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Abstract. We survey some recent results on the reconstruction of discontinuities by boundary
measurements for elasticity and related systems in two dimensions. Our main tool is a new type
of complex geometrical optics solutions.

1. Introduction

In this paper we consider the inverse boundary problem of reconstructing discontinuities inside
a plane domain filled with elastic, thermoelastic media, or incompressible fluid. We are
interested in designing a reconstruction algorithm which can determine as much information
of the discontinuities as possible by boundary measurements. In this study, we assume that the
medium is isotropic for those systems. A common feature of those systems is that they can be
reduced to a larger system with Laplacian as the leading term.

In general, inverse boundary value problems are a class of inverse problems where one
attempts to determine the internal parameters of body by making measurements only at
the surface of the body. A prototypical example that has received a lot of attention is
Electrical Impedance Tomography (EIT). In this inverse method one would like to determine
the conductivity distribution inside a body by making voltage and current measurements at the
boundary. This is also called Calderén problem [3]. The boundary information is encoded in
the Dirichlet to Neumann map associated to the conductivity equation. Sylvester and Uhlmann
[25] constructed complex geometrical optics (CGO) solutions for the conductivity equation. The
phase functions of these solutions are linear. CGO optics have been used in EIT and have been
instrumental in solving several inverse problems. We will not review these developments in
detail here; see [27] and [26] for references; other reviews in EIT are [2] and [4]. There are many
applications of EIT ranging from early breast cancer detection [29] to geophysical sensing for
underground objects, see [16, 21, 22, 24]. The article [25] and the ones reviewed in [26] assumes
that the measurements are made on the whole boundary. However, it is often possible to make
the measurements only on part of the boundary; this is the partial data problem. This is the
case for the applications in breast cancer detection and geophysical sensing mentioned above.
Recently, new CGO solutions that are useful for the partial data problem were constructed in
[18] for the conductivity equation and zeroth order perturbations of the Laplacian. The real part
of the phase of these solutions are limiting Carleman weights. They have been generalized to
first order perturbation of the Laplacian for scalar equations or systems in [5], [8], [23], and [28].
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Constructions of CGO solutions for the conductivity equation and zeroth order perturbations
of the Laplacian using hyperbolic geometry can be found in [15]; these have been applied to
determine electrical inclusions in [9)].

In two dimensions, when the underlying equation has Laplacian as the leading part, we have
more freedom in choosing the complex phases for the CGO solutions. In particular any harmonic
function is a limiting Carleman weight and can be the real part of a CGO solution. Motivated
by this idea, a framework of constructing CGO solutions with general phases for systems with
Laplacian as the leading term has been given in [30]. Applications of these CGO solutions to the
reconstruction of discontinuities for the conductivity and the isotropic elasticity systems were
given in [30] and [31], respectively. The main theme of this paper is to give an overview of the
method used in [30] and [31]. To demonstrate the flexibility of our method, we also consider the
thermoelasticity system here. This is a new application.

The method developed here shares the same spirit as Ikehata’s enclosure method [10]. For
the two-dimensional problem, we would like to mention a very interesting result by Ikehata
in [12] where he introduced the Mittag-Leffler function in the object identification problem.
This has the property that its modulus grows exponentially in some cone and decays to zero
algebraically outside the same cone. Using the Mittag-Leffler function and shrinking the opening
angle of the cone, one can reconstruct precisely the shapes of some embedded objects such as
star-shaped objects. The numerical implementation of the Mittag-Lefler functions was carried
out by Ikehata and Siltanen in [13]. The main restriction of the method using the Mittag-Leffler
function is that it can be only applied to scalar equations with homogeneous background. That
is, they probe the region with harmonic functions.

The novelty of our method is its flexibility in treating scalar equations, and even
two-dimensional systems, with inhomogeneous background. Furthermore, for the object
identification problem in such general systems, we are able to achieve for these general systems
the analogous results as those in [12] and [13] for the conductivity equation with homogeneous
background. We would also like to point out that the Mittag-Lefller function is in the form of
infinite series. Therefore, to implement the Mittag-Lefller function numerically, one needs first
to do a suitable truncation. This clearly introduces a priori errors in the input (Dirichlet) data.
On the other hand, our special CGO solutions are in closed form. So we can prescribe the exact
Dirichlet data in the inverse problem using our method.

We also would like to compare our method and that in [9]. The real parts of the phase
functions of CGO solutions in [9] are radially symmetric. So their probing fronts are circles or
spheres. Moreover, the construction of CGO solutions in [9] is based on the hyperbolic geometry.
It has not been developed to studying more general equations or systems. The advantage of our
method lies in the freedom of choosing the phase functions of CGO solutions. Consequently,
we are able to determine more information in the object identification problem in the two
dimensional case than [9] does. On the other hand, since the real parts of the phase functions in
our CGO solutions are not necessarily radially symmetric, we can create different probing fronts
by simply rotating the phase functions.

