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ON EMISSION TOMOGRAPHY OF INHOMOGENEOUS MEDIA

VLADIMIR A. SHARAFUTDINOVT

Abstract. The problem of finding the source distribution for particles (or radiation) in a
bounded domain D from the emitting flow through the boundary of D is considered. The particles
are supposed to move with unit velocity along geodesics of a Riemannian metric and can be absorbed
by the medium. The metric and the absorption are known. Uniqueness of the solution to this problem
and a stability estimate are obtained under a certain assumption on the absorption and curvature of
the metric.
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1. Introduction. The attenuated X-ray transform of a compactly-supported
function f is given on R”™ by

oo oo

(1.1) IFf(x,§) = /f(x—i—tf)exp —/5(x+s§)ds dt

—o00 t

where € R™, 0 # £ € R™. In this formula e(x) > 0 represents the absorption and is
assumed to be compactly-supported. The operator I¢ arises in the study of emission
tomography. The basic problem in the mathematical theory of the attenuated X-ray
transform is whether or not for a given absorption € the operator I has a non-trivial
kernel. For non-constant ¢ all known results include some assumptions on smallness
of €. A review of such results is given in [1].

In (1.1) the integration is made along straight lines. Actually, in tomographic
problems the integration is to be made along rays of sounding radiation. Strictly
speaking, these rays are straight only in homogeneous media. Any inhomogeneity of
the medium implies a ray refraction. It is very small and can be ignored in X-ray
tomography. But in other fields such as acoustic, geophysic and optic tomography
the ray refraction is to be taken into account. In many important cases the rays
are geodesic lines of a Riemannian metric. We thus come to the definition of the
attenuated X-ray transform along the geodesics of a Riemannian manifold which is
formulated in the next section.

2. Formulation of the result. A compact Riemannian manifold (M, g) with
a boundary M is called a compact dissipative Riemannian manifold (CDRM briefly)
if

1) the boundary is strictly convex, i.e., at every point € M the second qua-
dratic form II(, ) = (Vev, §) is positive-definite on the tangent space T, (OM); where
v is the unit outer normal vector to M, V is the covariant derivative in the metric
g and (,) is the scalar product in the metric g;
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2) for every point x € M and every vector 0 # £ € T, M, the maximal geodesic
vze(t) determined by the initial conditions v;¢(0) = x, 4¢(0) = £ is defined on the
finite segment [7_(z, ), 74 (z, §)].

We denote by TM = {(z,€) |z € M, £ € T,M} the space of the tangent bundle.
Let TOM = {(x,£) € TM | £ # 0} be the manifold of non-vanishing tangent vectors.
Note that, together with the definition of CDRM, we have introduced two functions
T, 7— : TOM — R.

Let QM = {(z,€) € TM | |¢|*> = (£,€) = gij(2)£°¢7 = 1} be the manifold of unit
tangent vectors. Its boundary 0Q2M is the union of the two submanifolds

O+ M ={(x,8) € QM |x € OM, (&, v(x)) > 0}

of inner and outer vectors.
We fix a smooth non-negative function € on M that will be called the absorption.
The linear operator

(2.1) IF : C™°(M) — C™(9, QM)

defined by the equality

0 0
(2.2) I f(a€) = / F(rae(®)) exp | - / E(vae(s)) ds| dt
T_(x,6) t

is called the attenuated X-ray transform on CDRM (M, g) corresponding to absorption
€; here v,¢ @ [7-(x,€),0] — M is the maximal geodesic satisfying the initial conditions
e (0) = 7, Fre(0) = €.

For a compact manifold N and an integer k > 0, let H*(N) be the topological
Hilbert space of functions that have generalized locally square integrable derivatives
up to order k in any local coordinate system. We denote by || - ||x one of equivalent
norms on this space. As in [3,4], one shows that operator (2.1) has some bounded
continuation

(2.3) I¢ . H*(M) — H*(9,QM)

for any integer k£ > 0.
Let (R;jki) be the curvature tensor of the Riemannian manifold (M,g). For a
point x € M and a two-dimensional subspace o C M we denote by

(2.4) K(x,0) = Riju& " /n* /1€ An)?

the sectional curvature of M at the point z in the direction o; here &, 7 is a basis for
o. For (z,&) € T°M, we define

(2.5) K(z,8) = sg[gK(m,U).

