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Abstract

In optical tomography, one tries to determine the spatial absorption and
scattering distributions inside a body by using measured pairs of inward
and outward fluxes of near-infrared light on the object boundary. In many
practically important situations, the scatter and the absorption inside the
object are smooth apart from inclusions where at least one of the two optical
parameters jumps to a higher or lower value. In this work, we investigate
the possibility of characterizing these inhomogeneities in the framework
of the diffusion approximation of the radiative transfer equation using the
factorization method: for purely scattering inclusions, or if the scattering
and absorption coefficients interplay in a correct way, the outcoming flux
corresponding to a point source belongs to the range of an operator, determined
through boundary measurements, if and only if the point source lies inside one
of the inclusions.

1. Introduction

In optical tomography, a physical body is illuminated with a flux of near-infrared (NIR) photons
and the outcoming flux is measured on the surface of the body. The idea is to reconstruct the
optical properties inside the object by using the measured pairs of input and output fluxes.
NIR tomography has a few possible clinical applications, the most important of which are,
arguably, screening for breast cancer and the development of a cerebral imaging modality
for mapping structure and function in newborn infants, and also possibly adults. For more
medical and instrumental details we refer to [1-3, 7] and the references therein.

In the framework of transport theory, propagation of light in tissue is modelled by the
radiative transport equation (RTE). Since a straight application of RTE is numerically quite
expensive, the model is usually simplified by using the diffusion approximation, which is
well established for materials that are strongly scattering [1]. If it is assumed that the flux
conducted through the object boundary is either static in time or modulated with a fixed
harmonic frequency, the diffusion approximation of RTE leads to an elliptic partial differential
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equation, the coefficients of which are what one needs to reconstruct when solving the inverse
problem of optical tomography.

In this work, we consider the situation where the background optical properties of the
investigated object are known but the object is contaminated with a number of inhomogeneities
with unknown characteristics. We investigate the possibility of characterizing these inclusions
using the factorization method introduced and justified for inverse scattering in [11], and
later for electrical impedance tomography with classical boundary conditions in [4] and with
complete electrode boundary conditions in [10]. Our aim is to derive sufficient conditions for
the factorization procedure to be functional in the framework of the diffusion approximation.

This text is organized as follows. Section 2 introduces the radiative transfer equation
and its diffusion approximation. In section 3, we consider briefly the unique solvability
of the forward model associated with the diffusion approximation and introduce the Robin-
to-Robin boundary operator that maps the used input flux onto the measured output flux.
The factorization of the difference of two Robin-to-Robin maps, one corresponding to the
background optical properties and the other corresponding to the object with inclusions, is
conducted in section 4. Section 5 investigates the properties of the operators needed in the
factorization, and finally in section 6 we state the characterization results.

2. Approximating light propagation

Propagation of electromagnetic radiation in a medium is governed by Maxwell’s equations.
Particularly, this holds for our case of interest, namely, near-infrared light travelling through
some biological tissue. However, since the wavelength of NIR light is small compared to the
characteristic distances of human tissue, the exact models are totally useless. Therefore, we
will model light propagation by using the diffusion approximation of the radiative transfer
equation, which has been shown to model fairly well light propagation in strongly scattering
tissues.

2.1. Radiative transfer equation

Let @ € R",n = 2 or n = 3 be a bounded body with a smooth boundary and connected
complement. The radiance at x € € at time € R in direction § € §"! is written as
I(x,t,0). In the framework of transport theory, this scalar function satisfies the radiative
transfer equation,

%I,(x, 10 +0-VI(x,1,0)+ (ux) + s () (x, 1, 0)

—,us(x)/ Fx,0,0)(x,1,&)ds(®) = q(x,1,0), 2.1)
Sn—l

where c is the speed of light (assumed to be constant), the positive scalar functions p and
1 are the absorption and scattering coefficients, respectively and ¢ denotes the source term
which is assumed to vanish in this discussion. The kernel f is the scattering phase function,
satisfying the following three physical conditions:

f(x,6,0)ds@) = f(x,0,®)ds@) =1,
Sn—l Sn—l
f(x,0,0) >0, xeR", b,pes" !, 22)
fx,0,d) = f(x, —d, —0), 0,0e 8"
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The energy fluency and the energy current density corresponding to given radiance are
defined by

<p(x,t)=/ I(x,t,0)ds(d), f(x,z)=/ I(x,t,0)0ds(),
Sn—1 gn—1

respectively. Note that ¢(x, ) and J (x, t) may be considered to be the coefficients of the
zeroth- and first-order terms for the linearization of 7 (x, ¢, #) with respect to 6. For more
transport theory the reader should consult, for example, [5].

2.2. Strong scattering

Being an integrodifferential equation, the radiative transfer equation, as discussed above, leads
easily to numerical problems of prohibitive size if no simplifications are made. The commonly
used simplification is called the diffusion approximation, which has been shown to be justified
for materials that are much more scattering than absorbing [1].

