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ON THE CHARACTERIZATION OF THE KERNEL
OF THE GEODESIC X-RAY TRANSFORM

EDUARDO CHAPPA

ABSTRACT. Let © be a compact manifold with boundary. We consider co-
variant symmetric tensor fields of order two that belong to a Sobolev space
Hk(ﬁ),k; > 1. We prove, under the assumption that the metric is simple,
that solenoidal tensor fields that belong to the kernel of the geodesic X-ray
transform are smooth up to the boundary. As a corollary we obtain that they
form a finite-dimensional set in H¥.

1. INTRODUCTION

In this paper we consider the problem of the characterization of the kernel of
the geodesic X-ray transform of 2-tensor fields on a compact and simple (see the
definition below) Riemannian manifold Q with metric g.

The problem of the characterization of the kernel of the X-ray transform for
2-forms arises naturally as the linearization of the problem of determining a metric
on a compact manifold from its hodograph. We refer the reader to the book by
V.A. Sharafutdinov [I2] for an explanation of this non-linear problem.

In order to simplify matters we assume that @ C R” is the closure of an open
subset € of R™ and that we have extended g to be a simple Riemannian metric in a
neighborhood of . We remind the reader that a metric is simple if any two points
p,q € Q can be joined by a unique geodesic v,, that lies entirely in Q \ 9Q (with
the possible exception of only p and ¢) and such that 7,, depends smoothly on p
and gq. We will use the lowercase letter e to denote the usual Euclidean metric in
R™.

For a covariant symmetric 2-tensor field w = 377", w;;(v) dx® dzd, we say that
w € H*(Q) if w;; belongs to the Sobolev space H*((2), for all 4,j. We denote by
| - k.o the corresponding norm. We write L*(Q) = H°(2). When this does not
lead to misunderstandings, we omit the domain (2 in the notation, and simply write
H* and || - || for H*(Q) and || - ||x.q, respectively.

Given a covariant 2-tensor w = szzl wij(z) dzt dx? € H*(Q), we extend w so
that it vanishes outside 2 and define its geodesic X-ray transform by

P [ 3 w6 ) ds

i,j=1
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where y(s) = (y1,...,9™) is a unit speed geodesic of €, with respect to the Levi-
Civita connection. We denote by #% the derivative of 7 with respect to the arc
length parameter. Note that the above integral is invariantly defined, so the X-ray
transform of a covariant two tensor field is well defined.

As stated before, we consider in this paper the question of the characterization
of the kernel Z¥ of P in H* (k> 1). In order to motivate our answer, note that if
v=>3"" vds' € H*1(Q) is a covariant 1-tensor field, then

n

s 1 81},‘ 8’Uj . k i ;

i,j=1
belongs to Z* if v|gq = 0. Here, and throughout this paper, Ffj denote the Christof-
fel symbols associated to the Levi-Civita connection induced by the metric g. If
we denote by P* the set of covariant 2-tensor fields obtained in this way, then it is
clear that P* C Z*, and the question is whether there is an equality.

In this paper we prove that the orthogonal complement of P*¥ in Z* (denoted by
Z¥ | P*) consists of smooth tensor fields up to the boundary (see Theorem H). As
a corollary (see Corollary B]) we prove that this space is a finite-dimensional vector
space. The above corollary had been proved independently by V.A. Sharafutdinov
[13], but our result proves that the dimension of this space does not depend on k.
This answers one of the problems posed by V.A. Sharafutdinov in [14].

The analogous question for lower order tensor fields was answered for metrics
that are simple in the work of Mukhometov [8,9] (see also Bernstein and Gerver [3]).
Anikonov and Romanov [I} 2] have solved the case of 1-tensor fields. In the case
of tensors of order 2, some partial answers have been given by Pestov and Shara-
futdinov [I0] in the case on negatively curved manifolds, which was extended to
manifolds of small positive curvature by Sharafutdinov [I1]. In the two-dimensional
case we mention a result by Sharafutdinov and Uhlmann [I5] for simple manifolds
with non-focal points.