For a CDRM (M, g) and a non-negative function ¢ € C*°(M) we introduce the fol-
lowing characteristic

T+ (I7£)

(2'6) K’(Mv 9, E) = (z,E)SGU(:)Ii M / t [252 (’YI& (t)) + K(’YI& (t)v ’7w5(t))] + dt.
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Here ¢ @ [0,7+(x,&)] — M is the maximal geodesic satisfying the initial conditions
vze(0) =z, Y3¢(0) = &; and the notation

a, if a>0,
[“]+_{07 if a<0

is used.
The main result of this paper is the following
THEOREM 2.1. Let a CDRM (M,g) of dimension n > 2 and a non-negative
function e € C*°(M) satisfy the condition
(2.7) K(M,g,e) <

N =

Then any function f € H*(M) is uniquely determined by its attenuated X-ray trans-
form I f and the stability estimate

(2.8) 1fllo < ClIL= flx

holds with a constant C' independent of f.

Let us make some remarks on this theorem.

It follows from (2.6) that large values of the absorption can be compensated by
negative values of the curvature so as restriction (2.7) holds.

Restriction (2.7) is of an integral nature. Roughly speaking, it means that the
values of [2¢2(z) + K (x, )]+ are not to be accumulated along with geodesics. At the
same time the values of this quantity at some points can be very large.

Let us put
go = sup e(x), k(M,g)= sup K(x,§),
xeM (z,8)eQM
(2.9) .
diam (M,g) =  sup  74(x,§).
(z,£)eo_QM

Condition (2.7) is satisfied if
(2.10) 265 + k(M, g)] , diam®(M, g) < 1.

In particular, for a flat metric, i. e., such that the corresponding curvature vanishes
identically, restriction (2.10) takes the form

(2.11) o diam (M, g) < V'2/2.

This corollary of our theorem (the metric is flat and restriction (2.7) is replaced by
(2.11)) is stronger than the result obtained in [2]. At the same time it is weaker than
the theorem of [1] in which the constant v/2/2 on the right side of (2.11) is replaced
with 5.37.

The proof of Theorem 2.1 is presented in Section 4. Now we only note that by
the boundedness of (2.3) one can see that it is sufficient to prove the theorem for a
real smooth f.

3. Semibasic tensor fields. Here some notions and results of tensor analysis
are exposed that are needed for proving Theorem 2.1. We give the formulations of all
definitions and statements but do not present the proofs. The latter can be found in
[3] and [5].



4 VLADIMIR A. SHARAFUTDINOV

The modern mathematical style presumes that invariant (independent of the
choice of coordinates) notions are introduced by invariant definitions. Risking to
look old-fashioned, here the author consciously chooses the opposite approach. The
notions under considerations will be introduced with the help of local coordinates.
We will pay the particular attention to the rules of transformation of the quantities
under definition with respect to the change of coordinates. Invariant definitions are
also possible but they require some more preliminary notions.

Let M be a manifold of dimension n and 7y = (T'M, p, M) be its tangent bundle.
Points of the manifolds T'M are designated by the pairs (z,§) wherex € M, £ € T, M.
If (x',...,2™) is a local coordinate system defined in a domain U C M, then by 9; =
9/0x" € C*(7pr; U) we mean the coordinate vector fields and by dz’ € C°°(7},;U) we
mean the coordinate covector fields. Recall that the coordinates of a vector £ € T, M
are the coefficients of the expansion & = £'9/dz*. On the domain p~(U) C TM the
family of the functions (z!,..., 2", €1, ..., €") constitutes a local coordinate system
(strictly speaking, we have to write x%op; nevertheless we will use a more brief notation
2%, hoping that it will not lead to misunderstanding) which is called associated with
the system (z!,...,2"). From now on we will use only such coordinate systems on
TM. If (ac’l, ...,2'") is another coordinate system defined in a domain U’ C M,
then in p~1(U N U’) the associated coordinates are connected by the transformation
formulas

1 i1 ny. /i_ax”j
(3.1) =2 (xh, . 2"); 13 = 90

Unlike the case of general coordinates, these formulas have the next peculiarity: the
first n transformation functions are independent of ¢ while the last n functions depend
linearly on these variables. This peculiarity is the base of all further constructions in
the current section.