2. Elasticity and related systems

In this section we list the systems considered in this work. Let Q be an open domain in R? with
smooth boundary 0f2.

2.1. Isotropic elasticity
The domain (2 is now modeled as an inhomogeneous, isotropic, elastic medium characterized
by the Lamé parameters A(z) and p(x). Assume that A(z) € C?(Q), u(x) € C*(Q) and the
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following inequalities hold
p(z) >0 and Az)+2u(r) >0 VzeQ (strong ellipticity).
We consider the static isotropic elasticity system without sources
div(A(divu)l + 2pS(Vu)) =0 in Q. (2.1)

Here and below, S(A) = (A + AT)/2 denotes the symmetric part of the matrix A € C2*2
Equivalently, if we denote o(u) = A\(divu)Il 4+ 215 (Vu) the stress tensor, then (2.1) becomes

dive =0 in €.

We will use the reduced system derived by Ikehata [11]. This reduction was also mentioned

in [26]. Let <";> satisfy
A (";) + A) <dzfgw> +Q(x) (Z) — 0,

where
212 (=V2 + A~ —Vlogp (0)
Alz) = , of = ,
( ) ( (OT)T ;\J’-_I—QLLMIQ 0
and
O(z) = —/fl/f(W2 + D)t 2u (VR — A Vi
— L (V)T —pAp!

Here V2 is the Hessian of the scalar function f. Then
wi=p w4 Vg — gVt

satisfies (2.1). A similar form was also used in [6] for studying the inverse boundary value
problem for the isotropic elasticity system.

2.2. Stokes system

Let p(z) € C4(Q) and u(z) > 0 for all x € Q. Here p is called the viscosity function. In most
literature p is a constant. But our method works equally well even when p is a variable function.
Suppose that u = (u1,u2) and p satisfy the Stokes system:

{diV(uS(VU)) —Vp=0 in Q, (2.2)

divu =0 in Q.

Here u and p represent the velocity field and the pressure, respectively. Motivated by the
isotropic elasticity, we set u = p~ V2w 4 p~'Vg — (Vi 1)g and

p=Vu'? w4+ ,ul/2divw + 2Ag = div(,ul/Qw) + 2Ag,

then (u,p) is a solution of (2.2) provided <1;> satisfies

A (;") + Ax) (diVViJ +Q(a) (;’) —0 (2.3)
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with 1/2v2,,—1 1
—2u PVt - Vu)
A(x) =
( ) ( (OT)T Ml/Q
and
0 ou VA2 A2 a2 2ul R div(V )
u(Vp )T —pAp! '

The relation between the isotropic elasticity and the Stokes system was first observed in [7].

2.8. Thermoelasticity

We consider a linear elastic body with mechanically and thermically isotropic medium. Let ¢
be the temperature and u the thermoelastic displacement. The static thermoelastic equations
are described as follows:

div(o(u) - vq) =0 in £, (2.4)
Ag=0 in €,
where v = 25(0‘1(_1; T)). Here « is the thermo expansion coefficient and 7 is the Poisson ratio. Since
the addition of temperature function ¢ is a lower order in the first equation of (2.4), the same
w
reduction for the isotropic elasticity still works for (2.4). Precisely, let g satisfy
q
w Vg w
Al +A@) [divw | +Q@) [ 7 | =0,
q v q
q q
where
2~ VA=V + At —Viegu —vl
_ T A+ T
Afa) = (o) X2 (o)
0t of 0¥

+ (00
=0 0)
and a suitable Q. Then u = pu~ 2w 4+ p~'Vg — gVu~! and ¢ satisfy (2.4).

In summary, all systems considered in this section can be transformed to the following general
form:

PU := AxU + Al(x)a:mU + AQ(x)aﬂsz + Q($)U =0 in Q’ (2'5)

where U(z) = (u1(x1,22),- -+, un(21,22))" withn € N, Ay = 82 4+ 02,, and Ay, A3, Q are n xn
matrices. To construct special solutions for systems (2.1), (2.2), and (2.4), it is enough to work
on system (2.5).

3. Complex Geometrical Optics Solutions

A framework for constructing special CGO solutions for (2.5) has already given in [30]. We
review the procedure here. Let 2 be an open bounded domain in R? and V(y) = V(y1,%2)
satisfy . ~ ) B

AyV + A0y, V 4+ A20,V+QV =0 in Q. (3.1)
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Assume that A;, A, € C2((:2) and Q € L>®°(Q). Given w € R? with |w| = 1, we can find V(y) of
(3.1) having the form

V(y) = ev @t/ 4 R), (3.2)

where L is independent of h and R satisfies
10° R 2y < CR'™%, Vo <2. (3.3)

To construct V' having the form (3.2), (3.3), we can follow the approach in [8] and [28] which
are based on [5] and [18]. The main tool are Carleman estimates.