Let P : L>(S"") — span{l,6,...,6,} be an orthogonal projection, which linearizes
the dependence on the scattering direction. Denoting the integrodifferential operator induced
by the left-hand side of (2.1) by B, we define the diffusion approximation of the radiative
transfer equation as

PBPI =0, (2.3)

where [ denotes the radiance. Due to the way that the projection P is defined, one should
be able to write the diffusion approximation using only the energy fluency ¢ and the energy
current density J defined at the end of the previous subsection. Indeed, by a straightforward
calculation [8, 2], one sees that equation (2.3) is equivalent to the coupled system

1 >

o0 ==V J g, 24
1= 1 .

Ji==" Vo= (u+ (I = B)us)J, 2.5)

where I € R"*" is the identity matrix and the symmetric matrix B € R"*" is defined by

n

BijW

/ / 0w f (x,0,»)ds(@)ds(»).
Sn—1 gn—1

In order to handle the boundary conditions corresponding to the diffusion approximation,
we need to write the total flux inwards (—) and outwards (+) on the boundary 92 when the
dependence on the scattering direction is linearized. In [8], the linearized radiance is projected
on the unit normal at x € 92 obtaining the fluxes

Pi(x,t) =yo(x,t)£ %v(x) - f(x, 1), (2.6)

where v(x) is the outer unit normal of <2, in two dimensions y = % and in three dimensions
y = %. Note that the expression for the fluxes @ in (2.6) differs somewhat from the one
given in most references. However, since (2.6) is carefully conducted from the mathematical
model described above [8] and it also represents natural symmetry between the two fluxes, it
is one reasonable choice. Furthermore, note that the sign of the inward flux ®_ in (2.6) is
different from that given in [8, 9]: In this work, the net flux through 92 is obtained by taking
the difference &, — ®_, i.e. here both the inward and outward fluxes are treated as positive
quantities.
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3. Forward problem

In this section, we will introduce the forward problem corresponding to the diffusion
approximation of the radiative transfer equation assuming that the measurements are static in
time. Let 2 C R", n = 2 orn = 3 be a bounded body with a smooth boundary and connected
complement and suppose that a time invariant flux @ is conducted through 9€2. Setting the
time derivatives to zero in (2.4) and (2.5), solving (2.5) for J and substituting into (2.4) and
(2.6) we end with the following elliptic boundary value problem for ¢:

V-KVo—pp=0 inQ, yo+iv . KVp=>0 ondQ, (3.1

where v = v(x) is the unit normal pointing out of €2 and

1
K = ;(M*‘ - B)/J«s)_la
is symmetric. We claim that under the physically reasonable conditions
O<co<u<C, and 0 < us < Cy, (3.2)

problem (3.1) has a unique solution.

Theorem 3.1. Assume that the absorption and scattering coefficients satisfy (3.2) and
equations (2.2) are valid. Then for ® € H'2Q), the boundary value problem (3.1)
has a unique weak solution ¢ € H' (). Further,

lella@ < ClPa-1260)- (3.3

Proof. First of all, by using the conditions on w, u; and the scattering phase function, one
easily sees that the matrix K is well defined and positive definite. The claim then follows by
using the Lax—Milgram lemma [14] on the variational formulation of (3.1). For further details
we refer to [9], where similar analysis is conducted for square integrable input flux. ]

In the rest of this work we will forget the scattering coefficient w,, which does not appear
explicitly in (3.1), and treat the diffusion tensor K and the absorption coefficient i as the two
independent optical parameters. Hence, it is important to note that the result of theorem 3.1
remains valid if we assume that u satisfies the first part of (3.2) and K € R™*" satisfies

C[(I < K < C[(I, CK, C]( > 0, (34)

where the inequalities should be understood in the sense of positive definiteness (similar
notation will be used throughout this text). In the rest of this work, we will take
equations (3.2) and (3.4), as well as the symmetry of K, for granted.

3.1. Robin-to-Robin boundary map

We assume that our measurement setting is such that we can control the input flux penetrating
the object boundary and the flux coming out of the object can be measured. In other words, it
is assumed that the data that we can collect using non-invasive methods is the linear Robin-
to-Robin boundary map defined by

Y:H'20Q) - H 2 0Q), @ (Yo —3v-KVo)|,q.

where ¢ € H'(Q) is the unique weak solution of (3.1) corresponding to the input ®. To
collect all Robin—Robin boundary value pairs is in a pure mathematical sense equivalent to
collecting all Neumann—Dirichlet pairs. However, since in real life Robin boundary values
are those that can be controlled and measured, they are more easily sampled, and so from the
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practical point of view the above described Robin-to-Robin operator is the boundary map that
should be explored when implementing the factorization method.