The algebra of tensor fields of the manifold T'M is generated locally by the co-
ordinate fields 9/9z°, 9/9¢¢, dxt, d¢'. Differentiating (3.1), we obtain the next rules
for transforming the fields with respect to change of associated coordinates:

o 9x7 0 o
.2 T — P /1/ - - ]
(3 ) ot ozt 851]’ dz oxJ dz’,
o o’ 9 9%’ 0 i 0% o 0a
B3 55 = aw 07 T awarkt e © T awiarrt T g

We note that formulas (3.2) contain only the first-order derivatives of the transforma-
tion functions and take the observation as the basis for the next definition.

A tensor u € T{ . (T'M) of degree (r,s) at a point (z,£) of the manifold T'M is

called semibasic if in some (and, consequently, in any) associated coordinate system
it can be represented as:
0 0

(3.4) u= u;iys agn ®--® oir

QRde" @ - @ dade.

The numbers “311; are called the coordinates (or components) of the tensor u. As-

suming the choice of the associated coordinate system to be clear from the context
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(or arbitrary), we will abbreviate equality (3.4) to the next one:
(3.5) u=(u;g) -
It follows from (3.2) that, under change of associated coordinates, the components of
a semibasic tensor are transformed by the formulas
(3.6) T O™ 0z Ozt But ki

s Oxkt Oxkr gt Oxtds trets
which are identical in form with formulas for transforming components of an ordinary
tensor on M. The set of all semibasic tensors of degree (r, s) constitutes the subbundle
in 77(TM). We shall denote the subbundle by IM = (BLIM,ph, TM). Sections
of this bundle are called semibasic tensor fields of degree (r,s). For such a field
u € C*(BTM), equalities (3.4) and (3. 5) are valid in the domain p~!(U) in which an
associated coordinate system acts; here u’} “ € C®(p~1(U)). Note that C>(ByM) =
C>(TM), i.e., semibasic tensor fields of degree (0,0) are just smooth functions on T'M.
The elements of C>(BLM) are called the semibasic vector fields, and the elements of
C>(BYM) are called semibasic covector fields.

The set C°(BIM) is a C°°(T'M)-module, i.e., the semibasic tensor fields of the
same degree can be summed and multiplied by functions ¢(z, ) depending smoothly
on (z,£) € TM. Using the formal analogy between ordinary tensors and semibasic
ones that is established by formula (3.6), one introduces the usual algebraic operations
on semibasic tensors: the tensor product, transpositions of indices and convolutions
with respect to two indices. Note also that ordinary tensor fields on M can be identified
with semibasic tensor fields whose components do not depend on &.

Let now (M,g) be a Riemannian manifold. In this case 8iM is furnished by
structure of a Riemannian bundle. Thus for u,v € C*°(8. M), the scalar product

(U, 0) = Gihy - Girk, g gl gl
is a smooth function on T'M.

A Riemannian metric establishes the canonical isomorphism 37M = §7+s M =
BrysM. For this reason we do not distinguish co- and contravariant tensors and say
about co- and contravariant components of the same tensor. In coordinate form this
fact is expressed by the well-known rule of raising and lowering of indices, and we will
use it.