The paper is organized as follows. In section2lwe prove that if P’ is the transpose
of P with respect to some inner product defined in that section, then P'P is a
pseudodifferential operator of order —1 in . Here we follow [16]. In this case we
compute explicitly the principal symbol of P’P. In section 3] we define an elliptic
pseudodifferential operator on €2, whose construction is analogous to the one used
to produce an elliptic operator from an elliptic complex (see for example [6]). We
use this operator in section H] to prove our main theorems using the theory of
pseudodifferential operators that satisfy Boutet de Monvel’s transmission condition
[5]. In this paper we follow the book by Chazarain and Piriou [4] on this subject.
The main idea in this section is that although the operator constructed in section
Bl cannot improve the regularity of distributions in Z*/P* to be in H*+1(), a new
operator, induced naturally on the boundary, is elliptic and does actually improve
the regularity of elements in Z*/P*.

2. THE X-RAY TRANSFORM OF A 2-TENSOR

The results of this section were obtained in unpublished notes [16]. For the
reader’s convenience we provide its full exposition.

Let Q be a bounded domain with smooth boundary 0f). The Riemannian met-
ric ¢ = (gi;) induces an inner product (:,-)7+q, on the cotangent bundle T*(,
whose matrix is g~ = (g%/). Consider the energy associated to the inner product
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THE KERNEL OF THE GEODESIC X-RAY TRANSFORM 4795

in cotangent space, H, = %szzl g7&;€;, and denote by ®,(t) the Hamiltonian
flow associated to H,. We define the sphere bundle of a manifold Q as the set
ST*Q = {(z,w) : (z,w) € T*Q, 3, g9wiw; = 1}. We will denote by (z(t),£(t))
the bicharacteristic curves of H on ST*(), whose projections to 2 are called the
geodesics of the metric g. It will be convenient to parameterize geodesics according
to the point and direction that they hit the boundary. It is natural, therefore, to
consider the set of incoming geodesics, which is parametrized by the set

ST*O0_ ={(z,w) : (z,w) € ST*ON, (w,v(z))r+q < 0},

where v(z) is the outer unit normal to 99). We introduce a measure on ST*0_,
du(z,w) = (w, v(2))r-qdw dS, where dS is the surface measure on 99 and so is dw
in STt = {w: (z,w) € ST*0Q}. In particular, any bicharacteristic (z(t),£(t)),
associated to Hy, will be written in the form (z(t; z,w), {(t; 2, w)), and it satisfies
(x(ov Z7w)7 E(Oa sz)) = (Z’ (.d).

In this section of the paper we will work in the space of symmetric smooth
covariant two tensors, that is to say, a tensor or the form w = szzl Wij dz' @ da?
where w;; = wj; is a smooth function, and we endow this space with the inner
product induced by the metric. Explicitly this means that if f and h are two
symmetric two tensors, then its inner product is defined as

=3 /Q Fis (@) () g™ ()7 () V.

W5k, l=1

where dV is the canonical volume form induced by g on €.

Let us consider a smooth 2-tensor field w = >0, fij(z) dz’ ® da? € C§°(Q),
which we extend to be a smooth compactly supported tensor field in R™, vanishing
outside €2, and let us note that we can write its geodesic X-ray transform as the
function on ST*0_, given by

(Ph)(zw)= ) /Rf”(x(t;zw))éi(t;z,w)éj(t;z,m dt,

4,j=1

where f% is obtained from f;; by raising indices.

It is clear that Pf € L2(ST*0)_;du), since 99 is compact. It is a classical
technique when dealing with the problem of inversion of the X-ray transform to
compute P’'P, where P’ is the transpose of P, with respect to the usual L? inner
product in L2(ST*9Q_), and we will do that in what follows. In fact, if we write
S = 8ST*0)_, and h is another smooth symmetric two tensor field supported in €2,
then

(Plf)f7 h)LQ(Q) = (Pf, Ph)L2(ST*BQ_) = /SPf(z,w)P_h(Aw) du(z,w)

Vs [ ([ riemsosma) ([ meeasae)ds) aeo.

,5,k,1=1

Now if we use that

/:f(t)dt:/Ooof(s+t>dt+/0°°f<s—t>dt
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for all s € R, it follows that the above equation ([l can be written as a sum of two
integrals I, and I_, where

= 3 [ e (0 o )6 (000 e ds ).