The following lemma lists some basic properties of Y. In what follows, we will denote
by (i, v)1290) = [, uvdS the dual pairing between H~'/2(9K2) and H'/2(9Q2) as well as
the L?(92) inner product.

Lemma 3.2. The operator Y : H~'*(3Q) — H~Y2(dQ) can be written as T — I, where
T : H'2(0Q) — HY2(3Q) is bounded; in particular, Y is a Fredholm operator of index 0.
Further, Y |20, : L*(0Q) — L*(3R) is self-adjoint.

Proof. First of all, we may clearly write Y = T — I, where
T:H '?0Q) — H'?0Q) c H*(9Q), ® — 2y 9y,

is bounded due to the continuity of the solution map ® +— ¢ from H 120 to H'(Q), given
by (3.3), and the trace theorem. Since the embedding H'/?(9Q) < H~'/?(3Q) is compact
[13], T : H'2(3Q) — H~'/2(3Q) is compact, and it follows that Y is a Fredholm operator
of index 0.

Using the above-derived expansion for Y, it is easy to see that Y'|;230) € L(L2(3R)).
Let ®;, ®, € L*(3Q) be two input fluxes and ¢, ¢» € H Q) the corresponding solutions of
(3.1). By using Green’s formula, (3.1) and the symmetry of K we see that

/ v KV dS:f v-KVpipds.
aQ IQ

Hence,
1
(YD, D2) 12090 = 7/2/ Y12 dS — 1_1/ (V- KVe)( - KV@)dS = (O, TP2)1200),
a0 a0

which proves that Y'|[;2(5q) : L?(0Q) — L%(9RQ) is self-adjoint. This completes the proof.
O

Corollary 3.3. Let Y and Y be the Robin-to-Robin boundary maps corresponding to the pairs
(K, ) and (K, i), respectively. Then T — Y € L(HV20R), H'/*(0Q)) is self-adjoint.
Further, if K < K and . < fi, with one of the inequalities being strict on a set of non-zero
measure, then ¥ — Y is injective.

Proof. The fact that Y — Y maps H~'/?(32) continuously to H'/>(3Q) is a straightforward
consequence of the decomposition of lemma 3.2, and the self-adjointness of T — Y :
H'20Q) — H'Y?Q) follows from the self-adjointness of the restricted operator
T — T)|L2(asz) : L2(0Q) — L?(9R) through a density argument.

To prove the second part of the claim, let K < K and © < i with one of the inequalities
being strict on a set of non-zero measure. Assume that ® € H~1/2(3Q) satisfies (Y —T)® = 0
and let ¢, € H'(Q) be the corresponding solutions of (3.1). Clearly,

@ = Plag = - KVp—v-KVp)lsg = 0.
On the other hand, denoting f = (v - KV¢)|sg = (v - K V@)lsq and using the minimization
properties of ¢ and @, one sees that (cf, for example, [4] and [6])

(fi o —@)r2pe) 20,

where the equality holds if and only if f = 0. In consequence, it follows from the unique
solvability of (3.1) with Robin data replaced by Neumann data [ 13] that ¢ = @ = 0 everywhere

in Q. In particular, ® = (ygp + %v . KV(p) |as2 = 0, which proves the claim. ]
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4. Factorization

We will first consider the factorization method with only one inclusion; the generalization
for the case of multiple inclusions will be addressed briefly at the end of this work. Let the
diffusion matrix K and the absorption coefficient u be of the form

i [Ko+w %nD,_ _ [ro+é %nD,_ @
Ky in Q\D, o in Q\D,

where Ko, o € C*(R2) are the known background diffusion tensor and absorption coefficient,
respectively, D is an open connected subset of € with connected complement and a smooth
boundary 3D N3 = @ and «, § € C®(D) are the perturbations corresponding to D. In what
follows, we will denote the Robin-to-Robin boundary map corresponding to (K, 1) by Y and
the map corresponding to (Ko, o) by Y. Our goal in this section is to prove the following
theorem:

Theorem 4.1. The difference of the boundary maps Y, Yy : H'2(0Q) — H™2(Q)
can be factorized as Y — Yo = LFL', where L : H™'/?>(dD) — H'?(3Q), its adjoint
L' : H'20Q) - H'/>@D) and F : H'>(dD) — H~'2(dD) are bounded. In addition,
F is self-adjoint.

In the following considerations, as well as in the rest of this paper, on the inner boundary
dD the unit normal v = v(x) points out of Q\D into D—note that this convention differs
from that used in, e.g., [4] and [10]. We begin defining L and L’ by introducing the following
Robin boundary value problem:

V.- KoyVv — puov =0 in 9\5,
yv+iv-KgVo=0 on d%2, 4.2)
yv+%v~K0Vv=\IJ ondD,

which has a unique solution v € H'(Q\D) for ¥ € H~'/2(3 D) due to a slight modification
of theorem 3.1. Thus, we may define L by

L:H 20Dy — H'*Q), U (yv—3v-KoV)l,q,.
Due to the trace theorem and the continuous dependence on boundary data (3.3), we have
lyv =40 KoVo| 10, = 127 vlmean < Clvllpep) < CIYI-saop).
and so L is bounded. The adjoint operator L’ is given by

L' :H'?0Q) — H'Y*@BD), Vi (yu' = 3v - KoV,
where v € H' (Q\B) is the unique solution of

V- KoV — o' =0 in Q\D,

yv’+%v~K0Vv/:\I// on 9%2,

yv' +3v- KgVv' =0 on dD.

