the composition E7 (t)E,(t) is a pseudo-differential operator of order 0 on
R3. In our case, E* (t) X}, XmE+(t) is a pseudo-differential operator of order —1 and the symbols
are smooth in t € [tg,t1]. Finally, integrating the symbols in ¢ produces a symbol and we get the
result.

Now we construct a parametrix for the transform.

Proposition 6.3. For c < 1, there exist operators A1, Ay such that
A Xyf=Ff+Rifi+ R\ fa, A Xpyf = fo+ Rofi+ Ryfo

where Ry, Ry, R}, R, are smoothing operators and A; = ;L o X34 = 1,2 in which ﬁl are Fourier
integral operators.



10 ANDRAS VASY AND YIRAN WANG

Proof. First, we represent f = Eh; + E_ho and write
(6.1) Xuf=XyuEiht + Xy E_hs.
We apply E% X3, to get
EXXyXuf=E Xy XvEih + EL X XyE_hy = EY Xy Xy Ephy + Ryha.

Since B X3, X Ey is an elliptic pseudo-differential operator of order —1, we can find a parametrix
B, which is a pseudo-differential operator of order 1 on R? and

Byo E_T_X}\%XMf =hy+ Rih1 + Rllhg

where Ry, R} are smoothing. We repeat the argument for the minus sign. Apply E* X}, to (6.1),
we get

E* X%, Xy f = E* X3y Xar By + EX X3y Xy E_ha = B* X3, X E_hy + Raho.
Apply the parametrix B_ for E* X}, Xy E_ and we get
B_oE*X;; Xy f = hs + Rohy + Rbho
Finally, we get
fi+ Rifi+ Rofo=(ByroEl +B_oE)Xy Xuf
and fo + Ry fi + Rhfa = icAZ(By o B% + B_ o E*) X Xur f
as claimed. We set A, = B, o E* + B_o E* which is a sum of two FIOs in I3/4(M° x R3; (C+~1)")
and I3/4(M° x R3; (C—~1)), and Ay = ’L'CA%(BJr o B + B_ o E*) which is a sum of two FIOs in
T4 (M° x R3; (CH~1)) and IT/4(M° x R3; (C—~1)"). This completes the proof. O
For convenience, we formulate a microlocal inversion result for determining f.

Corollary 6.4. For c < 1, there exist operators A such that
AXyf = f+Rifi + Rafo,

where R, Ry are smoothing operators.

Proof. Again, we simply solve the wave equation (5.1) using the parametrix. In fact, it is easier
to use hy, ho.

f=Eih1 +E_hy
=E; B oE X Xyf+ E_B_oFE" Xy Xyf+ smoothing operators acting on hy, ho
=(EyBioEl +E_B_oE" )Xy Xuf+ Rifi+ Rafo
as claimed, where Ry, Ry are smoothing operators and A = (B, B o Ey + E_B_o E*)X3,. 0O

7. THE MICROLOCAL INVERSION: ¢ =1

In this case, the singularities of the solutions of (5.1) are all in light-like directions. Then the
Schwartz kernel of the normal operator Xj, o X is a paired Lagrangian distribution and the
previous argument doesn’t work. Now, we start with the composition X, o F1+ and show that this
is a Fourier integral operator. We consider the plus sign case as the other case is identical. We
recall from (4.1) that

X f(y,v) = (271')B/Gi((xy)'n+tv'n)f(t, x)dtdxdn
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and from Section 5 that
Eo(f)(t o) = (2m) / 2V EHlED £ gz

Here, we recall that M = [to,t1] x R and ¢y = 0. The canonical relations are parametrized as

C= {((y,v,n,w); (t,.ﬁ[,‘,(o,(/)) € (T*%\O) X (T*MO\O) y=z—tv, n= C,a
w = tC'\Tvgz, G=—-Cv, ye R3, v e Sz,n € R3},

CF = {(t,2,0,¢"12,€) € T"M°\0 x T"R\0 : v = 2 — t£/[¢], ¢’ = &, 6o = [¢]}
We want to compose them as two Fourier integral operators. First of all, we prove

Lemma 7.1. The composition of C* and C is clean with excess one.

Proof. We consider the plus sign case and the minus sign case is identical. We look at

X =CxCt, ¥ =T x diag(T*M°) x T*R?
and we need to show that T,,(Z N¥) =T,2 NT,%,p € £ N%. We use variables (v,t,z,(’) €
o s (to,t1) xR3xR3 to parametrize C and let 7 : &7 — C,7(v,t,z,{") = (y,v,m,w,t,z, o, ).
We use variables (t,z,(') € £ &f (to,t1) x R3 x R? to parametrize C* and let my : B —
Ct my(t,z, ) = (t,z,(, ', 2,£). Then we compute the Jacobian

—t —v Id 0

0 Id 0 0

0 0 0 Id

_ * (lrsz 0 tld|pse

dr = 0 1 0 0
0 0 Id 0

—lr,ee 0 0 —v

0 0 0 Id

where * denotes a term we didn’t compute explicitly. Let (dv, 0t, 0x,0¢") € T<Z be a tangent vector
at (v,t,z,(’) € o, then the tangent vector to C' is dm(dv, dt,dx,0¢"). Next, we compute