4,9,k =1

Remember that bicharacteristics, although not explicitly in the equation above,
are parametrized by (z,w). Note that for any z € 9Q and for any w € SP~1
(z,8) are global coordinates in 2, where s > 0 is the arclength parameter for
z(s;z,w). On the boundary dr = wTg 'v(z)dSds. Introduce the new vari-
able ¢ = tw on the boundary, then at the boundary dédz = t" 'dtdwdz =
wlgmty(z)t"tdtdwdzds = t" ' dtdsdpu(z,w). Since the Hamiltonian flow pre-
serves the measure, the same is true for any (z,&) € T*(). We can write

(x(s +1),6(s + 1)) = ©(1)(x(s), £(5)),
where t = |£(s)|,, that is to say, if y = exp,,) {, then y = z(s + ), where t = [{],.

If we denote by d(z,y) the geodesic distance between x and y, then one can show,
using simply connectedness of €, that (s + t) = dy, 362(, -), therefore,

/ 25 98 & & d
PP s =2 7’] T hkl -
(PP ; L e O W e e e

If we perform the change of variables y = exp, &, then we get that £/|¢|, =

—d,0(z,y) and & = f%dchQ (z,y). We conclude that the Jacobian of this change of
variables is given by | det(d¢/dy)| = 5| det afg 52|, and therefore we get that

Jay) 06 05 05 oo |det Zg|

P'Pf)(x) =2 90 90 90 90 1 9 | g,

D Z / 5og) =T By By, B, Oy (et o))

Lemma 1. Assume that g is a smooth simple metric in Q. Then if x is close to
Yy, we have

3G (@)@ — y)ilz —y);,

4,J= 1
026%(z,y)
LT e
028%(z, y)
omy, 2Gij (z,y),

where GV, G@ and G®) are smooth functions in QxQ and ngl-)(a:, x) = Gg)(:c, x)
= G (0,) = gij ().

Proof. Choose the covector &, so that y = exp, §. Then 6*(z,y) = [¢|>_,. From
the Hamiltonian system, by the Taylor expansion argument we find that y — x =
g ()€ + O([€]?), that is to say, £ = g(x)(y — 2) + O(Jy — x|?). This implies that §2
vanishes at least at second order when x = y, and therefore by the Taylor expansion
we get the first formula. The second and the third follow by differentiation. O

Lemma 2. The operator L = P'P is a pseudodifferential operator of order —1 in
Q.
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Proof. We have seen that L is an integral operator with kernel K (x,y), in fact, we
have that Kikjl(:c, y) is given by

2 3 LW (0 = )} [6Da — )G (e~ pED -y,

1 (det g(a)) /2 (z—9)TCD(z—y) "7+ G,

p,q=

where C:'g)(x,y) = ng (y,2), |G| = |det(G (3))|, and we write G for G(z,y).
Hence,
kl _ 7kl
Kij (z,y) = Mij (r,y,2 —y),
where Mi’}l(:c,y,f) is given by

(2)

M (2, y, é“)

9 (1)g"(y) (G2, [GP 2], (G2, [GP2
detg ))1/2 (TG ) 5 +2

ets* 1G] dz.

This last equation implies that M/ is the inverse Fourier Transform of a homoge-
neous function of degree 1 — n, so that MZ@-Z is a homogeneous function of degree
—1, which proves that P’P is a pseudodifferential operator of order —1. (Il

We can use the formulas obtained above to compute the principal symbol of
P'P, in fact, we just need to replace G, G, G G®) in the equation above by

g. Making the change of variables z = ¢g~'/22’, and denoting 2’ again by z, we
obtain
g— 1(P/ ) ($ 5) Milg’l(xax7§)
_ - 2 z‘g*l/?g.zgpk(x)glq(x) 1/2 1/2 1/2 1/2
aP R i - s e M T

2 g2, 1 _ B
= (27T)n/eg 13 |Z|n+3 [g 1/2Z]k[g 1/2Z] [ 1/2 } [ 1/2 ]] m

Therefore for any covariant 2-tensors f;;, and a contravariant 2 tensor h¥t, we have
that

> o (PP Ha,€) fuh” = Z Mg~ 2 (g 2 fg7 ) (g *hg" %)y,

iyg.k,l=1 W5,k l=1

2
@)

Summarizing, we have proved the following result.