Indeed, with the help of the boundary conditions that v and v’ satisfy, we may write
1 1

(W', LW) 250) = / (yv’ + v K()Vv/) (yv ——v- KOVU) ds
90 2 2

= y/ v-KOVv/vdS—y/ v- KoVuu'dS
29 Blo)
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= y[ v- KoVou'dS — yf v- KoVv'vdS
aD D

1 1
:/ yv+=v-KoVu | [ yv — =v- K,V ) dS
aD 2 2

= (W, L'V) 129,

where we also used Green’s formula and the symmetry of Kj,. As an adjoint of a linear
bounded operator, L’ is linear and bounded.

Before we can introduce the third operator needed for the factorization of theorem 4.1,
we need to consider some notational details. On the inner boundary d D we define

vE(x) = lirg v(x £ tv), (v- KVv)i(x) = lirg v- (KVv)(x £ tv),
t—0* t—0*
for x € 9 D with v(x) the unit normal pointing into D, and further
[vlsp = v — v~ and [v-KVvlyp =@ -KVv)" — (v-KVv)~".

Note that the signs of the above-defined limits are the opposite compared to the definitions
given in [4] because v points here in the opposite direction.

The inner boundary operator F : H'?(dD) — H~'?>(dD) is defined through
F = F, — Fy, where

F.:0 - (yw+%v~KVw) Fo:0 (yw0+%v-K0Vwo)

7|8D’ 7|8D’

and w, wy € H'(2\d D) are the unique weak solutions of the diffraction problem
V-KVw —pw =20 in Q\dD,
yw+iv-KVw =0 on <, (4.3)
2y[wlyp = —[v- KVw]yp = O,

corresponding to the pairs (K, u), given by (4.1), and (Ko, i), respectively. Note that the

conditions on the inner boundary in (4.3) are equivalent to the following: the flux going into
the region D jumps by ® on 9 D and the flux coming out of D is continuous over d D.

Lemma 4.2. The operator F : H'/>(dD) — H~Y2(dD) is well defined, bounded and
self-adjoint.

Proof. The fact that (4.3) is uniquely solvable and the solution depends continuously on the
data follows from material in [12], and so the continuity of F : H'2(dD) - H™'2(3D) is a
consequence of the trace theorem and the boundedness of the map

H(div, Q\D) - H~ D), vie (v-V) |ap, (4.4)

where H (div, Q\D) = {v € (L>(Q2\D))" | V -v € L*(Q\D)}, cf, e.g., [6].

Let us next consider the self-adjointness. For ©1,0, € HY?(dD) let wy, w, €
H'(Q\dD) be the corresponding solutions of the diffraction problem (4.3) with the pair
(K, n). By using the boundary conditions that w, satisfies, we may write

(Fe®1,02)120p) = 7// w ((v- KVwy)™ — (v- KVwy)*)dS
oD
+y/ v- Kle)’(w;r — wz_)dS
9D
—y {/ (v - KVwy) wy dS —/ - KVw) wy dS}
aD 9D

+y {f (v-KVw) w3 dS — / (v- KVwy) w; dS} . 4.5)
aD aD



744 N Hyvonen

Due to Green’s formula, the term on the second to last row of (4.5) equals

y{/ v-KlewgdS—/ v-KszwldS}zo,
a0 a0

where we used the boundary conditions on the outer boundary 9<2. Hence, by using Green’s
formula and the boundary conditions of (4.3) on d D, we obtain

1
<FK®1’®2>L2(6D) :/ ((v~KVw1)++®1)yw§dS—f E(v-KVw2)+(2wa—®l)dS
D oD

1 +
:/ (yw2+—v~KVw2> ®1dS
aD 2

| _
:/ <yw2+—v~KVw2> ®,dS
aD 2

= (Fc©2, O1)1233p)-
Since a similar reasoning also holds for Fj, we have altogether shown that F is self-adjoint.
]

Now it is time to provide a proof for theorem 4.1.

Proof of theorem 4.1. For a fixed input flux ® € H~2(3Q), denote by ¢, 9y € H'(Q)
the solutions of the forward problem (3.1) corresponding to the pairs (K, n) and (Ko, (o),

respectively. Clearly, (¢ — ¢o)|gp solves (4.2) for W = {y (¢ —@o) +3v- KoVie —@0)} |,
and, in particular,
L({y(g —go) +5v-KoV(g —90)} |,,) = {r@—w) —5v-KeV(e — 00},
= (T — Yo)®.