1 0 0
0 1Id 0
_ 1 0 0 ¢'/I¢'|
dre=1 "9 Id
/I 1d tder (¢'/1¢)
00 Id

Similarly, if (6t, 0z, (") € T is a tangent vector at (t,x,¢") € A, then dry (5t, 5z, (") will be the
tangent vector to C*. So we find parametrizations of T, 2" at p = (n(v,t,z,¢’), 74 (t,T,(")). For
p€ X N, we must have (t,z,(') = (£,7,(’) and the tangent vector in T, 2" is given by
(7.1)

(dr (00, t, 62,0, dr1 (67, 7, 60))
= (—t(6v) — v(dt) + 6z, &t, 6¢, [(%)(6v) + ¢ (6t) + t(6¢)]|ps2, Ot, dz, —('(6v) —v(8¢), 6C,

[
ot, oz, ¢'/IC16¢), o, ¢/IC|(5E) + 6T + tder(¢'/IC|(5¢), 8¢)
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So tangent vectors in T, 2" NT,% must satisfy ot = 6t,0x = 6%,0( = 6Z and furthermore

(7.2) —¢'(6v) —v(6¢") = ¢/I¢"1(6¢).
However, in 2" N %, we have —('v = |{’| so that v = —('/|{’|. We also get —('(dv) = 0 because
¢ = (¢% ') is light-like. Thus (7.2) is automatically satisfied. The tangent vectors in T, 2 N T,%
consist of vectors in (7.1) where all the tildes are removed.

The intersection 2 N % is parametrized by (v,t,z,¢") and the map from these variables to

2N is7Y (m,m4). Thus, T,(Z N¥) is spanned by
(dm(6v, 6t, 62,0("), dmy (6t, 6z, ("))
This agrees with (7.1) when the tildes are removed. Therefore, T,,(Z N¥') =T, Z NT,% and we

proved that the intersection is clean.
Now we let O+ %' C'o C* and find that

O = {((y,v:m,w); (,)) € (T*E\0) x (T"R*\0) 1y = 2, n=¢,
w=0, v=—E/|§|, yeR3 veSneR:zeR}.

To find the excess, we consider pg def ((y,v,m,w); (2,€)) € C+. The fiber over py in C x CF is

simply (¢, z, (o, ') where
r=z— t(ﬁ/’f‘)acl = vaO = ’6‘7 te (t()vtl)

which is one dimensional. This shows that the excess is one and we note that the fiber is connected.
The minus sign case is the same. For later reference, we record that

C™ = {((y,v,m,w); (2,€)) € (T*E\0) x (T"RN\0) : y = 2, n=¢,
w=0, v=¢£/l¢], yeR3veS?neRd ek}
]

Before we proceed, we remark that the union CtucC- actually is the twisted conormal bundle
of the point line relation Z = {(y,2) € € x .% : 2 € v} and CT N C~ = . Comparing with the
previous point line relation Z, we see that here we only consider points on .4 instead of all points
on M.

At this point, it is natural to apply the clean intersection FIO composition theorem. However,
we know that X,; is properly supported but Ei are not. If we add a smooth cut-off function
x(t,z) = x(t) which is positive and compactly supported in ¢t € (tg,t1), then xE, is properly
supported. We can then apply the clean composition theorem [8, Theorem 25.2.3] to conclude
that Xy o xEy € 17%(170 X € (C~’+)’) The principal symbol of X, o xE, at v € Ct is

a—/ a1ag
C.

.
where a1, as are the principal symbols of Xy and yFy respectively and the integral is over the
fiber C, of v in C' o CT. Since aj,as are non-zero constant and y is assumed to be positive we
conclude that a is non-zero hence Xj; o xFE is an elliptic FIO.

To justify the composition without introducing the cut-off, we examine the proof of the clean
composition theorem [8, Theorem 25.2.3]. From the oscillatory integral representations, we have

(7.3) XuEyf(y,v) = (27r)G/Qi((xy)-n+tv-n+(fﬂZ)'5+t|5|)f(z)dzd§dtdxd?7
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Here, the amplitude function is a constant. When there are lower order terms in the wave equation,
the amplitude would be a(t, z, &), but this will not change the argument below. We should have
introduced partition of unities for %, M, % and considered the amplitudes locally but we omitted
this step for simplicity. Consider the phase function

d’(y,UaZ;fﬂ?axat) = (Jl‘—y) 77+t’l) -+ (IL‘—Z) §+t‘§|
where y,z,x € R3,&,n € R3 v € S2.t € (to,t1). We know from the previous lemma that this
is a clean phase function with excess one, see [8, Proposition 25.2.2]. We split the parameters
0= (&mn,x,t)tod =(&n) and 0" = (x,t). We remark that ¢t € (to,¢1) is treated as a parameter.
Because the amplitude is compactly supported, we can take t in R.
The critical set of the phase function {(y, v, z;0) : dg¢ = 0} is defined by the following equations

pe=x—2+t/|(] =0, pp=ax—y+tv=0, ¢o=n+E=0, ¢r=v-n+|¢=0.
We deduce that
(74) n:_ga £/|£’:U1 y=2, x=y-+tv.

