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Enclosure methods for Helmholtz-type
equations

JENN-NAN WANG AND TING ZHOU

The inverse problem under consideration is to reconstruct the shape informa-
tion of obstacles or inclusions embedded in the (inhomogeneous) background
medium from boundary measurements of propagating waves. This article
is a survey of enclosure-type methods implementing exponential complex
geometrical optics waves as boundary illumination. The equations for acoustic
waves, electromagnetic waves and elastic waves are considered for a medium
with impenetrable obstacles and penetrable inclusions (characterized by a
jump discontinuity in the parameters). We also outlined some open problems
along this direction of research.

1. Introduction

This paper serves as a survey of enclosure-type methods used to determine the
obstacles or inclusions embedded in the background medium from the near-field
measurements of propagating waves. A type of complex geometric optics waves
that exhibits exponential decay with distance from some critical level surfaces
(hyperplanes, spheres or other types of level sets of phase functions) are sent
to probe the medium. One can easily manipulate the speed of decay such that
the waves can only detect the material feature that is close enough to the level
surfaces. As a result of sending such waves with level surfaces moving along
each direction, one should be able to pick out those that enclose the inclusion.
The problem that Calderén proposed [1980] was whether one can determine
the electrical conductivity by making voltage and current measurements at the
boundary of the medium. Such electrical methods are also known as electrical
impedance tomography (EIT) and have broad applications in medical imaging,
geophysics and so on. A breakthrough in solving the problem was due to Sylvester
and Uhlmann [1987], who constructed complex geometric optics (CGO) solutions
to the conductivity equation and proved the unique determination of C °° isotropic
conductivity from the boundary measurements in three- and higher-dimensional
spaces. The result has been extended to Lipschitz conductivities [Haberman
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and Tataru 2011] in three dimensions and L°° conductivities in two dimensions
[Astala and Paivérinta 2006].

The inverse problem in this paper concerns reconstructing an obstacle or a
jump-type inclusion (in three dimensions) embedded in a known background
medium, which is not included in the previous results when considering electro-
statics. Several methods are proposed to solve the problem based on utilizing,
generally speaking, two special types of solutions. The Green’s type solutions
were considered first in [Isakov 1990], and several sampling methods [Cakoni
and Colton 2006; Kirsch and Grinberg 2008; Arens 2004; Arens and Lechleiter
2009] and probing methods [Ikehata 1998; Potthast 2001] were developed. On
the other hand, with the CGO solutions at disposal, the enclosure method was
introduced by Ikehata [1999a; 2000] with the idea as described in the first
paragraph. Another method worth mentioning uses the oscillating-decaying type
of solutions and was proved valid for elasticity systems [Nakamura et al. 2005].
It is the enclosure type of methods that is of the presenting paper’s interest.

Here we aim to discuss the enclosure method for Helmholtz-type equations.
For the enclosure method in the static equations, we refer to [Ikehata 1999a; 2000;
Ide et al. 2007; Uhlmann and Wang 2008; Takuwa et al. 2008] for the conductivity
equation, to [Uhlmann and Wang 2007; Uhlmann et al. 2009] for the isotropic
elasticity. The major difference between the static equations and Helmholtz-type
equations is the loss of positivity in the latter equations. It turns out we have to
analyze the effect of the reflected solution due to the existence of lower order term
in Helmholtz-type equations. For the acoustic equation outside of a cavity having
a C? boundary (representing and impenetrable obstacle), one can overcome the
difficulty by the Sobolev embedding theorem, see [Nakamura and Yoshida 2007]
(also see [Ikehata 1999b] for a similar idea). Such a result can be generalized for
Maxwell’s equations to determine impenetrable electromagnetic obstacles [Zhou
2010]. However, in the inclusion case, i.e., penetrable obstacles, the coefficient
is merely piecewise smooth. The Sobolev embedding theorem does not work
because the solution is not smooth enough. To tackle the problem, a Holder type
estimate for the second order elliptic equation with coefficients having jump
discontinuity based on the result of Li and Vogelius [2000] was developed by
Nagayasu, Uhlmann, and the first author in [Nagayasu et al. 2011]. Later, this
result was improved by Sini and Yoshida [2010] using L? estimate for the second
order elliptic equation in divergence form developed by Meyers [1963]. Recently,
Kuan [2012] extended Sini and Yoshida’s method to the elastic wave equations.

The paper is organized as follows. In Section 2, we discuss the enclosure
method for the acoustic and electromagnetic equations with impenetrable obsta-
cles. In Section 3, we to survey results in the inclusion case (penetrable obstacle)
for the acoustic and elastic waves. Some open problems are listed in Section 4.
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2. Enclosing obstacles using acoustic and electromagnetic waves

In this section, we give more precise descriptions of the enclosure methods to
identify impenetrable obstacles of acoustic or electromagnetic equations. In
particular, we are interested in the results in [Ikehata 1999a] and [Nakamura
and Yoshida 2007] for both convex and nonconvex sound hard obstacles using
complex geometrical optics (CGO) solutions for Helmholtz equations and the
result in [Zhou 2010] for perfect magnetic conducting (PMC) obstacles using
CGO solutions for Maxwell’s equations.