(3) Mgkl(g) = /@i£.z|2‘_n_32i2jzkzl dz.

Theorem 1. Let Q) be an open subset of R™, and g a simple metric on Q. Then
P'P is a pseudodifferential operator of order —1. If we denote by o (P'P) its
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principal symbol, then we have

(4) Z a? (P'P)jj(x, &) fuh”

= Z Jil(PIP);C}(971/25)(971/2f971/2)kl(91/2591/2)@'
ik l=1

The importance of the above calculation is that it relates the principal symbol
of the operator P’'P in a simple metric g with the symbol of the operator P'P in
FEuclidean metric. Later in the paper we will use a formula analogous to equation
(@) to define a new operator L, for any metric g, based on the construction of the
operator L. defined for the Euclidean metric.

3. A PARAMETRIX CONSTRUCTION

In the last section we proved that P’P is a pseudodifferential operator of order
—1in Q. We will use the formula found in Theorem[I]as the basis of the construction
of an elliptic pseudodifferential operator in 2. The construction is easily done in
the case of the Euclidean X-ray transform and we will do so here; later we will use
that construction to make a general construction for any metric.

Given a 1-form w, we define its symmetric differential djw as the symmetrization
of the covariant derivative of w. In coordinates, this is defined as

.o " |1 (0a; Oa; =
i 3 122 22) St
i=1 g k=1

ij=1

The operator of symmetric differentiation has an adjoint with respect to the usual
inner product in the space of symmetric 2-tensor fields on 2 which we denote by
—05. Here

g

DI (% N znkfm) &'
i=1 j,k= p=1

We will omit the index indicating the metric when the metric is Euclidean. In this
case we have that the Laplacian, A = 2§°d®, is given by

- ~ 0 6ai Oa;
j=1

4,j=1

Therefore its symbol is given by
a(A)(€) = — (¢l + 7).,

where ¢ = [¢1 & ... &,)T is a column matrix.
Note that I — A has symbol (1 + |¢[2)] + €€, and that

(L4 1€P)T +€€7) 732 = a(|€1P)] + B(I¢17)e€™

for some smooth functions a and (3.
It is also easy to see that the symbol of the symmetric differential is given by

B= [BI BT ... B T
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where By, is an n X n matrix

i
(5) By = 5 (&1 +&ei)
and finally for the divergence operator we have its symbol given by
(6) A=1[A1 Ay ... A,

where Ay is an n x n matrix given by
(7) Ay =iepc".
Here we have ordered the components of f = Z? =1 fij dz; dx; in a vector whose

components are (fi1, fi2, .-, fin, f21, f22, - fons -+ frts frzs o5 fan) T
The main theorem of this section first appeared in [16].

Theorem 2. Let (€2, g) be a compact and simple Riemannian manifold. Then there
exists an operator Mg, such that,

(8) C,=PP+ dy M6,
is an operator of order —1 elliptic in €.

Proof. First we prove the result in the case of the Euclidean metric. Here we can
take M, = (I — A)~3/2. Indeed, if f is a tensor field in the kernel of o_;(C,), then

(9) o 1(P'P)f +01(d*)o_s(I — A) %01 (5°) f = 0.

Multiplying this equation by o1 (§°) from the left, and using that o1(§%)o_1(P'P) =
0, it follows that oo(dd®)o_3(I — A)~3/261(6%)f = 0, so 1(6°)f = 0, due to the
ellipticity of A(I — A)=3/2,

From here and equation (@), it follows that o_1(P'P)f = 0. Therefore, all
we need to do is to prove that if a tensor field satisfies the system of equations
01(0%)f =0and o_1(P'P)f =0, then f =0.