For fixed (z,t), we compute the Hessian of ¢

0 0 0 0 —Id
0 * 0 0 *
def
(7.5) Hess(¢) = (st = 0 0 0 _I? 0
0 0 —1d tde(f) 0
—Id = 0 0 0

in which * denotes terms that we haven’t computed yet. To compute these terms, we introduce
coordinates on S? to represent v, that is

v = (cosa, sinacos B, sinasin 8), a € (0,7, € [0, 2m).

Then we have

dyp = d(a,3)0 = diap) (tv-n) =t <

—n1 sin a + 13 cos acos 5 + 13 cos asin B
—mng sinacsin B + n3 sin a cos 8

Next,
d (@) _y —sina cosacos3 cosasin 3
Mov’ 0 sinasin 8 sinacos
and
d (@) _ . —mrcosa — Mesinacos B —nzsinasin S —ng cos asin 5 + 13 cos a cos
Nov’ —1o cos asin B + 13 cos a cos B —mo sinacos f — 13 sinasin 8
1 0
= tl¢] <0 — sin? a)
Here, we used the fact that on the critical set, n = —¢ and n = —|¢|v. The * in the last row is

d%vqﬁ = (d%n¢)T where T' denotes transpose.

Now we see that Hess(¢) is non-degenerate. At a = 0,7 and t = 0, there is a coordinate
singularity and we should use spherical coordinates relative to a different axis, that is using an
orthogonal transformation. Now according to [8, Proposition 25.1.5°], the principal symbol of
X EL should be given by

(7.6) C / e(mi/4)sen(Hess(6)) | det Hess(¢) (y, v, 2; 0)] "2
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provided that the integral is well-defined. Here, C' is a non-zero constant and the integration
is over the fiber over d(,, . ¢. From (7.4), the fiber is given by (z,t) € R? x (to,t1) such that
x =y + tv, so the fiber is connected, one-dimensional but not compact. The non-compactness is
the consequence of E; not being properly supported. But it follows from the expression (7.5) and
the argument in the previous paragraph that Hess(¢) is smooth and non-degenerate on [to,¢;]. The

fiber is contained in {(z,t) : z = y + tv,x € R3¢t € [to, t1]} which is compact and |det Hess(gb)|7%
is smooth there. Therefore, the integral (7.6) is indeed well-defined. This justified that

Lemma 7.2. X);0Ey € Iﬁé(yo x € (C*)) are elliptic Fourier integral operators.
Now we prove

Lemma 7.3. The normal operators B} Xy,0 Xy Ey, E* X0 Xy E_ are elliptic pseudo-differential
operators of order —1 on R3, and EY Xy XuE_,E* X5, Xy EL are smoothing operators on R3.

Proof. We consider the composition Et* X}, o Xy ET. If we look at the double fibration picture

O+
N
TS ¢
(7.7)

we realize that p is an injective immersion. Moreover, the other projection 7 is also an injective
immersion. Thus, the composition of C*~! and C* is clean with excess 0 so by [8, Theorem
25.2.3] again, we get that ET*X}, o X)yE™ is a pseudo-differential operator of order —1 on .%.

The principal symbol is non-vanishing so it is elliptic. For the mixed sign case, because C~'+, C-
are disjoint, the operators are smoothing. ([l

We obtain parallel results about the microlocal inversion as to Proposition 6.3 for the ¢ < 1
case. The proofs are identical hence omitted here.

Proposition 7.4. For ¢ = 1, there exist operators Ay, As such that
A Xpyf=f+Rifi+Rfo, A2Xyf=fo+ Rofi + Rofo

where Ry, Ro, R}, R} are smoothing operators and A; = gioX}\k/[ with EZ Fourier integral operators.
Corollary 7.5. For ¢ =1, there exist operators A such that
AXpf=[f+ Rifi + Rafo,

where Ry, Ry are smoothing operators.

8. THE STABLE DETERMINATION

We prove Theorem 1.1, starting with the injectivity of the light ray transform. It is known, see
for instance [16, 10], that the light ray transform on R™™! is injective on C§° functions. This also

holds for L, functions and the proof is similar, see [16].