2A. Nonconvex sound hard obstacles. In [Ikehata 1999a] and [Nakamura and
Yoshida 2007], the authors consider the inverse scattering problem of identifying
a sound hard obstacle D C R”, n > 2 in a homogeneous medium from the far field
pattern. It can be reformulated as an equivalent inverse boundary value problem
with near-field measurements described as follows. Given a bounded domain
Q C R" with smooth boundary and such that D C Q and Q \ D is connected,
the underlying boundary value problem for acoustic wave propagation in the
known homogeneous medium in €\ D with no source is given by

(A+k>u=0 inQ\D,

log =/ e
a””'aD =0

where k > 0 is the wave number and v denotes the unit outer normal of dD. At
this point, we assume that dD is C2. Suppose k is not a Dirichlet eigenvalue
of Laplacian. Given each prescribed boundary sound pressure f € H 12(39),
there exists a unique solution u(x) € H'(Q \ D) to (2-1). The inverse boundary
value problem consists of reconstructing the obstacle D from the full boundary
data that can be encoded in the Dirichlet-to-Neumann (DN) map on 9€2:

Ap: HY?20Q) - H™V2(3Q),
f - 31;”‘39-

In particular, the enclosure method utilizes the measurements (DN map) for
those f taking the traces of CGO solutions to (A 4 k2)u = 0 in the background
domain €2

(2-2)

1y = e @EIDTVED) (4(x) + 1 (x: 7)) | (2-3)

where r (x; t) and its first derivatives are uniformly bounded in 7. As T — o0, ug
evolves vertical slope at the level set {x | ¢(x) =t} for ¢ € R. Physically speaking,
such evanescent waves couldn’t detect the change of the material, namely the
presence of D in €2, happening relatively far from the level set. Hence, there is
little gap between the associated energies of domains with and without D. On
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the other hand, if D ever intersects the level set, the energy gap is going to be
significant for large t. This implies that the geometric relation between D and
the level set {x | ¢(x) =t} can be read from the following indicator function
describing the energy gap associated to the input f = ug|yq:

I(n.1):= /a (> = Ao)uolsa). Talag dS. (2-4)

where A & represents the DN map associated to the background domain €2 without
D, hence Ag(uglyq) = dvitg|ge. When the linear phase ¢(x) = x - w is used,
where w € S"1, the CGO solution (2-3) is the exponential function

o (x) = er(x-a)—t)+i«/r2+k2x-wJ-
where wt € S"! satisfies w - w1 = 0. The discussion above is verified in the
following result by Ikehata to enclose the convex hull of D by reconstructing
the support function

hp(®) := sup x - .

x€D

Theorem 2.1 [Ikehata 1999a]. Assume that the set {x e R" | x-w =hp(w)}NdD
consists of one point and the Gaussian curvature of 0D is not vanishing at that
point. Then the support function hp(w) can be reconstructed by the formula

hD(a))=inf{teR|Tl_i)n;oI(r,t)=0}. (2-5)

This result shows that a strictly convex obstacle can be identified by an
envelope surface of planes. Geometrically, this appears as the planes are enclosing
the obstacle from every direction, justifying the name “enclosure method”.

It is natural to expect that the method can be generalized to recover some
nonconvex part of the shape of D by using CGO solutions with nonlinear phase.
Based on a Carleman estimate approach, such solutions were constructed in
[Kenig et al. 2007] (or see [Dos Santos Ferreira et al. 2007]) for the Schrodinger
operator (or the conductivity operator) in R3, with ¢ being one of a few limiting
Carleman weights (LCW)

p(x) =In|x —xp|, xo€R*\Q,

which bears spherical level sets, and therefore were called complex spherical
waves (CSW). Then such CSW were used into the enclosure method in [Ide et al.
2007] to identify nonconvex inclusions in a conductive medium. In R?, there
are more candidates for limiting Carleman weights than in R*: all harmonic
functions with nonvanishing gradient are LCW (see [Dos Santos Ferreira et al.
2009] for more descriptions of LCW). Then the similar reconstruction scheme is
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available in [Uhlmann and Wang 2008] for more generalized two-dimensional
systems by using level curves of harmonic polynomials.

Below we present the result of Nakamura and Yoshida that adopts the CSW
described in the following proposition to enclose a nonconvex sound hard obsta-
cle.