Note first that the condition o1(4%)f = 0 is equivalent to

(10) ijfij:O, foralli=1,...,n,
j=1
which follows immediately from (@) and ().
The principal symbol of P'P (given by (B])), can be explicitly computed, and it
is given by (see equations 2.11.4 and 2.11.5 in [12])

(11) o-1(P'P) (&) = Cuuli€],

for some non-zero constant C,. The above expression can be explicitly computed
by taking the fourth partial derivative of ||¢||3. Due to ([[0) and the symmetry of f,
when computing o_1(P’'P )Zl fri, we can ignore any term in the principal symbol of
o_1(P'P) that contains a factor & or &. It follows that if f is a tensor field such
that 01(0%)f =0 and o_1(P'P)f =0, then

12 3 <5ij5kl N dirdji n S04 §i€j5kz> =0, forallij—1...n
k=1

HEEEEEEE

If we choose 7 = j in the above equation, and take the sum from ¢ = 1 to n, we
obtain

(n—1)0kifra =0,
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from where it follows that
Ok1fra = 0.
Substituting this into equation ([I2), we get

n
Jird d
Z(m it Sk u)m 0, forall i,j =1,...,n,
=\l €1l

which implies
fij ¥ fii=0, foralli,j=1,...,n
Since f is symmetric, it follows that f = 0.
In order to end the proof of the theorem we need to construct M, for an arbitrary
metric g, which will be done later (see Corollary [Il). In order to start the construc-
tion of M,, we need to compute the principal symbol of L = d*(I — A)’3/25S.

Proposition 1. Let L be the pseudodifferential operator in ) of order —1 given by
L = d*(I — A)=3/25%; then the principal symbol of L is
n

(13) o_1(L)fj(x,€) = 1Z(£z5yq+€y 0iq) (e([€]*)€1gr + BUEI*)61€qEk)-

q=1

Proof. Let qu be the components of a symmetric 2-tensor f and let us note that

Sk 00 fro = 202, & fu. Hence, Y50y 0(6e)™ frn = 35712, & fuei, where e;
is the vector whose only non-zero component is the i-th component, which is equal
to one.

It follows that
n n
o((I+06d°)73)o (8 fru = a(|6) Y &fuei + BUEP) D Gilufa.
li=1 il=1
The proof is concluded by replacing the symbol of the symmetric differential in
the above equation, and this yields equation (I3). This concludes the proof. O

As an important remark, note that the summand in ([I3]) is a product of two
terms. The first one corresponds to the symmetric differential, the other one to
some pseudodifferential operator of order —2.

Proposition 2. There exists a pseudodifferential operator Ly on Q, such that L. =
L and

(14) Z o1 (Ly) (@, €) frahi

Z o1 (Le)if (g7 ) (g2 F g7 P (g P hg'?)i

for any covariant symmetm’c 2-tensor field f and contravariant 2-tensor field h.
The principal symbol o_1(Lg)5, of Lg is

5) Y (&G 1)y + &(G 1)) (@(EP)GPENGrp + BUEP)NGPE(GPE(GE),),
p=1

where G = g~ /2.
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Proof. Before we begin the proof, we note that the right-hand side in ([3) is the
sum of terms that have two factors. If we substitute (I3 into (I4]), we realize that
terms in the first factor in each summand are multiplied only by h, whereas the
terms in the second factor are multiplied by f. Note that regardless of the changes
we will make in equations (I3]) and (I4)), this will continue to be true.

In order to compute o_1(Ly);!(x, &), we need to simplify the expression

n

Z o_1(Le )pq( 71/25)( —1/2fgf1/2)m(91/2hg1/2)pq

p,q,T,s=1

Let us analyze how each factor of (I3) changes in each summand.
The first factor in (I3) has the form (change ¢ by 7 in that equation)

gP(S‘I'Y + Eq(sP'Y ’

so the term we need to consider is

n

L = Z ((971/2f)p5qv + (971/2§)q5pw)(91/2h91/2)pq

P,q=1
= Z ((9—1/25)1)5(” + (9_1/2§)q6m)(91/2)mhij (91/2)jq~
D,q,5,j=1
This expression simplifies to

n

(16) L= (&(g")j0 +&(9" )iy,

i,j=1
which gives the first factor in (I5). In order to obtain the second factor we apply
the same procedure. If we write G = g~ /2, we obtain