Theorem 8.1. Suppose f € L, (R") n>2 and Xgni1f =0. Then f = 0.

comp



15

Proof. For f € Léomp(R"H), the Fourier transform f is analytic. Let § € S"~' and © = (1,6)

be a light-like vector. Let z = (s,y + s6) € R""! s € R,y € R*. We parametrize the light ray
transform as

Xewisf(2.0) = [ Flt.y-+0)dr

From the standard Fourier Slice Theorem for geodesic ray transforms on R"*!, we get
FQ) = [ e Xpuns (2. 0)d5,
(_.)L

where the integration is over a plane ©1 perpendicular to © with respect to the Euclidean inner
product in R**! and ¢ = (7,£) € R*1 ¢ € R™ £ # 0 is perpendicular to ©. We notice that if
|7] < |£], then there is a null vector (1, ) which is Euclidean orthogonal to (. Actually, 7+6-£ =0
s0 6 -(£/]€]) = —7/|€| € [-1,1] and we can find # € S*~!. We conclude that f(¢) = 0 for |7| < [¢].
By analyticity, f =0 and thus f = 0. O

Corollary 8.2. Suppose Xprf = 0 where f satisfies the wave equation constraint (1.2) in which
f1 € HL(R3), fo € HE, o (R?), s > 0 are compactly supported. Then f = fi = fo = 0.

Proof. Let K = supp f1 Usupp f2 C R3. Let I (K) be the chronological future of K with respect
to the Lorentzian metric induced by c¢. We know that there is a unique solution f € H*T1(M) of
(1.2). By finite speed of propagation (or strong Huygens principle), the solution f is supported
in I7(K)N M. Now we extend f trivially to fe Ll .o (RY) and we regard X as the light ray

comp
transform Xgs on R*. We still have Xgaf = 0. By Theorem 8.1, we conclude that f = 0 on R* so
that f =0on M and f; = fo =0 on .. O

Proof of Theorem 1.1. The uniqueness is done in Corollary 8.2. From Proposition 6.3 and 7.4, we
know that for ¢ € (0, 1], there are operators A, As such that

A Xpyf=fi+Rifi+Rifa, A Xpyf = fo+ Rafi + Ryfo

and R;, R}, 1 = 1,2 are all smoothing operators. We denote

1\ _ f1 fi (R R
r(f) = (2) () =G )

We consider T' acting on N*®, s > 0. Then K is compact from N°® to N*77 p € R. So we have the
estimate

1(f1s f2)llns < WAL Xnr fll s msy + A2 X fll s sy + Coll (f1, f2)llns—r
for some constant C,. We recall from Proposition 6.3 (the same holds for Proposition 7.4) that
Ay =By o(Xy0EL)* + B_(Xp0E_)* and Ay = icA2(By o (X0 EL)* 4+ B_ o (Xp 0 E_)*).

We know from Lemma 7.2 that Xy;0Ey € I 2 (S x €; (CF)). The normal operator is a pseudo-

differential operator of order —1. By the L? estimate of pseudo-differential operators, we conclude
1 ~

that Xyr o By : HS, 0 (R3) — Hy  2(%) is bounded. Next, (Xps 0 EL)* € I_%(CK x o3 (CT7LY),

We consider the double fibration (7.7). The two projections 7, p are both injective, so the normal

operator of (Xys o F1)* is an elliptic pseudo-differential operator of order —1 as well but on %.
1 1

Thus, we know that (Xp0FEL)* : HS  (€) — o2 (R?) is bounded. Therefore, A; : Hf:rﬁp(%) —

comp loc

s+
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1 o1
HE (R3) and Aj : Hj;rfp(%) — H, .?(R?) are bounded. For (fi, f2) € A%, we know from (5.2)
that Xpsf = XprEphy + XarE_hg and hy, hy € H¥TY(R?). Thus, Xy f € H*t3/2(%) so we get
(8.1) [(frs f2)llne < ClXn fll sesra gy + Coll (f1s f2) lvs—»

where C, > 0 is a constant depending on p.

Finally, we get rid of the last term. Let # be a compact subset of R® and denote by N*(.¥)
the function space consisting of (f1, f2) € N® supported in J#". Then the inclusion of N*(.%") into
N#=P(#), p > 0 is compact. We claim that

11, f2)llns ey < ClXn fllgsvarz )

for some C' > 0. We argue by contradiction. Assume the estimate without the error term is
not true. We can get a sequence (fl(j),fz(j))d = 1,2,--- with unit norm in N*(.¢") such that
X fU) goes to 0 in H*t3/2(€). By (8.1) (for (f1, f2) supported in .#), we conclude that 1 =
I 5 sy < GOl £57)llnoo ). This gives a wealk limit (f1, f2) in N°(#) along a
subsequence, which thus converges strongly in N°~#(%"). Therefore, [|(f1, f2)|ns-o(#) is bounded

below by 1/C,, thus non-zero. However, X f = 0 which contradicts the injectivity of Xps. This
finishes the proof. O

At last, we prove a stronger version of Theorem 1.1 which allows lower order terms in the wave
equation. We consider differential operators of the form

3
P(.’L’7t7 Da??at) - at2 + 62 Z D?jl + Pl(x7t7DI7 875) + PO(‘TJt)
i=1
where P is a first order differential operator with real valued smooth coefficients and Py is smooth.
Then we consider the Cauchy problem
P(x,t,Dy,0¢)f =0 on M°
f=h, Of=/fs onHA.

We remark that the equations for ® in Section 3 are of this type. We prove

(8.2)

Theorem 8.3. Under the same assumptions as in Theorem 1.1, Xprf uniquely determines f and
f1, fo which satisfy (8.2). Moreover, there exists a C' > 0 such that

11 f2)llve < CIXnafllgsvsrziy and | fll ey < CllI X fl govsrz e
where € is the set of light rays on M.