For u € C*(B5 M), we define two semibasic tensor fields Vu = (Vku“ “) and

Js

h
Vu= (Vku“ ) by the formulas

" 0 i

Loy Lesin

(3.7) Viug, i = Bk Ui
0 - 0

7,1 17 . 7,1 ZT _ q Zl,,.l,,,

(3-8) Vku <Js axkuh Js kq€ aé'pujl g T
Tm, 741 ’Lm lplm+l 1. Z
Zrkp Ujy . Zrkjmuh Jm—1Pim+41---Js

where F;- . are the Christoffel symbols. Pay attention to a formal analogy between (3.8)
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and the formula for the covariant derivative of an ordinary tensor field: comparing
with the latter, the right-hand side of (3.8) contains one additional summand related

. v h
to dependence of the field u on the coordinates £*. One can verify that Vu and Vu
defined by (3.8) and (3.9) are really semibasic tensor fields, i.e., that their components
are transformed according to (3.6) under change of associated coordinates. We thus

obtain two well-defined differential operators %, % : C®(BiM) — C(B, M) that
are called the wertical and horizontal covariant derivatives respectively. One can
also show that they are derivatives with respect to tensor product, commute with
convolutions and satisfy the next commutation formulas

(3.9) ViVi = ViV =0,
v h h v
(3.10) ViVi = ViV =0,
h h h h L v
(3.11) (Vle — VM) U;IIZJZ = —quklfqvpuzll":;: +

T S
im U1 fm—1PlmAg 1T D 010
+ Y R D RS T psd
m=1 m=1

where (Rijkl) is the curvature tensor. We again pay attention to an analogy between
(3.11) and the corresponding formula for ordinary tensor fields. The next relations
are valid:

v h v h h . v .
Vikgij = Vigi; =0,  Vido; = Vid; =0, Vi&' =0, V&' =d;.

v v h h
In what follows we will also use the notations: V' = g“V;, V' = g“V;.

h
The operator H : C*°(8iM) — C*°(85 M) is defined by the equality H = £'V;.
In the case r = s = 0 this operator H : C®°(TM) — C®(TM) = C®(B)M) is
expressed in coordinate form as

0

ogt

and is called the geodesic vector field on T M. This vector field generates the one-
parameter group, of diffeomorphisms of 7'M, which is called the geodesic flow.

With the help of commutation formulas (3.9)—(3.11), the next claim can be ob-
tained that plays a crucial role in treating integral geometry problems on Riemannian
manifolds.

LEMMA 3.1 (PESTOV’S IDENTITY). For a real function u € C°(T M), the iden-

9 o
H:f@ — I eler

tity

h v h 9 h . v . NI C
(3.12) 2(Vu,V(Hu)) = |Vul|* + Viv' + Viw' — Rij&'€"V'u - Viu
holds where semibasic vector fields v and w are defined by the equalities

. b v v h
(3.13) v' =&V Vju— V- Vju,
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. _h. h
(3.14) w' = ¢ V' - Vju.

Note that the second and third terms on the right-hand side of (3.12) are of
divergence form.

The last tools we need for proving Theorem 2.1 are the Gauss-Ostrogradskil
formulas for the vertical and horizontal divergences. To formulate them, we note that
the Riemannian metric induces an Euclidean structure on the tangent space T, M
which in turn induces a metric on the unit sphere Q.M = QM NT, M. By dw, we
denote the corresponding volume form on €2, M. We introduce also the volume forms
d¥?"=! and d%?"~2 on the manifolds QM and QM by the formulas

A5 (,€) = dug(€) V™ (z),  dSP(,€) = (—1)"du(§) V" (2)

where dV™ and dV"~! are the Riemannian volumes on M and OM respectively.

LEMMA 3.2. Let (M,g) be a compact n-dimensional Riemannian manifold, u =
(ui(x,€)) be a semibasic vector field on TM smooth for &€ # 0 and positively homoge-
neous in its second argument

(e, t&) = tu(x,€)  (t>0).
Then the next Gauss-Ostrogradskii formulas are valid:

(3.15) / Vil dz?nl = A+n-1) /(u,£> dx?—t,
QM

QM

h .
(3.16) / Viu' dx?t = / (u,v)d8?" 2

QM oOM
where v is the unit outer normal vector to OM.
4. Proof of Theorem 2.1. We shall consider only real tensor fields in this

section. For u,v € C>(B9, M), we denote

(w,v) = wiyq, v U = (), ul? = / Jul? dX;

here d¥ = d¥?"~1! is the volume form on QM introduced above.
LEMMA 4.1. Let (M, g) be a CDRM; X\ > 0 and p > 0 be two continuous functions
on QM. If a semibasic tensor field u € C> (3% M) satisfies the boundary condition

(4.1) ulo_am =0,

then the inequality

(4.2) / plul?ds < Cy / p|Hul? d%
am QM

is valid; here

T+(z.8) t

(4.3) Crpu=  sup A(Yze (t), Ya / ds| dt.
" eoeoam ¢ e(t ) P(Vae (s %;g( s))
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For 4 = 1 this lemma was proved in [4]. In the general case the proof is similar
and, thus, omitted.