Proposition 2.2 [Dos Santos Ferreira et al. 2007]. Choose xo € R" \ Q and let
wo € S"1 be a vector such that

{xeR"|x—x9=mwy, meR} NI = 2.
Then there exists a solution to the Helmholtz equation in Q2 of the form
Uo(X; 7,1, X0, wo) = "UTMP=XODTITV ) (4 () 4 1 (x; 7,2, X0, wp)),  (2-6)

where T > 0 and t € R are parameters, a(x) is a smooth function on Q and ¥ (x)
is a function defined by

w(X) = dgn—l (m ) s

7w0
|x — xo]

with the metric function dgn—1(-, -) on S"=1. Moreover, the remainder function
ris in H'(Q) and satisfies

Il 1) = oY ast— oo.
The corresponding support function is given by
hp(xo) = inf In|x —xo|, xo€R"\Q,
x€D

and can be reconstructed based on the following result.

Theorem 2.3 [Nakamura and Yoshida 2007]. Let xo € R" \ Q. Assume that
the set {x € R" | |x — xo| = e"2X0)Y N D consists of finitely many points and
the relative curvatures of 0D at these points are positive. Then there are two
characterizations of hp (xo):

hp(xp) =sup{t € R |liminf|/(z,¢)] =0} 2-7)
T—>00
and iz
, 1
{—hp(xy) = lim @D (2-8)
T—00 2T

where 1(t,t) is defined by (2-4) with uq given by (2-6).

Remark. The relative curvature in the theorem refers to the Gaussian curvature
after a change of coordinates that stretches the sphere onto flat space. For a more
rigorous definition, we refer to [Nakamura and Yoshida 2007].
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For completeness, we provide briefly the steps of the proof. The proof of (2-7)
involves showing that

rll>nolo [I(z,1)]=0 whent < hp(xg), (2-9)

that is, when the level sphere S; x, := {x € R” | [x — x| = ¢’} has no intersection
with D, and showing that

liminf|I(z,2)| > C >0 whent > hp(xg), (2-10)
T—>00

namely, when S; x, intersects D. These two statements can be shown by estab-
lishing proper upper and lower bounds of /(z, ¢) from the key equality

—I(z,t)

:i/ |Vdex+l/|Vud2dx—k{/ |dex—k2/‘w0Fdx,(ZID
Q\D D Q\D D

where w := u — uy is the reflected solution and u is the solution to (2-1) with
f =uplgg. Since w is a solution to

(A+k>w=0 inQ\D,
wlye =0, (2-12)
dvwlap = —dvttolyp,

and by (2-11), one has the upper bound

11(z.0)] = Clluol 1 (p

for some constant C > 0 (throughout the article we use the same letter C to
denote various constants). As a consequence of plugging in the CGO solution
(2-6), the first statement (2-9) is obtained since

|I(t,1)| < Ct? / e2t—Inlx=xol) g (7 > 1),
D

However, difficulties arise in dealing with the second statement, (2-10). Due
to the loss of positivity for the associated bilinear form, two negative terms are
present in (2-11), which implies that to find a nonvanishing (as T — oo) lower
bound for /(z,?) is not as easy as the case of the conductivity equations, in
which we have I(z,1) > C [}, |Vug|? dx. As a remedy, one needs to show that
the two negative terms can be absorbed by the positive terms for 7 large. To be
more specific, first it is not hard to see

I(t,1) = 2* &) 1(z 1 (xp)). (2-13)
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This implies that it is sufficient to show (2-10) for ¢t = /i p(x¢), which in turn can
be derived from (2-11) and the following two inequalities when ¢ = hp(xg):

liminf/ |Vugl? dx > C >0 (2-14)
T—>00 D
and

k? fg\f) lw|? dx + k? [} |ug|* dx

Jp |Vug|? dx

<d<l (z>1). (2-15)

Equation (2-14) is true since

/ |VM0|2 dx > CTZ/ e—2‘[(ln|x—xQ|—hD(xO)) dx
D D
2-16
foaya=2 (10
— 1 o) n=3 ’
given the geometric assumption of the positive relative curvature of dD.
As for (2-15), the difficult part is to show that
k? fQ\f) |w|? dx

lim inf =0 2-17
o0 [ |Vug|? dx ( )

since the property of CGO solutions gives
k2 [p uol? dx
[p |Vuo|? dx

In both [Ikehata 1999a] and [Nakamura and Yoshida 2007], (2-17) is proved by
establishing the following estimate.

Lemma 2.4. Let Sy, (x),.xo N 0D = {x1,...,xn} and define for a € (0, 1)

=0t (@T>1).

J

Ix.,a:=/ [0yuo| |x —x;1%dS, j=1,...,N.
oD

Then
N
”w”iz(g\ﬁ) = C(Z [)%j 0 + ”u0”22(l))), a€(0,1) (2-18)
j=1

Remark. The proof of Lemma 2.4 is based on H?-regularity theory and the
Sobolev embedding theorem for an auxiliary boundary value problem
(A+k>)p=w inQ\D,
plag =0,
dvplap = 0.
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Such estimates of the reflected solution [|w|; 2 (@\D) for the impenetrable obsta-
cle case and ||w||;2(g) for the penetrable inclusion case, which will be reviewed
in the next section, are usually crucial for the justification of the enclosure meth-
ods. Several improvements of the result and removal of geometric assumptions
are basically due to the development of different estimates, which we will see
shortly.