Proof. The proof follows the same arguments as for Theorem 1.1. So we just point out what
needs to be modified. When the wave equation contains lower order terms, one can construct
parametrices E1 for the Cauchy problem, see [3, Chapter 5]. These are Fourier integral operators
and can be represented by oscillatory integrals. So the construction in Section 5 works through,
and the microlocal structure of X, FE+ is the same as the standard wave equation case. However,
we do need to justify the ellipticity of the involved operators in Lemma 6.2, 7.2 and 7.3. We
remark that ellipticity of the solution itself is standard, and follows simply from the principal
symbol satisfying a transport equation, but that only implies the ellipticity of the normal operator
if the integral computing its symbol still gives an elliptic result, typically ensured by showing that
there can be no cancellations. We follow the parametrix construction in Treves [19, Section 1,
Chapter VI] to check this in a transparent manner.
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We look for operators F;, j = 0,1 such that
P(z,t,D;,0;)E; =0 on M°
OfE; =65,k =0,1, on %.

Here, for 7 = 0,1 we have

Bif(@) = (2m)° [ et e + (2m) [ 002,69 F(€)de + Ry(0) ()
where R; are smoothing operators, see [19, (1.37)]. The phase functions are

¢0($atvf) =z-§+ Ct|§’7 ¢1(x7t7£) =x-§— Ct’é‘"
The amplitude can be written as aji(z,t,&) = > o ajr(z,t,§) and each ajj is homogeneous of
degree —j — [ for |£] large. Before we look into the structures that we need of the amplitude, we
find the initial values of the leading order term aji at t = ty. They satisfy (see [19, (1.53)])

1 1
2’ 2ic|¢|’ 2icl¢|’
The amplitudes satisfy first order equations which are deduced from (see [19, (1.39)])
P(x, t, DI + 8x¢k, Ot + i@tqﬁk)ajk(x, t, f) =0.

For the leading order term, we get

a000($7t>£) = %7 aow(l‘,t,ﬁ) = a100($,t,§) = allO(x7t7£) =

3
(8.3) 0-Pa(w,t, 020k, 10:01)O0ra ko + Z O, Po(x,t, 0p bk, 1010k ) Dy ajro + C(dp; x,t,§)ajro =0

v=1

and the C' term in this case is (the sub-principal symbol of P)

C(¢ka l’,t,g) = Pl(llf, t, am¢kazat¢k)

Dividing by i = v/—1, equation (8.3) is a first order linear equation with real valued coefficients.
Solving the equation amounts to solving a ODE along the integral curve and the solution a;xo will
be positive scalar multiples of the initial conditions hence not only non-vanishing, but is real or
purely imaginary depending on its initial value.

Finally, we can represent the solution to (8.2) as

f(x,t) = Eofi + Erfo = ELh1 + E_hy

where
Eih = (27)7 / GERHED (o0 (2, ,€) + 2icl€|aro (@, 1, €))h(€)de
— (2m)® / el o (2, £, €)h(E)de
(8.4)
E_h=(2m)7" / e @ E=elleD (agy (2,1, €) — 2icl€|ari (z,t, €))h(€)dE
— (2m)° / FEEle g (g1, €)()de
and

1 .1 1 1
hy = fi+5-A72fy, hao=fi——A"2f5.
2ic 2ic
We see that the leading order terms of ai,a_ are all positive. From these oscillatory integral
representations, it is easy to see that Lemma 6.2 holds for this case. For Lemma 7.2, we see that
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the integral of the principal symbol over the fiber is non-vanishing so the operators X,;FE+ are
elliptic. Then the ellipticity of the normal operators in Lemma 7.3 is justified. The rest of the
proof is the same as in Theorem 1.1. O

9. SMALL PERTURBATIONS OF THE MINKOWSKI SPACETIME

We consider metric perturbations g5 = gy + h with h = Z hijda:idxj . We assume that

4,7=0
(Al) h is a symmetric two tensor smooth on M;
(A2) for 6 > 0 small, the seminorm [|hjl|cs = Sup( pyenr 2o jaj<s 107 hij (¢, 2)| < 6,4, =0,1,2,3.

Without loss of generality, we can assume that h is extended to some larger manifold M =
(fo,21) x R3 such that M C M and (A2) holds on M. In this section, we study the inverse problem
on (M, gs) for ¢ sufficiently small. Note that in this case, light rays may not follow straight lines
and the injectivity of the light ray transform on scalar functions is not known. We will show that
by using a perturbation argument on the Fourier integral operator level, one can obtain the same
determination result as for the Minkowski case.

We start with the light like geodesics on (M, gs) and their parametrizations. Let v(s) denote a
light like geodesic from 7. It satisfies

929"(3) + Th07'(5)0:77(5) = 0
1(0) = (0.9).09(0) = (8,0)

where Ffj is the Christoffel symbol for gs, v € S? and f3 is such that gs(3,v) = 0 and (3,v) future
pointing. It is known, see for example [1], that (9.1) is equivalent to a first order system on 7M.