COROLLARY. Let (M,g) be CDRM, £ and ¢ be two non-negative continuous func-
tions on QM. If a semibasic tensor field u € C>° (8% M) satisfies boundary condition
(4.1), then the estimate

(4.4) [ elulas < D + eyl
QM
is valid; here
T+(I7£)

(4.5) D= s [ el due(t).
(2,6)€0_QM

Proof. Let us define the semibasic tensor field v by the equality Hu + cu = v.
We note that it can be written in the form

(4.6) H(ePu) = ePu;

here E is a function on QM satisfying the equation

(4.7) HE =e.

Applying the lemma with A\ = pe™2F and u = e~ 2¥ and using (4.6), we derive

/gp|u|2d2: /)\|eEu|2dZ§C,\,#/u|H(eEu)\2dE:

QM QM QM

=Chpu / u|eEv\2dE =Chp
QM

[0l = Cxpll (H + e)ul|*.

We thus came to the inequality

(4.8) [ et ds < o + e,
QM

where, according to (4.3),
7+ (2,€) t

(49)  Cxp=  sup / @(Vmﬁ(t)»ﬁxé(f))/exp [—Eae(t) + Eue(s)] ds dt
(z,£)e0_QM 0

and the notation Ex¢ (t) = 2E (V¢ (1), Yz¢(t)) is used for brevity. By (4.7), d€,¢(t)/dt =
2e > 0; so the function in the brackets in (4.9) is non-positive. Consequently, quantities
(4.5) and (4.9) satisfy the inequality C , < D,. The last inequality together with
(4.8) implies (4.4). 0

Proof of Theorem 2.1. Let f € C*°(M) be a real function. We define the function
u:T°M — R as

0

0
(4.10) u(, €) = / F(me(®)) exp | —é] / E(yae(s)) ds | dt,

T (2,8)
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The difference between (2.2) and (4.10) is that equality (2.2) is considered for (z, &) €
0+QM and (4.10) is considered for (z,€) € T°M. The function u is smooth on
TOM \ T(OM), satisfies the equation

(4.11) Hu+ ¢|¢|u = f(x),
the boundary conditions

(4.12) u|379M =0,

(4.13) ulo,om =I5 f
and is homogeneous with respect to its second argument
(4.14) u(z, A) = A tu(z, &) (A>0).

Let us define semibasic vector fields y = (y;(z,£)) and z = (z(z,£)) by the
equalities

(4.15) Vu = —ﬁﬁ + Y,
(4.16) Vu = %Zg + z.

The summands on the right-hand sides of (4.15) and (4.16) are orthogonal to each
other. Indeed, being multiplied by & these equalities imply

(4.17) (&, V) = —u + (£,1),

(4.18) Huz({,%u}zHu—i—({,z).

It follows from (4.14) by the Euler equation for homogeneous functions that the left
hand side of (4.17) is equal to —u. Thus, (4.17) and (4.18) give (£,y) = (£, 2) = 0.
For [£| =1, (4.16) implies

h
(4.19) |Vu|? = |Hul? + |2|%.

Taking the scalar product of (4.15) and (4.16), we obtain

h v 1
(4.20) (Vu,Vu) = _WU Hu+ (y, z).
We also note that (4.12) and (4.15) imply the boundary condition
(4.21) ylo_am = 0.