In particular, choosing o = % forn=3anda = % when n = 2, one can show
that

2 <{JE O(x'?) ifn=2,
T o2 if n =3,

for arbitrary small &, again by the assumption that the relative curvature is positive.
Combined with (2-16), this immediately yields (2-15).
Lastly, the formula (2-8) is directly derived from (2-13) and the fact that

[I(z.hp(x0))| < CT?, (x> 1).

Remark. The result can be easily extended to the case with inhomogeneous
background medium in 2\ D, where the CSW in Proposition 2.2 is available.

2B. Electromagnetic PMC obstacles. This section is devoted to reviewing the
enclosure method for Maxwell’s equations [Zhou 2010] to identify perfect mag-
netic conducting (PMC) obstacles. The same reconstruction scheme works for
identifying perfect electric conducting (PEC) obstacles and more generalized
impenetrable obstacles.

In a bounded domain 2 C R? with an obstacle D such that D C Q with D
being C? and  \ D connected, the electric-magnetic field (E, H) satisfies the
Maxwell equations

VXxE=ikuH, VxH=-ikeE, inQ\ D,
vx Elpe =/, (2-19)
vXx Hlagp =0 (PMC condition),

where k is the frequency and p(x) and e(x) describe the isotropic (inhomoge-
neous) background electromagnetic medium and satisfy the following assump-
tions: there are positive constants &, Ear, Um» LM > €c and e such that for all
xe

em = €(X) <epm, pm = p(x) ey, 0(x) =0
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and e —&¢, L — Ue € CO3 (R2). Given that k is not a resonant frequency, we have
a well-defined boundary impedance map

Ap: THY?2(3Q) — THY?(Q),
f=vxElpg — vx Hl|yg.
To show that D can be determined by the impedance map A p using the

enclosure method, we first notice an analogue of the identity (2-11) for Maxwell’s
equations:

iw /E;Q(U X EO)-((AD —Ag)(v x Eg) x v) ds

=f [L|f~1|2—a)28|E~|2dx+/ | Hol? — w?e|Eol?dx, (2-20)
Q\D D

where (E, H) := (E — Eo, H — Hp) denotes the reflected solutions, (E, H) is
the solution to (2-19), (£, Hp) is the solution to the Maxwell’s equations

VxEg=ikpuHy, VxHy=-ikeEy  ingQ, (2-21)

and v X E|pq = v x Eplsq.

One would encounter the same difficulty as that for Helmholtz equations due
to the loss of positivity of the system. We recall that this was actually overcome
by the property that the CGO solution u shares different asymptotic speed (72
slower) from Vu. More specifically, this is because of the H'! boundedness of
the remainder r (x; ) with respect to t in (2-3). The natural question to ask is
then whether this key ingredient: such CGO type of solutions, can be constructed
for the background Maxwell’s system.

The construction of CGO solutions for the Maxwell’s equations has been
extensively studied in [Ola et al. 1993; Ola and Somersalo 1996; Colton and
Péivirinta 1992]. The work in [Zhou 2010] adopts the construction approach
in [Ola and Somersalo 1996] by reducing the Maxwell’s equations into a ma-
trix Schrodinger equation. Finally, to guarantee that the CGO solution for the
reduced matrix Schrodinger operator derives the CGO solution (Eq, Hy) for the
Maxwell’s equations and at the same time that the electric field £y and H, have
different asymptotic speeds as T — 0o, the incoming constant field corresponding
to a(x) in (2-3) has to be chosen very carefully. To summarize, one has

Proposition 2.5. Let w, o € S? with w - w = 0. Set

¢ =—itw+ V12 + k2ot
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1/2

where ki = k(ggpuo) /2. Choose a € R? such that

1 - @
alw, alw' and b= —2(—iw~|—wL).

7

Then, given

0= %(—@-a)@—k@xﬂk%a), = %(mxa—@'bwkfb)’

fort € Rand t > 0 large enough, there exists a unique complex geometric optics
solution (Eqy, Hy) € H'(Q)? x HY(Q)3 of Maxwell’s equations (2-21) having
the form

Eo = 8(x)—1/26r(x'a)—t)+i~/t2+7kzx-wL (N + R(x)),
Hy = M(x)—l/zer(x-w—t)ﬂ«/mx-wi 6 + 0(x)).
Moreover, we have
n=0(1), 6=0() fort>1,
and R(x) and Q(x) are bounded in (L*())3 for t > 1.
Plugging (Eq, Hy) into the indicator function defined by

I(z,t):= ia)/(;g(v XE())'((AD—A@)(V x Eg) xv) ds,

a similar argument as for Helmholtz equations follows using identity (2-20) and
we have:

Theorem 2.6 [Zhou 2010]. There is a subset ¥ C S? of measure zero such that,
when w € S? \ £, the support function

hp(w):= sup x-w
x€D

can be recovered by
hp(w)=1inf{t € R| lim I(z,¢) =0}.
p(@) =inf{r €R| lim I(z.1) =0}
Moreover, if D is strictly convex, one can reconstruct D.