(9.1)

Here, M is regarded as a submanifold of M. We use (¢,x) and (7,§) for the local coordinates on
T*M. Consider the Hamiltonian

p(t,x,7,§) = %gfs‘(nﬁ) = %97\4(77@ + H(t,2,7,8) = 5 —\T|2 +Z|& + H(t,2,7,8).

Let E = (1,£). Here, H(t,2,E) = >_, ;123 Hij(t,2)E5; is homogeneous of degree two in = and
the seminorm || H;;||cs < C6 for some constants C. We denote the Hamilton vector field by H),. Let
(t(s),z(s),7(s),&(s)) be an integral curve of H), in the characteristic set 3, = {(t,z,7,§) € T*M :
p(t,z, 7,&) = 0}, called null-bicharacteristics. With v(s) = (¢(s), z(s)), (9.1) can be converted to

dt_@p__ . dmi_ap_'
primly v T+ 0:H(t,z,71,§); FA —8& =&+ 0, H(t,x,7,§)
(9.2) dr o . Ez B S
o= O H (t,z,T1,§); T = -0y, H(t,z,7,§), i=1,2,3

t(0)=to =0, z(0)=y;, 7(0)=m, &(0)==C,-
Here, (70,&p) is the cotangent vector obtained from (f3,v) using g5 and we also denote it by

(10,&0) = (B,v)". If we consider the system for the Minkowski metric namely H = 0, then 8 = 1
and the covector (19,&y) = (—1,v). (9.2) becomes

dt dx; dr dg; .
[ =&, — =0, — =0, e 1 s 27
(9.3) ds T s & ds 0 ds 0, s

t(O) = 0, ZL‘Z(O) = Yi, 7'(0) = —1, fZ(O) = ;.

We see that x(s) = (s,y + sv),t(s) = s, which agrees with our parametrization used previously.
Now we have the following result.
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Lemma 9.1. For § > 0 sufficiently small, the set of light rays on (M, gs) is given by €5 = {y =
(t,z(t,y,v)) : (y,v) € F x St € [to,t1]}, where x is a smooth function of t,y,v. Moreover, we
have

lz(t,y,v) — (y + tv)||cz < C§

for some constant C'.

Proof. For v € S?, the co-vectors (79,&) = (ﬂ,v)b are in a bounded set of R*. We assume that
|(70,&0)] < Mi. We also notice that 7y is away from zero, say |19| > My > 0. Then we consider
(1,€) such that [(1,£) — (70,&0)| < Mp/2 so that |(1,£)] < M = My + My/2 and |7| > My/2.
Consider the system (9.2). Because H is homogeneous of degree two in (7,&), for |(7,&)| < M and
for 6 > 0 sufficiently small, we see that % # 0. Therefore, we can take t as the parameter and
convert (9.2) to

ds 1 o odwi &+ 05 H(t w7, E)
dt - _T+87'H(t)$77_7 6)’ dt B _T+67'H(t7x77-7 g)
(9.4) dr _ —0Htr7g) o dh SO HAtrnl) g

dt  —t+ 0 H(t,x,7,6) dt —1+0.H(t,x1E)
5(0) =0, xi(0)=y;, 7(0)=70, &(0)=C&os.

The system corresponding to (9.3) is

- == ==t =0 = —1,2
(9.5) R T

s(0) =0, z;(0)=y;, 7(0)=-1, &(0)=v.

Let (¢,7,7,€) be the solution of (9.5) and (¢, z, 7, €) satisfy (9.4). Then let u = (t —,2 — T, 7 —

7,& — &). We see that u satisfies the system

du
o= F(u)
u(0) = wo,

where F' is smooth and |F(u)| < C9, |up| < C9§ for generic constant C. Now it follows from
standard ODE theorems, see for instance [9, Theorem 1.2.3] that for ¢ sufficiently small, there is
a unique C'*° solution u on [t, t1] and |u| < C9. Higher order estimates can be obtained similarly.
This finishes the proof. [l

Now we consider the light ray transform X5 on (M, gs). The parametrization of the light rays
is not unique, although all choices give rise to equivalent analysis for our purpose. Perhaps the
most natural parameterization is to use the cosphere bundle on .# of the induced metric. Let gs
be the induced Riemannian metric of g5 on .. For y € 7, let Siy ={veT%: gs(v,v) =1}.
For v € Sgyy, there is a unique future pointing light like vector (vg,v) at y. In particular, v
is close to 1 for ¢ small. Then the light ray from (0,y) in direction (vg,v) is parametrized by
Vy,0(8) = €xp(g ) (0, v), s € [0, s1] where s is the affine parameter such that v, ,(0) = (0,y) € S

and vy,,(s1) € /1. In this parametrization, we can write

(9.6) Xof (o) = [ Fule)is
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Now we can identify Sg Y with SZ via a diffeomorphism. By the above Lemma 9.1, s is a smooth
function of y,t and v € S? so we can use ¢ variable to parametrize the light rays. We have