[
NE

I _1(0<(|G£|2)(G£)35w + B(IGE)(GE)s(GE)5(GE)r) (G fG) s
= | :l 1( a(|€]5-1)(GE)sbyr + BUIE-1)(GE)s(GE)(GE)r) Gt fraGis
= zn: (1€5-)(g7 G + BUEL-) (97 (G (97 ) fua.
Combining the:expressmns for Iy and I, we obtain the result. m

Note that L, is not uniquely determined by its principal symbol, we just need
to find one pseudodifferential operator that satisfies equation ([IHl). The principal
symbol of L, can also be expressed as a sum of terms which factor in two terms.
In particular the first factor in each summand corresponds to an operator, which
we would like to compute explicitly. In order to do so, note that

n
gi(Gil)m’ + Sj(Gfl)pi = Z(gi(G_l)pqéqj +& (G_l)pq‘sqi)

q=1

n

D (&ibgs + £i04i) (G ) pg-

q=1
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If we move the factor (G™1),, to the second factor in the symbol of L, in ([{H), it is
clear that we have proved, without loss of generality, that we can assume that the
first factor in the principal symbol of L, corresponds to the symmetric differential
operator d. Given that d and dj have the same principal symbol, we can, without
loss of generality, assume that L, factors from the left by dj.

A similar analysis proves that Ly can be factored from the right by d;, although
we will not use this fact later. We state it in the next corollary for future reference,
and leave the proof to the reader.

Corollary 1. Let L, be an operator on §, whose principal symbol is defined in
Proposition 2. Then we can choose Ly in such a way that it can be factored as

Ly = M5}

g7
where Mg is a pseudodifferential operator of order —3 in Q, which can be chosen
so that M, = (I — A)=3/2,

We can finally finish the proof of Theorem

End of the proof of Theorem [A. Note that formulas @) and () imply that the
principal symbol of C satisfies

n n

S (@ fah” = 3 o (COE (g2 (g2 g (g 2hg )
%,5,k,1=1 i,j,k,l=1
From this and the ellipticity of C., it is clear that C elliptic. O

4. REGULARITY OF THE KERNEL OF THE GEODESIC X-RAY TRANSFORM

It is clear, due to elliptic regularity and (), that if f is a distribution in £ such
that P, f = 0 for any geodesic v and such that d; f = 0 in £, then f must be smooth
in . However, its restriction to the boundary could be a non-smooth distribution
on 0f2. We will now prove that f is actually smooth up to the boundary. In order
to start, we will invert equation (B)) to find a decomposition of the indentity into a
potential part plus a term which behaves as a solenoidal part, modulo regularizing.

Proposition 3. There exists a pseudodifferential operatorsT of order 1 and smooth-
ing respectively R in Q such that
(17) I=TP'P+ dy S0, + R,

where S is a parametriz of d;d;.

Proof. In order to simplify the notation in this proof, we will use the following
convention. If P and @ are two pseudodifferential operators, we write P = Q if
P — @ is a smoothing operator.

The key idea is to invert equation (). To do so, we know from Theorem [ that

C,=PP+ dy M6,
is an elliptic operator of order —1 in 2. Applying symmetric differentiation by the
right of both sides of the equation, we obtain
_ p!
Cydy = P'Pdy + dg My6,d .
However, the operator 5§d§ is an elliptic operator which has a parametric S; there-

fore
ng;S = P'PdS + df]Mg.
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This implies that
dgMy = CydyS — P'Pds.
In particular replacing this equation into (), we obtain that
Cy=P'P+ Cyd; S, — P’Pd;Sé;.
Finally note that since C, is an elliptic operator, it has a parametrix 7'. Applying
T on the left we obtain

I=TPP+ dySo, — TP’PdZSé;.
We will prove that the last term in the above decomposition of the identity is
smoothing, which will end the proof of the proposition.

In fact, let Sp be the Dirichlet inverse for the Laplacian A® = §7d7 in €. That
is to say, Sp is defined as the operator that satisfies

A*Spf = fonQQ,
Spf = 0 on 09.