On the other hand, the construction of a proper CGO solution with nonlinear
weight for the Maxwell’s equations has not been successful based on the Carleman
estimate argument. An alternative approach to reconstruct nonconvex part of the
shape of D would be to introduce some transformation. For example, one can
utilize the Kelvin transformation

) 2 XY~ Xo )
Txy,r: X = R — 5 tXo =y,
|x — Xol
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which is the inversion transformation with respect to the sphere S(xq, R) for
R>0and xo e R*\Q. T o, R maps generalized spheres (spheres and planes) into
generalized spheres. Geometrically, fixing a reference circle S(xq, R), enclosing
D with spheres passing through x¢ corresponds to enclosing ﬁXO, R=1Tx,,r(D)
with planes, where the reconstruction scheme in Theorem 2.6 applies. A rigorous
proof consists of showing that the Maxwell’s equations are invariant under the
transformation and computing the impedance map I (7, t) associated to the image
domain. It is worth mentioning the byproduct of this method is the complex
spherical wave

E(y) = Ejdy’ = (DT ¥ W E(T! g0)) dy! .y = Ty r ().

with nonlinear limiting Carleman weight

p(x) = (R2% +x0) w, weS>.
X — X9

Therefore, the corresponding support function is given by

hAD(xo, R,w) = sup {R2 (x——xo2) ‘o 4+ Xg -,0} .
xeD |x — Xo
Theorem 2.7 [Zhou 2010]. Given xo € R3\Q and R > 0 such that Q C B(xg, R),
there is a zero measure subset % ofSZ, s.t., when w € S? \ X, we have

hp(xo, R, ) = inf{t € R| lim f(z,7) = 0O},
T—>00

3. Enclosing inclusions using acoustic and elastic waves

In this section we will consider the enclosure method for the case where the
unknown domain is an inclusion by using acoustic and elastic waves. In other
words, the obstacle is a penetrable one. In this situation, the reflected solution
will satisfy the elliptic equation with discontinuous coefficients. Unlike the case
of impenetrable obstacle, the Sobolev embedding theorem is not sufficient to
provide us estimates of the reflected solution we need. In the case of acoustic
waves, the difficulty was overcome in [Nagayasu et al. 2011] for dimension
n = 2, using estimates from [Li and Vogelius 2000]. The extension to n = 3 was
accomplished in [Yoshida 2010]. Sini and Yoshida [2010] then improved the
result in [Nagayasu et al. 2011] with the help of Meyers’ L? estimate and the
sharp Friedrichs inequality. Kuan [2012] extended Sini and Yoshida’s result to
elastic waves.

3A. Acoustic penetrable obstacle. Here we will review the result in [Nagayasu
et al. 2011] for n = 2. For n = 3, one simply replaces CGO solutions in n = 2
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by complex spherical waves [Yoshida 2010]. We assume D €  C R2. For
technical simplicity, we suppose that both D and Q have C? boundaries. Let
vp € C%(D) satisfy yp > ¢y for some positive constant ¢, and y := 14 yp xp,
where yxp is the characteristic function of D. Let k > 0 and consider the steady
state acoustic wave equation in §2 with Dirichlet condition

{v-(;?Vv) +k*v=0 inQ,

v=f on J€2. -1

We assume that k2 is not a Dirichlet eigenvalue of the operator —V - (¥ V). Let
Ap: HY2(3Q) — H~Y/2(3S2) be the associated Dirichlet-to-Neumann map.
As before, our aim is to reconstruct the shape of D by Ap. The key in the
enclosure method is the CGO solutions. To construct the CGO solutions to the
Helmholtz equation for n = 2, we begin with the CGO solutions with polynomial
phases to the Laplacian operator, then apply the Vekua transform [1967, page
58].

More precisely, let us define 7(x) := c« ((x1 —Xx,1) +i(x2— x*,z))N as the
phase function, where ¢« € C satisfies |c«| = 1, N is a positive integer, and
Xx = (Xy,1,Xx,2) € R2\ Q. Without loss of generality we may assume that
x4 = 0 using an appropriate translation. Denote nr(x) := Re (x) and note that

nr(x) = N cos N (6 — 65) for x = r(cos 8, sinf) € R?.
It is readily seen that ng(x) > 0 for all x € ', where

ino): 10— T
F.={r(oos€,sm9).|9 0*|<2N},

i.e., a cone with opening angle 7/ N.
Given any & > 0, V;(x) := exp(tn(x)) is a harmonic function. Following
[Vekua 1967], we define a map T} on any harmonic function V (x) by

. . L. 3
TV (x) = V(x)—/o V(Zx)g{Jo(k|x|\/1—z)}dt
1
= I7(x)—k|x|/ V((1—s)x) Ji(k|x]s) ds,
0

where J,, is the Bessel function of the first kind of order 72. We now set Vrﬂ (x):=
T Vi (x). Then V,Ft (x) satisfies the Helmholtz equation AVJJt +k? Vf =0in R2.
One can show that V,ﬁ satisfies the following estimate in I':

Lemma 3.1 [Nagayasu et al. 2011]. We have

VH(x) =exp (tn(x)) (14 Ro(x)) in T, (3-2)
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where Ro(x) = Ro(x; 1) satisfies

1 k2|x[?
R <=
Rol = 3 7.