t1
X5/(y,v) = / w(y, v, 01 (t, 2(t, g, v))dt, y € Fo,v e S,
0

where w is a weight coming from the change of variables. In fact, w is smooth and close to 1 for
0 sufficiently small. w only mildly affects the argument, changing the elliptic principal symbol of
the final operator Xs o F in (9.13), thus maintaining ellipticity. For simplicity, we will ignore it
in the follows and take

t1

t1 )
01 Xof(yo) = [ Seattyonde=@m [ [ [T g cydedzan
0 R3 JR3 Jo

This is the parametrization of X5 we work with in the rest of this section. The Schwartz kernel of
X5 is the delta distribution on % x M° supported on the point-line relation Z5 defined by

Zs={(v,q) €€ x M°: g€y} ={(y.v,(t,2)) €R® x § x M° : 2 = a(t,y,v)}.

Next, let (g, be the Laplace-Beltrami operator on (M, gs) and we consider the second order
operator

Ps(z,t, Dy, 0¢) = Ogs + Pi(x,t, Dy, 0¢) + Po(x,t)

where P is a first order differential operator with real valued smooth coefficients and Py is smooth.
Then we consider the Cauchy problem

P(S(':th)Dxaat)f:O on M°
f:fl) atf:f27 on <y(]-

We remark that for sufficiently small metric perturbations, the operators [, and Ps are both
strictly hyperbolic with respect to #. Therefore, as in previous sections, the parametrix con-
struction of Duistermaat-Hormander can be applied. In general, the parametrix does not have a
global oscillatory integral representation on M. However, we show below that for sufficiently small
perturbations of the Minkowski spacetime, this is possible.

The parametrix construction is the same as in the previous section. We look for operators
E;,j = 0,1 such that

(9.8)

Pg(ZC,t, Dm,ﬁt)Ej =0 on M°
8ij:5kj,k:0,1, on 5”0.

For 7 = 0,1 we have

Eif(z) = (2m)~® / er@t g, (x,t,€) f(€)dE + (2m) 73 / e0-@t . (x,t,€)f(€)dE + R;(t) f(x)

where R; are smoothing operators, see [19, (1.37)]. We follow Treves [19] to find the phase functions
o(t,z,€) for (t,x) € (to,t1) x R3, n € R3. The phase function should satisfy the eikonal equation

p(V§) = =100 + 0.0 + H (8,6, 0:4) = 0

By the strict hyperbolicity, there are two solutions for d.¢ denoted by 0;¢p = Ay (¢, x,0,¢) and
A+ are smooth functions and homogeneous of degree one in d,¢. We take initial conditions
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Oy = x-n,m € R at t = 0. Below, we consider A\;. The treatment for A\_ is identical. We
consider the Hamilton-Jacobi equation

dr g
(9.9) o = 0t ©), o= 0ed(t2,6)

2(0) =y, £0)=n, yeR:neR\0.

We denote the solution by z(t,y,n),&(t,y,n). Then the phase function is

t
(910) ¢+(t7$?n) =x-n +/0 )\+(8,$,£(s,y,n))ds

Here, one can express y in terms of z, see [19, Section 2, Chapter VI] for more details. For the
Minkowski spacetime, we know Ay = |{] so that (9.9) becomes

dz d¢

(9.11) i A

z(0) =y, £(0)=n.

The solution is simply x(t) = y —tn/|n],£(t) = n and the phase function is ¢o(t, z,n) = x-n+t|n|.
Using the same argument as for Lemma 9.1, we get

0

Lemma 9.2. For 6 > 0 sufficiently small, there is a unique smooth solution (x(t,y,n),&(t,y,n))
to (9.9) fort € [to,t1],y € R3,n € R3\0, and they satisfy

lz(t,y,m) = (y — tn/In))llcz < €8, [I€(t,y,n) —nllc2 < C6.
for some constant C' > 0. It follows that the phase function ¢4 in (9.10) is also smooth and satisfies
”¢+(t,$,77) - (.T} "N+ t|n’>HCQ < C6|77’7 ne Rg\o

We remark that similar argument was used in [17] for a backscattering problem. Using this
lemma, we can represent the solution to (9.8) as

f(z,t) = Eofi + E1fo = Exhi + E_hy
where

Bih=(2m) [ 090, o Oh()de
(9.12)

E_h=(2m)° / e?="0a_(,t,£)h()d¢
The a4 and hq, hy are the same as in (8.4).

With these preparations, we now state and prove our main result in this section.