This operator exists since the Laplace operator A® satisfies the Lopatinskii condi-
tion. Recall that since A?® is an elliptic operator it has a parametrix S, such that
AsSf — f € C°(Q). In particular A%(Sf — Spf) € C®(f), so that by elliptic
regularity Sf — Spf € C*(Q).

Finally, this implies that

TP'PdySé; = TP Pdy(S— Sp)d, + TP Pd;Spd,
= TP'Pdy(S— Sp)d,
is a regularizing operator, since Pd;Sp = 0. This concludes the proof. O

Observe that we can extend all pseudodifferential operators in Proposition [ to a
neighborhood of ) by extending the metric g. The above result is still valid in this
extended domain, if we make the extended metric simple in this extended domain.
In particular, the operators dj and S, defined in the above proposition, satisfy the
transmission condition in €. For a study of the transmission condition, we refer the
reader to the book by Chazarain and Piriou [4]. As a consequence of this extension,
we have the following.

Corollary 2. Let f € H*(Q), k > 1, be such that Pf = 0 and d;f =0. Then f
has restrictions of all orders to the boundary 02 of Q.

Proof. Let f° be the extension of f to a neighborhood of €, which is identically
zero outside Q. Using (7)) we find that

fO=d3S85 0+ Rf°,
where S is a parametrix for the Laplacian, and R is a smoothing operator. Note
that of the two terms on the right-hand side, the second has restrictions of all
orders to the boundary, because it is smooth in a neighborhood of 92. The first
term has restrictions of all orders to the boundary, because d; f° vanishes in €,
and the operator d3S obviously satisfies the transmission condition there. Now the
result follows directly from Theorem 2.2 in Chapter 5 of [4]. O

Let us introduce the following notation. In Q we will use semigeodesic coordi-
nates (2/,x,) and x, > 0 in Q. In these coordinates, the boundary of € is defined
by the equation x,, = 0. The most important property of this coordinate system is
that the metric satisfies ¢;, = i, for i = 1,...,n, where §;; is the Kronecker delta.
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If f is a distribution in 2, we will denote by f(z/,07) its restriction to the
boundary. If f € H'(f2), then f(2/,07) belongs to H'/2(9Q). We will denote by
R™ the operator that maps f to f(2/,0"), which extends in an obvious way to
tensor fields. In particular, given a symmetric tensor field w = 37, S wi; dxtdxd, we
denote by R;' the operator Rfw =1 | RTw;, dz’.

Note that if we use semigeodesic coordinates in €2, and if d;f = 0 in 2, then
65f0 = Y00y fin(2',0%) @ bo(an) dz' = RS f ® do(n) (see for example Theorem
3.1.9 in [7]), where on the right-hand side of the last equation dg(z,) is the Dirac
delta distribution in R at the origin.

Using equation () we conclude that if f is a distribution such that Pf = 0 and
such that o7 f = 0, then

n
(18) =80 fin(a,07) @ do(wn)) da’ + RSP,

i=1
Note that the second term is smooth in a neighborhood of €2, and therefore has a
smooth restriction to the boundary. It is a well-known fact (see Theorem 2.4 in
Chapter 5 of [4]) that the restriction to the boundary of the first term acts as a
pseudodifferential operator of order 0 on the distribution Y ;" | fin(2/,07) dz’. We
will, nevertheless, need to compute this operator explicitly.

Definition 1. Let f be a smooth tensor field of order 1 on 02. We will denote by
A the operator on 0f2 defined by

Af = RFd3S(f @ do(wn)),

where S is the operator whose full symbol is equal to the principal symbol of any
parametrix of d,d;, and do(z,,) is the Dirac delta distribution on the boundary of
Q.

The following proposition gives us the most important properties of A.