Ry
0x;

w|= NRNH 1Ky
 4nr(x) T 2nr(Xx)

inT.

Notice that here Vrﬁ (x) is only defined in I' N 2. We now extend it to the
whole domain 2 by using an appropriate cut-off. Let [ :={x € [ : nr(x) = 1/5}
for s > 0. For € > 0 small enough and >0 large enough, we choose a function
¢r € C®(R?) satisfying

br(x) = {1 for x € U0<s<t+3/2 ls, t €10, fﬂ],
t 0 for x € R? \ U0<s<t+a Iy, t €0, [#]’

and
0%, (x)] < Cy for|a| <2, x €, 1 €0,

for some positive constant Cy depending only on 2, N, t* and e. Next we define
the function V; ; by

Vi o (x) := ¢ (x) exp (—%) VH(x) for x € Q.

Then we know by Lemma 3.1 that the dominant parts of V; r and its derivatives
are as follows:

OforxeQ\ U I,

O<s<t+e
Vio(x) = exp(r (—% + r)(x))) (¢ (x) + So(x)h) (3-3)
forxeQn U I,
O<s<t+e
OforxeQ\ U I,
0<s<t+e
1
VVir() = § rexp(z (=7 +0(0))) (02 Va(x) + S (0)h) (3-4)
forxeQn U I
O<s<t+e

fort € (0, % and ! € (0, 1], where So(x) = So(x:7,7) and S (x) = S (x:¢, 1)
satisfy
[So(x)], |S(x)| <Cy foranyxeQn |J I/, te (O,Zﬁ], e (0, 1]
O<s<t+e
with a positive constant Cy depending only on 2, N, 1%, & and k. It should

be remarked that the function V; ; does not satisfy the Helmholtz equation in
2. Nonetheless, if we let vg ; ; be the solution to the Helmholtz equation in £2
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with boundary value f; . := V; ¢|3q. then the error between V; . and v ; is
exponentially small.
Lemma 3.2. There exist constants Cy, C(’) > 0 and a > 0 such that
, _
lvo,e.e = Veell g2y < tCoe™ ™ < Coe™™

for any =1 € (0, 1], where the constants Cy and C, depend only on Q. k, N, r#
and &; the constant a depends only on t% and &; and we seta; :=1/t—1/(t+¢/2).

This lemma can be proved in the same way as Lemma 4.1 in [Uhlmann and
Wang 2008].
Now we consider the energy gap

I(t1) = /a (8D =) fir o dS.
It can be shown that

I(n.0) <k /Q (ool dx + /D Vi [Vvos.|? dx, (3:5)

I(r,t)Z/ YD
pl+yp

where vy, satisfies the Helmholtz equation in £ with Dirichlet condition
Vo,r,z|lo@ = ft,r and Wy = Vs — Vo, is the reflected solution, i.e.,

V- (7Vwe:) + k2w ==V ((F = 1)Vugs¢) in 2,
w;,r =0 on JQ2

|Vvg r.o|? dx —k? /Q |we,o|* dx, (3-6)

(3-7)

(see [Nagayasu et al. 2011, Lemma 4.1]). It is easy to see that

/|w,f| dX<C/|VU0tr| dx.

In other words, in view of (3-5), the upper bound of (¢, t) solely depends on

Ip |Vvg .o |? dx.
To estimate the lower bound of /(z, ¢), we proceed as above and introduce

Iy 3:/ |8vU0,t,r(x)| |x —xo|* dS
oD

for any x¢ € Q2 and 0 < @ < 1. The following estimate is crucial in determining
the behavior of /(z,?) when the level curve of 1 intersects D.

Lemma 3.3 [Nagayasu et al. 2011, Lemma 3.7]. Forany xg € 2,0 <o <1 and
2 <q =<4, wehave

/;Z|wt,r|2 dx = Cqa (13%0 ot IxoeVvorcllLapy + ”UO,t,r”iz(D))- (3-8)
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It should be noted that w; . satisfies an elliptic equation with coefficients
having jump interfaces. To get the desired estimate (3-8), we make use of the
Holder estimate of Li and Vogelius [2000] for the this type of equations.

The enclosure method is now based on the following theorem regarding the
behavior of I(z, ).