Theorem 9.3. Consider (M, gs) which satisfy the assumptions (A1), (A2) in the beginning of this
section. Assume that (f1, f2) € N*,s > 0, and f1, fo are supported in a compact set * of S.
For § > 0 sufficiently small, Xs5f uniquely determines f and fi1, fo which satisfy (9.8). Moreover,
there exists C' > 0 such that

11 f2)llvs < CIXs fllgsvsra(igyy and | flms+ oy < CNXsfllgsvsra iy

where €y is the set of light rays on (M, gs).
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Proof. We examine the arguments in Section 7 and Section 8 and point out what needs to be
modified. We consider the composition of X5 and E defined in (9.12). We have

t1
Xofwo) = (@m0 [ [ [T e iz
R3 JR3 Jo
and
EL(f)(t,z) = (2m) 7 / B2 (t,2,€) f(2)dzdE
The canonical relations can be described as follows,
Cs = {((y,v,m,w); (t,2,60,¢")) € (T*E5\0) x (T*M°\0) : & = x(t,y,v), 1= (dyz(t,y,v))(,
w = dvx(ta Y, U)CI|TES2a CO = dt.’E(t,y,U)C/, RS R3)v € S2at € (thtl)a C/ € Rg}

Here, we used the fact that this is the twisted conormal bundle of the point-line relation. We also
have

C; = {(t,x,lo, (s 2,k) € T*M°\O x T*R3\0 : (¢, z,(o,¢’) and (0, 2, Ko, &) are on the same

null-bicharacteristics where £ is such that p(ko,x) = 0 and (ko, <) is future pointing.}

We first show that the composition C5o C{ = 5; is a canonical relation. Then we show that the
phase function of the composition is a clean phase function using perturbation argument.

We notice that (¢,x,(, ") in C; are solutions of the Hamiltonian system (9.2) with initial
conditions

t(0) =0, x(0)=2z2, ¢((0)=ro, C¢((0)=k.
For (t,z, (o, (") in Cy, they are solutions of the Hamiltonian system (9.2) with initial conditions
t(O) = 07 Z(O) =Y, CO(O) = L0, CI(O) =t
b

where (t0,¢) = (1,v)’. By the uniqueness of solutions of (9.2), in the composition 5’;, we must
have z = y, (Ko, k) = (1o, ¢). In particular, kK = k(v), kg = ko(v) are functions of v. Let x(t,y,v) be
the unique light ray satisfying (9.2) with the above initial condition and £(¢,y, v) be the cotangent
vector to . In Cs, we have n = (dyz(t,y,v))r, w = dyz(t,y,v)k hence these are determined by
the value at ¢ = 0 which are n = k(v), w = d,z(0,y,v)x(v) = 0. Finally, we get
Cy ={((,v.,n,w); (2,5)) € (T*5\0) x (T"R*\0) 1y = 2, 1= K(0),
w=0, yeR3v GSQ,zER?’}.
In particular, this is the twisted conormal bundle of the point-line relation
Z;:{(z,q)ey()x%;:qu}

thus 6’; is a canonical relation.
Next, using the oscillatory integral representations, we have

XsoEy f(y,v) = (2m) 7" / !ty n=zntor (e )==8)q (¢ g €) f(2)dzdédtdudn
(9.13)
= (QTF)_G/ei((m_y)"7+t”'”+(w_z)'5+t|§|+w(t’w’y’z’5’”))a(t,x,&)f(z)dzdfdtdmdn

in which v is a smooth function in (¢, x,y, z) and homogeneous of degree one in &,7. We denote
the phase function by ® = ¢ + ¢ in which

oy, v, z;€,m,2,t) = (x —y) - n+tv-n+ (v —2z) &+t
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where y, 2,2 € R3, &,n € R3 v € S2,t € (tp,t1). So @ is a small perturbation of ¢. We checked
in Lemma 7.1 that ¢ is a clean phase function and Hess(¢) in (7.5) is non-degenerate. We repeat
the same calculation for ®. For § sufficiently small, we use the estimate in Lemma 9.2 to see
that Hess(®) is also non-degenerate hence @ is also a clean phase function. This shows that the
composition X5 o E is a Fourier integral operator associated with 6’+, in particular, Xso F €
I7'2(F x 655 (Cf)') is an elliptic FIO.

Now, the proof of Theorem 1.1 in Section 8 go through line by line, except the injectivity of Xs.
In particular, we have the estimate as (8.1)

11, )l < ClIXs Fllgresarasyy + Coll (s £2)lves

where C), is a constant depending on p. To get rid of the last term, we use the following argument,
see [20, Section 2.7]. Notice that given s, p and for some fixed small §y, if we consider all metric
g such that ||g — gar|lcs < do , then the above estimate is uniform (a fixed constant C, works
for all such metrics) by the uniformity of the construction. Now suppose there is no ¢ such that
for all metrics within § of the Minkowski metric gps (in the Fréchet space sense) the transform is
injective. Let F7 = (f{,f3),7 = 1,2,--- be in the null-space of Xy, = Xj and | F7||lxs = 1, with
g; within 1/j of the Minkowski metric. By the above inequality, 1 < C,||F7||ys—». Now, F7 has a
N®-weakly convergent subsequence, not shown in notation, to some F € N® which thus strongly
converges in N*7°. By the above inequality, F' # 0. But 0 = Xij converges to X/ F e.g. in the
sense of distributions. So X/ F' = 0, contradicting the injectivity of X3, and F # 0. This shows
the injectivity of Xs and finishes the proof of Theorem 9.3. O
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