By introducing the operator G : ® > (yo +3v-KVo) |, = (yo+35v-KoVg) |, and
setting G = G, — Gy, where G is the counterpart of G, corresponding to ¢,, we have so far
derived the factorization

T —Yo=LG. (4.6)
Note that G is a well-defined bounded operator from H~'/2(3Q2) to H~'/2(3 D) due to (3.3),
the trace theorem and (4.4).

The next task is to calculate the dual operator G, : H'/2(dD) — H'Y*(3Q) of G,. To
this end, consider w € H'(2\dD) the solution of diffraction problem (4.3) corresponding
to ® € H'/2(dD) and (K, ). With the help of the jump conditions [¢lyp = [v - KVe¢lsp
= 0 (cf [12]), the Green’s formula in both interior and exterior regions, and the boundary
conditions on ¢ and w, we deduce

1 _
(GKCD, ®)L2(3D):/ ()/gO—F-VKV(p) ®dS
aD 2
:y/ v'KV(p(er—w_)dS—y/ (v-KVw)" — (- KVw) )edS
9D

= / (v-KVw) ¢dS — yf v-KVow  dS
aD

y/ v- KVowdS — y/ v- KVwepdS
aQ
<<D,yw——v KVw> ,
L2(0Q)

NI»—*:O

1 1
v-KVep|yw—<-v:-KVw dS+/ yw—=v-KVw |yedS
2 9Q 2
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which shows that G/.® = (yw - %v . KVw) sa = (yw — %v . K()Vw)|aQ e H'?(3Q) due

to the trace theorem and the outer boundary condition of (4.3). Hence, with wy € H'(Q\dD)
being the solution of (4.3) corresponding to ® and (K, o), we have

G'O = {yw—wp) — 3v- KeV(w—wo)}|,q-

The restriction (w — wo)| g p solves (4.2) for ¥ = {y(w —wy)+ %v KoV (w— wo)}
which means that

L({yw —wo) + 3v- KoV(w —wo)} |, ) = {y(w —wo) — v+ KoV(w — wo) } -

which equals G'®. Due to the way F : H'/2(dD) — H~'/?(dD) is defined and since
® € H'2(3D) was chosen arbitrarily, the above relation is equivalent to G’ = LF. Taking
the transpose of this and plugging it into (4.6), we obtain

Y—-Yo=LFL =LFL,

7|3D’

which is what we set out to prove. (]

5. Further properties of F

To use the factorization given in theorem 4.1 for inclusion characterization in the same way
as in [4], one needs to show that F : H'/2(dD) — H~'2(@D) is self-adjoint, bijective and
either positive or negative definite. The self-adjointness is a fundamental property of F, but
the latter two conditions hold only if suitable conditions are imposed on the perturbations x
and 8.

Physically speaking, the inner boundary operator F is positive if and only if the existence
of the inclusion D C 2 decreases the amount of absorbed photons inside the body €2 for any
input flux. In the framework of the diffusion approximation, a sufficient condition is

k<0 and §<0 inD, 5.1

where the first inequality is to be interpreted in the sense of positive definiteness and one of
the inequalities is strict on a set of non-zero measure in D. Similarly, F is negative definite if

k=0 and §>0 in D, (5.2)

with one of the inequalities being strict on a set of non-zero measure.

Lemma 5.1. If condition (5.1) is valid, then F : H'/>(d D) — H~Y2(3dD) is positive definite.
On the other hand, if (5.2) holds, F is negative definite. In either of these cases F is injective.

Proof. We start by showing that the solution of (4.3), w € H'(\dD), corresponding to
® € H'?(3D) and the pair (K, u), is the unique minimizer of the quadratic functional
E.(-,-), defined by
E.(u,v) = / KVu-Vvdx +/ v dx +2y/ uv dS+2)// u v —utvh)ds,
Q Q aQ oD
(5.3)
over the subset
Heo = (@ € H'(Q\3D) | 2y[@]sp = O}.
Indeed, denoting v = @ — w for an arbitrary @ € Hg, we have

E. (W, W) = Ec(w,w) + Ec(v,v) +2E(w, v). 5.4)
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By using Green’s formula, the boundary conditions of (4.3) and noting that [v];p = 0, we
may write

fKVw-Vvdx:/ ((v-KVw)’—(wKVw)Jr)vdS—fuwvdx+/ v- KVwvdS
Q aD Q Flo)

=/ @vdS—/uwvdx—Zy/ wvdS,
9D Q a0

from which it follows that
E,((w,v):/ @vdS+2y/ (w™ —wHvdS =0.
9D 3D

Moreover, since [v]yp = 0, the inner boundary term of E, (v, v) vanishes, meaning that
E. (v, v) > 0 with the equality holding if and only if v = 0. Combining the material above,
we have altogether established that E, (w, w) < E,(w, W), where the equality holds if and
only if @ = w. In the same way one also sees that the solution of (4.3) corresponding to
® € H'2(3D) and (Ky, 1) is the unique minimizer of the quadratic form Eg(-, -), obtained
by replacing (K, u) with (K, io) in (5.3), over the very same set Hg.