Theorem 3.4 [Nagayasu et al. 2011, Theorem 4.1]. Assume DNI" # @. Suppose
that {x € T : nr(x) = O p} N ID consists only of one point xo and the relative
curvature (see [Nagayasu et al. 2011 ] for the definition) to ng(x) = Op of dD
at x is not zero. Then there exist positive constants C1, ¢y and t1 such that for
any 0 <t < " and v > 1 the following holds:

(M) if 1/t > Op then

(. 0)| < Cltzexp(zf(_% ' ﬁ)) if1®D ) ﬁl
Cy7? exp(2r(—; + @D)) ifm <0Op < -

D) if 1/t < Op then

I(t,t) > ¢y exp(Zr(—% + @D)>f1/2.

The proof of this theorem relies on estimates we obtained above. Moreover,
even though we impose some restriction on the curvature of dD at xg, one can
show that the curvature assumption is always satisfied as long as N is large
enough for C? boundary aD.

3B. An improvement by Sini and Yoshida. In the enclosure method discussed
above (for impenetrable or penetrable obstacles), two conditions are assumed,
that is, the level curve of real part of the phase function in CGO solutions touches
dD at one point and the nonvanishing of the relative curvature at the touching
point. These two assumptions are removed in [Sini and Yoshida 2010]. Roughly
speaking, the authors use following estimates for the reflected solution w

lwllr2@) = Cpllvliwrrpy with p <2 (3-9)
for a penetrable obstacle, and
[l 2@y = Cellol gy With £ <1 (3-10)

for an impenetrable obstacle. Here v satisfies the Helmholtz equation in 2.
The derivation of (3-9) is based on Meyers’ theorem [1963] and the sharp
Friedrichs inequality, while, the proof of (3-10) relies on layer potential tech-
niques on Sobolev spaces and integral estimates of the p-powers of Green’s
function. We refer to [Sini and Yoshida 2010] for details. Here we would like to
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see how (3-9) and (3-10) lead to the characteristic behaviors of the energy gap
in the enclosure method. To illustrate the ideas, we follow Sini and Yoshida in
considering only CGO solutions with linear phases, i.e.,

U(X' T,1) = er(x~w—t)+i~/r2+k2x~wi

It is clear that v is a solution of the Helmholtz equation. Denote the energy gap
by

I(t,0) = /BQ(AD — Ag)vi ds.

The following behavior of I can be obtained.
Theorem 3.5 [Sini and Yoshida 2010, Theorem 2.4]. Let D € Q2 with Lipschitz
boundary dD. For both the penetrable and impenetrable cases, we have:
1 lim I(zr,t)=0 if t>hp(w),

T—>00

liminf |/(t,hp(w))| =00 (n =2), liminf|I(t,hp(w))|>0 (n = 3),

T—>00 T—>00

lim |[I(z,t)]=00 if t<hp(w).
T—>00

In|I(z,1)]
2t
To prove Theorem 3.5, it is enough to estimate the lower bound of /(z, ¢) at
t=hp(w)forn=3.Let yecdDN{x-w =hp(w)}:= K. Since K is compact,
there exist yy,..., ¥y € K such that

(i) hp(w) —1 =limz—eo

K C Dg for § > 0 sufficiently small,

where
N

Ds = | J(DN B(y;.9)).
j=1
It is obvious that fD\Da |[V™y|Pdx is exponentially small in 7 for m = 0, 1.
Therefore, to obtain the behaviors of [}, |V v|?dx in 7, it suffices to study the

integrals over Dg. Using the change of coordinates, it is tedious but not difficult
to show that

Vel p
0l72py = CT 72, N D) > 2 G-11)
L2(D)
and
vl Vo7
éﬂp(D) < C'L'l_z/P, ZLp(D) < CT3_2/p (3_12)
||v||L2(D) ”v”LZ(D)
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with max{2 —¢,6/5} < p <2 (see [Sini and Yoshida 2010, pages 6-9]). Using
(3-9) we get from (3-12) that

lwl|7
LMD < 32, (3-13)
”v”LZ(D)

Recall that

[(‘L’,Z)Z/ YD |Vv|2dx—k2/|w|2dx.
pl+vyp Q

Thus, combining (3-11) and (3-13) implies that
I(z,hp(w)) > Ct2||v||i2(D) >C'>0

As for an impenetrable obstacle (sound hard), we recall that
—I(z,1) z/ |Vv|2dx—k2/ w|? (3-14)
D Q\D

(see for example [Ikehata 1999a, Lemma 4.1]). Let s = % —1t, then % <5< % if
0 <t < 1. From (3-10) and (3-14), we have that

—I(t,1) > /D IVodx = C vl 35 (py-

Using the interpolation and Young’s inequalities, one can choose appropriate
parameters such that

—I(T,I)ZC/ |Vv|2dx—c// lv|?dx
D D

and thus
—I(t,hp(w)) >0

follows from (3-11).