Proposition 4. The operator A is a pseudodifferential operator on 9Q of order 0,
and its principal symbol is given by

In—ixn-1 i€
o 2 4[[€ Nl
O—O(A)(x 76 ) =
_ig’eHT 1
41[€ 11y 2

Proof. 1t is well known that d;dj has principal symbol given by

—5 (€127 + &(e0)T)

2 (0 &g9)"
7-2(5) = "1 (I SEE > |

Now (B) implies, that d3S has principal symbol
c= [ctct .. orir,

where C}, is the n X n matrix

SO

&r€(g8)"
€112

1

(19) Cr = —— (&1 + Eeff —
€112

).
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If we write £ = (¢/,&,) and use semigeodesic coordinates, then [|€]|2 = &7 ¢'¢'+£2
for some positive definite matrix ¢’. We will denote ||¢||, = (&7 ¢'¢)"/2.

Therefore the principal symbol of A is given by
1 oo s T
— lim / s — (€ + Eel — M) d&p.

27 2,0t ) o €113 €113
The above integral can be computed by the method of residues, and in particular
we obtain
In—lxn—l _ 4 !
2 4flgr My
oo(A)(2",¢) =
_ig’eHT 1
4NE 2
This concludes the proof of the proposition. O
Corollary 3. The operator I — A is an elliptic pseudodifferential operator of order
0 on 0.
Proof. The proof is immediate. Indeed, the operator I — A has principal symbol
In—1xn—1 i&’
. 2 Afle My
oo(I — A)(z', &) = :
i(g'eHT 1
47 5 2

which is an invertible matrix, because it only has trivial kernel, as it can be easily
computed. O

Our main result now follows.

Theorem 3. Let f € H*(Q), k > 1, be such that Pf = 0 and dgf = 0; then
feCc>9).
Proof. Tt follows from Proposition Blthat f = Rf, where R is a smoothing operator,

and from where it follows that f is smooth in the interior of Q. By Corollary B, f
has restrictions of all orders to 9. Equality (7)) implies that

(20) fO=d;Sss 0+ Rf°.

If we decompose S = S + T, where S is the operator whose full symbol is equal
to the principal symbol of S and T has order —3, then since T is the difference
of two operators that satisfy the transmission condition in €2, it also satisfies the
transmission condition there. If we apply R} to both sides of [20) we get

RYf = ARG f + REQT(f @ 6o(wa)) + B RSO,
Now Theorem 2.4 of Chapter 5 in [4] (see also Remark 2.6 there) implies that
(21) (I — AR f = RIT(RY f @ 0o(2n)) + RERSO € HFF1/2(5Q).

n Yg

It follows from Corollary Bl that R f € H*+1/2(9%2). Using (I8) and Theorem 2.4
of Chapter 5 in [4], we conclude that f € H**1(Q), which completes the proof. [

It is well known (see for example [12]) that there exist continuous operators
S : H*Q) — H*1(Q) and R : H*(Q) — H*(Q) such that for any tensor field f
we have

f=dSf+ Rf.
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Moreover, S f|an = 0 and §; Rf = 0. We have proved that if f belongs to the kernel
of the geodesic X-ray transform, then Rjf is smooth up to the boundary of 2. We
will prove in the next proposition that Z* embeds continuously in H*+1((Q).

Proposition 5. Let f € H¥(Q) such that Pf = 0 and 6°f = 0. Then f €
H**1(Q), and there exists a constant Cy > 0, such that

(22) £ llkt1:0 < Crll fllko-
Proof. Tt follows from equation (2I)) that

(I — A)R:[fHkH/z;aQ < Cillfllk;0-

Now by Corollary [ the operator I — A is elliptic, so that using a standard elliptic
estimate it follows that

175 fllks1/2.00 < Crllfllke-
Finally, if we use (I8) and Theorem 2.4 and Remark 2.6 in [4], we conclude that
there exists a positive constant C} such that

[f k410 < Crllfllko- =

Theorem 4. Let k > 1, let P¥ = {f : f = djv,v|aq = 0,0 € H*(Q)}, and let
ZF = {v € H*(Q) : Pv = 0}. Then P* C Z*, and P* has finite codimension in
VAR

Proof. Estimate (22)) shows that a bounded sequence in H*(() is also bounded in
H**1(Q). Using the Reillich Lemma, such a sequence has a convergent subsequence
in H*(Q). This proves that the unit ball in Z¥(Q) is compact, which is equivalent
to the fact that Z*(Q2) has finite dimension. O
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