On the other hand, for ® € H'/?>(3 D) and w, defined as above, it also holds that

1 -
<FK®7®>L2(3D):/ (yw+—v'KVw> edS
D 2

1
=/ —(voKVw)_@)dS—/ yw+®dS+yf (w™ +w"HOds
ap 2 aD aD

=—y {/ (v-KVw) w~dS —/ (v-KVw)*w*dS
oD 9D

+2y / (w)? — (wh?) ds} ,
oD

where the last equality follows by writing ® in two ways: using the normal derivatives in the
second term and the Dirichlet boundary values in the first and third terms. With the help of
Green’s formula, in both inner and outer regions, and the boundary condition that w satisfies
on 9%2, one sees that

(Fi®, O)20p) = —y Ec(w, w). (5.5)

Denoting the solution of (4.3) corresponding to ® and the pair (Ko, po) by wo € H H(Q\dD),
we obtain in similar fashion that

(Fo®, ©)123p) = —y Eo(wo, wo). (5.6)

Due to the minimization properties of w and wy considered above, for «k < 0 and § < 0,
with one of the inequalities being strict on a set of non-zero measure, we have

E(w, w) < Ec(wo, wo) < Eo(wo, wo).
Similarly, for « > 0 and 6 > 0, with one of the inequalities being strict on a set of non-zero
measure, it holds that

Eo(wo, wo) < Eo(w, w) < E(w, w).

Now the claim follows from these estimates together with (5.5) and (5.6). O

We still need to say something about the surjectivity of F. In order to be successful
in this task, we need to define a couple of auxiliary operators. The Robin-to-Robin map
corresponding to the pair (K, ), given in (4.1), and the interior region D is defined by

YP: HY*D) > H '*(D), iy > (Yo +2v-KV)'|, .



Characterizing inclusions in optical tomography 747

where ¢ € H'(D) satisfies the boundary value problem

V-KV¢p—up =0 in D,

(vo — v -KVg) = &y, on dD. -7)

Note that Y2 has all the properties given in lemma 3.2; the sign changes in the boundary
conditions are due to the fact that the unit normal v points into the region D not out of it.
The Robin-to-Robin map Y : H ~12(dD) — H~'2(3 D) corresponding to the background
pair (Ko, 14o) is defined in similar fashion. Further, we introduce the exterior Robin-to-Robin
boundary map:

YD . g-12(3p) — H-V2(3D), Doy > (y¥ — Lv-KoVY) |, .
where i € H'(Q\D) is the solution of

V- KoVY — oy =0 in Q\D,

(v¥ +3v - KoVi) ™ = Poy on 3D, (5.8)

y¥+ v KoV =0 on Q2.

One easily sees that TP 4150 has the properties of lemma 3.2.
The following two technical lemmas give information that is essential when proving the
surjectivity of F.

Lemma 5.2. The operator I — YDY2D maps H='2(d D) injectively to H'/>(d D).

Proof. First of all, let us prove that R(I — TDTQ\B) C H'?(dD). As in the proof
of lemma 3.2, one easily sees that TP can be given in the form TP _ [, where
TD . g-12(3D) — HY*(3D). Using this together with the analogous representation
Y2 =TP — I, where TP : H~2(dD) — H'*(3D), we obtain

TDTQ\E —J_Tb_ TQ\E + TDTQ\B’
which proves the claim.

In order to prove the injectivity, assume that Y? TQ\Bd)Om = ®d,, for some Dy €
H™'20D), i.e. Do € N(I — YPYAD) We define u € H'(Q\D) to be the unique solution
of (5.8) for this flux @, and continue u to the inner region D as the unique solution of (5.7)
with the input ®;, = TP, = (yu— %v - KVu) Combining this with the original
assumption on @, we deduce that

[yu— %v . KV”]aD = [yu+ %v . KVu]aD =0,

_|3D'

or in other words

[ulop =[v- KVulyp =0.
Since also (yu + %v . KVu) |as2 = 0 and clearly u € H'(Q\dD), it follows from the unique
solvability of (4.3) that u = 0. In particular, ®oy = (yu + 3v - KVu)_|3D = 0, from which
it follows that N'(I — Y2 Y2\P) = {0}. O

In what follows, we will assume for simplicity that K, and « are scalar functions.