With V(y) at hand, we can construct CGO solutions with general phases. We now choose
w = (1,0), wt = (0,1), i.e., y - (w+ iwt) = y1 + iys, and denote y = y1 + iy2, T = 1 + iTa.
Let Qg be an open subdomain of Q. Suppose that A;, Ay € C%(Qg) and Q € L>(Qp). Let
y = p(x) = yi(w1,22) + iy2(21,22) be a conformal map in Q. Define U(z) = ( ( )
and Q = p(Qp). Suppose that p~! exists on Q. Let Ai(y) = (A10p,y1 + A20m,u1) 0 p ( )
Aa(y) = (4104, 92+ AxDy2) 0 p (1), and Qy) = (Qop1)(y) and g(y) = [(o/ o9~ 1)(9) .
if we choose V (y) satisfying

AV 4 g(y) AL ()0, V 4 g(y) T As(y)0, V 4+ 9(y) TQV =0 in Q, (3.4)

then U(z) satisfies (2.5) in Q. According to the construction given previously, let V(y) be a
solution of (3.4) having the form

Viy) = e(y1+iy2)/h(i +R),

where 3

Denote yi(z1,22) = ¢(r1,22) and yo(x1,22) = ¥(x1,22). We then obtain CGO solutions for
(2.5) in Qo:
Ulz) = e(so+i¢)/h(L +R)

with L=Lop, R= Rop, and
10°R||12(0,) < Ch'™%, V¥ |a| < 2. (3.5)

Due to the conformality of p, ¢ and ¥ are harmonic functions in €. Conversely, given any
¢ harmonic in Qy with Vo # 0 in €y, we can find a harmonic conjugate 1 of ¢ in Qg so that
p = @+ i is conformal in €2g. The freedom of choosing ¢ plays a key role in our reconstruction
method for the object identification problem. One useful example is p = cy(x — xo)N for N > 2,
where ¢y € C with |ey| = 1 and 2o ¢ Q. Another issue is that we only construct CGO solutions
in a domain €, which is a subdomain of 2. We shall discuss how to extend these CGO solutions
to 2 when we consider the concrete cases described in Section 2.

4. Inverse problem for the Stokes system

Using CGO solutions constructed above, we can investigate the reconstruction of inclusions
or cavities embedded in a body with isotropic elastic medium. A complete discussion of this
problem including numerical results will appear in a forthcoming paper [31]. In this work
we consider the problem of reconstructing an obstacle immersed in an incompressible fluid
by boundary measurements. The uniqueness of this inverse problem was proved in [1] and a
reconstruction method based on complex spherical waves was given in [8]. Assume that D is
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a subset of Q such that D C Q and Q\ D is connected. Let u = (u1,u2) be a vector-valued
function satisfying
div(uS(Vu)) = Vp=0 in Q\D,
divu =0 in Q\ D,

(4.1)
u=0 on 0D,
u=f on 0.
The boundary condition f satisfies the compatibility condition
f-nds =0, (4.2)

o0N

where n is the unit outer normal to 9. For any given f € H'/2(9f), there exists a unique
solution (u,p) € H' () x L?() satisfying (4.1) provided

/Qp dz = 0. (4.3)

From now on, we assume that p satisfies the normalizing condition (4.3). Therefore, we can
define the Dirichlet-to-Neumann map (or velocity-to-force map) Ap : H'/?(9Q) — H~/?(9Q)
by
Apf = o(u,p)nloe,
where o(u,p) = uS(Vu) — pla. The inverse problem we study here is to reconstruct D from the
knowledge of Ap.
The starting point of our method is the following energy gap relation:

/ 1S (Vo) 2dz < (Ap — Ao)(F), f) < c(/ \S(Vuo)\de—i-/ wolPdz),  (44)
D D D
where Ag is the Dirichlet-to-Neumann map associated with the unperturbed system:

div(uS(Vug)) = Vpp =0 in Q,
divup =0 in €, (4.5)
up=f on 0.

Next, we want to construct special solutions of (4.5) such that (4.4) will yield the information
of OD.