Applying the operator V to equation (4.11), we conclude

EU

=0.
€]

VHu +£\§|%u +
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v v h
By the obvious relation VH — HV = V, we transform the last equation to the form

v v h cu
HVu+¢l||Vu = —Vu — mg.

v h
Substituting expressions (4.15), (4.16) for Vu and Vu to the last equation we infer

u U Hu cu
H|—-—— s =——>§f —2— —¢£.
<m*+0+“<|@5”> FEASAGN

Since H¢ = 0, the previous relation gives
(4.22) (H +elg))y = —=
For the function u, we write the Pestov identity (3.12). Using (4.11) and the

independence of f and € of £, we obtain

%

V(Hu) = V(—¢lélu+ f) = —V(elelu) = —

cu
14
Consequently, the left-hand side of (3.12) can be transformed as follows:

¢~ cle|V.

2(611,%(}]11)) = —2¢ <|€1|uHu + |£\<%u, %u)) .

Substituting expression (4.20) into the right-hand side of the last equality, we obtain

2(Vu, Y (Hu)) = —2[€|{y, 2).

By the inequality between the arithmetic and geometric means, the last formula gives
the estimate

a2y | V| < 2Bl ) (GR1eD < 2716 + 31oP

Using the known symmetries of the curvature tensor and expression (4.15) for

v

Vu, we transform the last summand on the right hand side of (3.12) as follows
Riji& " VIiu-Viu = Rijr(EAVU)T (EAVUWH = Riji(EAy) (EAy)H = Rijm& €Fyly'.
The last equality and (2.4), (2.5) imply the estimate

(4.24) Rijé'€"Viu- Vi < K(x,6)[¢]? y]*.

h
For |¢| = 1, using estimates (4.23), (4.24) and expression (4.19) for |Vu|?, from
(3.12) we obtain

1 h . w .
(4.25) | Hul? + §|z|2 < (26 + K)|y]* — Viv' — V'

We multiply (4.25) by the volume element d¥: = d¥2"~1 | integrate it over QM and
transform the last two integrals on the right hand side of the so-obtained inequality by
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Gauss-Ostrogradskil formulas (3.15) and (3.16). In such a way we obtain the inequality

Il + 51l < [ @ mPas - [ (o)aso
(426) QM oM
—(n—-2) /(w,f>d2.
QM

where v is the unit outer normal to M. The coefficient n — 2 at the last integral in
(4.26) is written with the homogeneity of w that follows from (4.14) and (3.14) taken
into account.

The second integral from (4.26) can be estimated as follows

(4.27) / (0,0) dS2"2| < C|II° f)2,

QM

where C' is a constant depending on (M, g). This estimate can be obtained from (3.13)
and boundary conditions (4.12), (4.13) in complete analogy with [3] and thus we omit
its proof. We also note that (w,&) = |Hu|? according to (3.14). Thus, (4.26) and
(4.27) imply the inequality

1 €
(4.28) (n = DI Hul* + 5 [l2]* < / (2¢? + K)|y|* d% + C|lI°f|13.
oM
The field y satisfies the equation (4.22) and boundary condition (4.21). Applying
the corollary of Lemma 4.1 with ¢ = [2¢? + K], we obtain the estimate
(4.29) /(252 + K [y]? d < #])2]2
oM

where k = k(M, g) is defined by (2.6). It follows from (4.28) and (4.29) that

1 (3
(=Dl + (5 = ) 1412 < €I

If condition (2.7) holds, the last inequality gives
(4.30) [ Hull> < Cy||I° £7.

To finish the proof we have to estimate the norm || f|| from above by ||Hu|. To
this end, we note that equation (4.11) implies the inequality

(4.31) IfIF < I Hull + £ol|ull,

where the constant gq is defined by (2.9). By (4.12), the function u satisfies the
conditions of Lemma 4.1. Applying the lemma with A = p = 1, we obtain the
estimate

2
(132 Jull < 2 diamm (M. g) [
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where the constant diam (M, g) is defined by (2.9). By combining (4.31) and (4.32),
we conclude

el
(4.33) 171 < (1 5 e diam (M, ) ) | Hu.

Finally, (4.30) and (4.33) imply
IfI? < Co|l 2 1T

and the theorem is proved. |
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