Lemma 5.3. Let Ky and k be scalar functions and assume that either (5.1) holds

and « is negative on dD or (5.2) is valid and « is positive on dD. Then the map
YP — P H '2(0D) — H'*(3D) is bijective.
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Proof. To begin with, the injectivity of Y2 — Y follows straight away from corollary 3.3.
Our plan is to prove that TP — TOD : H"Y2(dD) — H'?(3D) is a Fredholm operator of
index 0, whence the surjectivity follows from the injectivity. By using the decomposition
derived in lemma 3.2, for ®;, € H~'/2(3 D) we may write

(TP = 1) ®in = 2y (¢ — ¢0)*lop.

where ¢, ¢y € H'(D) are the solutions of (5.7) corresponding to the pairs (K, i) and (Ko, 1t0),
respectively. Hence, by defining auxiliary operators B, T : H~'/?(dD) — H'/?>(3 D) through

B:d Ko ’ T:d Ko, )
: in'_><(7_ >¢0) , : in'_)<¢_7¢0>

we have Y? — TP =2y (B + T). We claim that B is bijective and T is compact.
Indeed, by assumption Ky/K — 1 is smooth and does not equal zero anywhere on 9D,
and so for any g € H'/2(3 D) the problem

) (5.9)
aD

aD

K
V. KoVu — jiou =0 in D, <?0—1)u=g on D, (5.10)

has a unique solution u € H'(D) that depends continuously on the data [13]. In consequence,
the mapping

B: H23D) — H'2@D), g (yu—3v KoVu)'|, .

is well defined, and also continuous, by the trace theorem and an obvious variant of (4.4).
Using the unique solvability of (5.7) and (5.10), it is easy to see that B is the inverse of B,
which proves the first part of the claim.
Let us next consider the non-homogeneous boundary value problem
V-KVu—puu=f in D,

5.11)
(yu—%v'KVuY:\IJ on dD. (

Due to the regularity theory of elliptic partial differential equations, if f € L?*(D) and
v e H'Y2OD), equation (5.11) has a unique solution u € H 2(D) and, in addition, the
solution map

T, : L>(D) x H'*(D) — H*(D), (f, W) > u,

is continuous [13].

Let ¢, ¢9 € H'(D) still be the solutions of (5.7) corresponding to the input flux
&y, € H™2(3D) and the pairs (K, ) and (Ko, o), respectively. By a straightforward
calculation, one sees that the difference ¢ — K¢/ K ¢ satisfies equation (5.11) for

= (n2e b0 — V- oK V0
= MK Mo 0 0 K’

W - Ko b o1 é kv Ko ’
= — — —v . —_—

v K )T
Clearly, the operator T : H'(D) — L*(D) x H'/>(3D),

Ko v.ookvEe (- Koy, L kv ke
v — — V=V -vKV—, —— v+ -v-vKV—],
g —Ho k7 K 2 K

is well defined and bounded, and so putting the above material together, we have

aD

Ky 2
o — ?éf’o =TTpo € H* (D),
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where T\ T, : H' (D) — H?*(D) is bounded. By using this together with the trace theorem
and continuous dependence on boundary data in (5.7), we deduce that T, given in (5.9),
maps H~'/2(3 D) continuously to H3/>(d D). In consequence, due to the compactness of the
imbedding H¥?(dD) — H'?(3D), T : H'>(dD) — H'*(3D) is compact.

Hence, Y2 — TP : H-Y2(3D) — H'*(3D) can be given as a sum of an invertible and
a compact operator, meaning that it is a Fredholm operator of index 0, and so the bijectivity
of TP — 1P follows from its injectivity. g

Now we have introduced enough weaponry for stating a result about the bijectivity of F.

Lemma 5.4. Suppose that the assumptions of lemma 5.3 hold. Then the operator
F : H'2(dD) — H~'2(3D) is bijective.

Proof. The injectivity of F : H'>(dD) — H~'/2(3D) follows from lemma 5.1. Hence,
all we have to prove is that F is surjective: Let ¥ € H~!/2(dD) be arbitrary. According to
lemmas 5.3 and 5.2, there exists 0, € H~!/2(3 D) such that

(C? =)o) = (1 — TPYNP)y, (5.12)

Let us define wy € H'(D) as the unique solution of (5.7) with the flux @9 satisfying
(5.12) and (K, u) replaced with (K, i4o), and continue wy to the exterior region 9\5 as
the H'-solution of (5.8) with the flux ®%, = (ywo + 3v - KoVwy) Finally, we set
® = 2y[wglsp € H'/?(3D) and claim that FO® = W,

To begin with, it is easy to see that wy € H'(Q\dD) is the solution of (4.3) with (K, o)
and the input ® defined above; let w, € H'(2\d D) be the solution of (4.3) corresponding to
the pair (K, i) and the same input ®. To simplify our notation let us define a few auxiliary

fluxes:

|
aD"

P, = (ywe — %v ’ Kvw'f)+|aD’

Opy = (ywe+3v - KVwe) |y, = (vwe + 50 - K V)

out 2

(Cb?n)_ = (ywo — %v . KOVwo)

(CD’i‘n)_ = (wa — %v . KVwK)

. |3D’

iaD’

|BD’
Note that due to the jump conditions of (4.3), % and ®¥, are continuous over d D whereas
oL — () = @) — (PY) = ©. With the help of (4.3) and the way Y2, Y and TP
are defined, we may write

K 0
CI)out - CI)out

T T (AR 2
= (07 =7 @5 + TP((0f) — (@5) )
= (I = YPYNP)w 4 YYD (0F — @0 ),
where we also used (5.12). In consequence,

(1 = CPrHD) (@5, — @) = W) =0,
from which it follows by lemma 5.2 that, actually,

— 0

out

FO = 9

out

= V.