Let py = en(x — 29)" = pn + i be defined as in the previous section. Without loss of
generality, we take xg = 0. We observe that ¢ > 0 in some open cone I'y with an opening
angle 7/N. Pick a such cone I'y and assume that I'y N Q = Qg # (). As outlined in Section 2,
let

)N

Unp(x) = <1;)]JVV:> — len+ivn)/h( 4 R)

solve (2.3) in ©p. Then

un g = Pwn g+ VN — gv Vi

with a suitable py j, satisfy the unperturbed Stokes system (2.2) in €y. Now to get solutions of
(2.2) in the whole domain €, we use a cut-off technique. For s > 0,let £s = {x € [y : oy = s~ 1}.
This is the level curve of ¢ in I'yy. Let 0 < t < tg such that

(Use(O,t)fs) nQ 7é 0

6
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and choose a small € > 0. Define a cut-off function ¢y () € C°(R?) so that ¢n(x) = 1 for
z € (Use(o,t4e/2)0s) N and is zero for 2 € Q\ (Usg(o,t42)ls). We now define

_4—1
un i p(T) = pnre™t Mupy

for x € (Use(0,t4¢)fs) N Q. So unyp can be regarded as a function in © which is zero outside of
Qo. The pressure pyp is defined similarly. Unfortunately, (un¢n,pnen) is not a solution of
(2.2) in Q. Furthermore, the boundary value un ¢ n|s0 can not be used in (4.5) since it does not
satisfy the compatibility condition (4.2).

To set up appropriate Dirichlet conditions, we adopt the arguments used in [8]. We are going

.. _4+—1
to use the Dirichlet data fy:n = untnlon — cnepd = Nt pe t /huMh]aQ — NN, Where

CNth :/ UN 1|00 - ds.
o9

It is clear that fx . satisfies (4.2). At the first look, the addition of the constant ¢y seems
a bit awkward. So we may be able to omit ¢y in practice. But we can show that cyp is
actually decaying exponentially as h — 0. To see this, we first observe that

/ un,p -nds = 0,
aQt+€

where 1. = Uge(o,44¢)¢s- Thus we have that

—t~1/h
CNith = ON,t,hE / upn,p - nds

/(Use (0,¢4¢)%s)NOQ

_4+—1
N / onene Mun - nds
0 4e

= / (1- ¢N,t7h)€_t_l/hUN,h - nds.
0Qt4e

Using the decaying property of et /hy, N,h, We can derive the decaying behavior of ¢y p.

To handle the fact that (un¢n,pntn) is not a solution for the Stokes system, we consider
the boundary value problem:

div(uS(Vonen)) —Vangn =0 in Q,
divoyp =0 in €, (4.6)
UNh = fngn on O

Using the regularity theorem for the Stokes system, arguing as in [8], we can show that
lunen —onenlla Q) < Ce™® /h (4.7)

as h — 0.
Now going back to the integral identities (4.4), we define

E(Na t, h) = <(AD - AO)?N,tJn fN,t7h>

and obtain
/ S(Voyen)2de < E(N,t,h) < C( / 1S (Vonen)Pda + / ovendz).  (4.8)
D D D

Since the difference of uy;j and vy is exponentially small in h, we are allowed to replace
UNth by ungp in (4.8). Using the method in [30] or [31], we can prove the following theorem.
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Theorem 4.1 Let the curve £; be defined as above. Then we have:

(i) if 4, D = O then there exist C; > 0, 1 > 0, and hy > 0 such that E(N,t,h) < Cre~=/" for
all h> hy:

(ii) if £ N D # (0 then there exist Cy > 0, 9 > 0, and ha > 0 such that E(N,t,h) > Coec2/h for
all h > ho.

Using Theorem 4.1, we can identify some part of D by examining the asymptotic behavior
of E(N,t,h) in h for various t’s. Moreover, by taking N arbitrarily large (the opening angle of
'y becomes arbitrarily small), we can reconstruct even more information of dD. For instance,
theoretically, we are able to reconstruct the full information of a star-shaped obstacle D from
Ap. To end this paper, we provide an algorithm of our method.

Step 1. Pick zg ¢ Q. Given N € N and choose a cone Iy which intersects €.

Step 2. Start with ¢ > 0 such that ¢, N Q # (). Construct uy;p and determine the Dirichlet
data fnin = untnloo — CN R

Step 3. Evaluate E(N,t,h).

Step 4. If E(N,t,h) is arbitrarily small, then increase ¢ and repeat Step 2 and 3; if E(N,t,h)
is arbitrarily large, then decrease ¢ and repeat Step 2 and 3.

Step 5. Repeat Step 4 to get a good approximation of 9D in I'y.
M)

Step 6. Move the cone I'y around zg by taking a different ¢y in o = Re(eyz™). Repeat Step

2-5.
Step 7. Choose a larger N and a new cone I'y. Repeat Step 2-6.
Step 8. Pick a different x¢ and repeat Step 1-7.
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