3C. Elastic penetrable obstacles. Recently, Kuan [2012] extended the enclo-
sure method to the reconstruction of a penetrable obstacle using elastic waves.
Her result is in 2 dimensions, but it can be generalized to 3 dimensions without
serious difficulties. Consider the elastic waves in Q C R? with smooth boundary
194

V(o) +k>u=0 ingQ, (3-15)
where u is the displacement vector and

o) =AV-u)l, +2ue(u)
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is the stress tensor. Here €(u) = %(Vu + (Vu)T) denotes the infinitesimal strain
tensor. Assume that

A=Ao+Apxp and = o+ p1pxD,

where D is an open subset of Q with D C Q and Ap, jup belong to L>®(D).
Assume that

Ao+uo>0, uo>0, A+u>0, u>0 1in Q.

We would like to discuss the reconstruct of the shape of D from boundary
measurements in the spirit of enclosure method.

Assume that —k?2 is not a Dirichlet eigenvalue of the Lamé operator V- (o'(-)).
Define the Dirichlet-to-Neumann (displacement-to-traction) map

Ap tulpg = o(u)vlpe.
Let v satisfy the Lamé equation with Lamé coefficients A, o, i.e.,
V-(c(v)+k*v=0 inQ, (3-16)
with
o(v) = Aog(V-v)I + 2upe(v).

Likewise, we assume that —k? is not a Dirichlet eigenvalue of the free Lamé
operator. We then define the corresponding Dirichlet-to-Neumann map

Ag:v|pe = o(v)vlaq-

Similar as above, in the enclosure method, we need to construct the CGO
solutions for the Lamé equation (3-16). For simplicity, we assume that both
Ao and pig are constants. To construct the CGO solutions in this case, we take
advantage of the Helmholtz decomposition and consider two Helmholtz equations

2, _
{Ago—l—kl(p =0, (3-17)
Ay + k3¢ =0,

2 1/2 2\1/2
k] = (k—) and k2 = (k—) .
Ao + 210 Mo

Then v = Vg + V4 solves (3-16). Here V42 := (=3, 9, %) . For (3-17),
we can construct the CGO solutions having linear or polynomial phases, which
will give us the CGO solutions v for (3-16).

where
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We will not repeat the construction of CGO solutions here. We simply denote
v(t, t) the CGO solution. Similarly, we define the energy gap

I(r.t) = /a (Ap=Ao)fry fradS.

where f7; = v(z,1)|yq. Let I' be the domain where the real part of the phase
function of v, denoted by p(x), is positive. Let

sup p(x) it DNT #a,
hD = s xeDNT
0 itDNT =g2.

Assume appropriate jump conditions on Ap and @ p. Then the following behav-
iors of I(z,t) are obtained in [Kuan 2012].

Theorem 3.6. (i) lim;—o0 I(7,2) =0 if t> hp.
(i) Ift =hp and 0D € C%* 1/3 <a <1, then liminf |(z, h.p (@))] = oo
T—>00

(iii) Ift < hp and D € C°, then lim;_so0 |I(7,1)| = 00.

The proof of Theorem 3.6 is based on the following inequalities for the energy
gap:
100 = [ G+ )|V ofdx

D
2
2 [ uple@) =47 01 dx 4 K2l gy

(Ao + io)(Ap + up)

I(t,t) > A+ |V -v|?dx
[L0/LD 2
+2/D Ou €)= 2(V-0) Lo dx — k2 [w]2 2 g

where w is the reflected solution. The rest of the proof is similar to that in [Sini
and Yoshida 2010], which relies on the following L? estimate:

Lemma 3.7 [Kuan 2012, Lemma 4.2]. There exist constants C > 0 and py in
[1,2) such that, for po < p <2,

lwllz2@) = ClIVUllLr(p)-

Lemma 3.7 can be proved adapting arguments from [Meyers 1963].

4. Open problems

The enclosure method in the electromagnetic waves we discussed in Section 2B
is for the case of an impenetrable obstacle. Therefore, it is a legitimate project
to study the penetrable case for the electromagnetic waves. However, the tools
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used in the acoustic waves, i.e., Li—Vogelius type estimates or Meyers type L?
estimates, are not available in the electromagnetic waves. The derivation of these
estimates itself is an interesting problem.! Another interesting problem is to
extend the enclosure method to the plate or shell equations. The distinct feature
of these equations is the appearance of the biharmonic operator AZ.

Finally, it is desirable to design stable and efficient algorithms for the en-
closure method. Attempts of numerical implementations have been made for
the conductivity equation [Briihl and Hanke 2000; Ide et al. 2007; Ikehata and
Siltanen 2000; Uhlmann and Wang 2008] and for the 2D static elastic equation
[Uhlmann et al. 2009]. There are two obvious difficulties. On one hand, the
boundary data involves large parameter which gives rise to highly oscillatory
functions. On the other hand, a reliable way of numerically determining whether
I(t,t) decays or blows up as T — oo is yet to be found.
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