Since W € H~!/2(d D) was chosen arbitrarily, this completes the proof. U
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6. Characterizing the inclusion

From now on we will assume that the conditions of lemma 5.3 hold, i.e. Ky and « are
scalars, and either (5.1) holds and « is negative on d D or (5.2) holds and « is positive on d D.
According to lemmas 4.2, 5.4 and 5.1, under these conditions F : H'/2(dD) — H~'/?(dD) is
self-adjoint, bijective and either positive or negative definite. In what follows, we will denote
by | F| the absolute value of F, meaning that | F'| = F' if F is positive, and |F| = —F if F is
negative. The following lemma, like most of the content of this section, is adopted from [4].

Lemma 6.1. The operator |F| : H'/>(dD) — H~Y2(dD) can be givenas |F| = (F'/?)' F/2,
where F'2 : H'2(3D) — L*(dD) and (F'?Y : L*(dD) — H~'2(dD) are bounded,
bijective and dual to each other.

By using theorem 4.1 and lemma 6.1, it is easy to see that the absolute value of the
difference of the Robin-to-Robin boundary maps, defined by

IY — Yol = L|F|L' = L(FY*F'2L": H'2Q) — H'?(39), (6.1)

is positive definite. As a consequence, the unique, positive, restricted square root operator
[T —Yol IL/ZZ(BQ) s L2(9Q) — L*(9Q) is well defined. The following lemma is a straightforward
consequence of the factorization (6.1)—for proof we refer again to [4].

1/2

Lemma 6.2. The ranges R(|T — T0|L2(3Q)) and R(L) coincide.

Note that R(lT - T0|1L/22(BQ)) is something that can be obtained through boundary
measurements and, as a consequence, so is R(L). Keeping this in mind, we consider the
solution £, of the following homogeneous Robin problem:

V- KoVh(x) — poh(x) =86(x —y) in 2,
yh+3v-KoVh =0 on 9%2,
where y € Qis a parameter and § is the delta functional. Physically speaking, &, is the energy
fluency corresponding to a point source at y and no input flux on d<2. It is well known that
(6.2) is uniquely solvable with i, € C*(2\{y}) and h, singular at y.

Now it is the time to present the main result of this work. Note that the algorithm induced
by the following theorem is non-invasive: Yo and /2, can be computed and Y can be measured.

(6.2)

Theorem 6.3. Let Ky, ito € C®(Q) and «,8 € C*®(D) be scalar functions and assume that
either (5.1) holds and « is negative on 0D or (5.2) is valid and k is positive on d D. Then the
output flux (yhy - %v . KOVhy) |asz corresponding to the singular solution of (6.2), belongs

to the range of | Y — T0|2/22(39) if and only if y € D.

Proof. Let us first consider the case y € D. Since hy|q\p is smooth, it is easy to see that it is

the unique solution of (4.2) corresponding to W = (yhy + %v - KoVh y) . In other words,

7|3D
L((yhy+3v-KoVhy) |,,) = (vhy — 5v - KoVhy)

which proves one part of the claim.

To prove the other part, we assume the opposite: Let y € Q\D and ¥ € H~/2(3D) be
such that the solution of (4.2) satisfies yv — %v -KoVv =yh, — %v - KoVh, on 9€2. Due to
the outer boundary conditions of (4.2) and (6.2), v and £, have the same Cauchy data on 9€2,
and so it follows from Holmgren’s uniqueness theorem that v = h, on Q\(D U {y}). Since
hy is singular at y whereas v is not, we have arrived at a contradiction, which completes the
proof. |

o
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In theorem 6.3, the behaviour of the diffusion tensor is more important than the behaviour
of the absorption coefficient since a strict inequality is posed only on «. In consequence,
the factorization method is applicable to the characterization of purely diffusive inclusions
whereas there is no guarantee that it would work for purely absorbing inhomogeneities.

To end this work, we note that the above theorem can be generalized for the case of multiple
non-intersecting inclusions, Dy, ..., D,, C 2, by replacing the trace spaces H*!/2(3 D) used
above with the products H*'/2(dD;) x --- x H*'2(3D,,). The numerical implementation
of theorem 6.3 will be considered in forthcoming papers.
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