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1 The probe method for inverse obstacle scattering
problems at a fixed wave number

In this paper we consider inverse problems for partial differential equations. We restrict
ourself to the reconstruction issue of the problems and refer the reader to [29] for several
aspects and uniqueness results in inverse problems for partial differential equations.

More than ten years ago Ikehata discovered two methods for the purpose of extracting
information about the location and shape of unknown discontinuity embedded in a known
background medium from observation data. The methods are called the probe and enclo-
sure methods. This paper presents their past and recent applications to inverse obstacle
scattering problems of acoustic wave.

The probe method was originally introduced in 1997 and published in [5]. Since then
the method has been applied to several inverse problems for partial differential equations
[6, 7, 13, 19, 20] and still now some new knowledge on the method itself added in [16, 21].

In this section we present one of typical applications of the probe method published
in [7]. Therein the author considered an inverse obstacle scattering problem at a fized
wave number. We denote by D and Bg an unknown obstacle in R3 and open ball radius
R, respectively. We assume that: D is an open set with smooth toundary satisfying
D C Bg and that B \ D is connected. 8By, indicates the location of the emitters and
the receivers.

Let k > 0. Given y € 9Bg let ®(z) = ®p(z,y; k),z € R?\ D denote the solution of

the problem:
(A+k)®+6(- —y)=0inR3\ D, g% =0 ondD
and the outgoing Sommerfeld radiation condition Jim r(0®/0v—ik®) = 0, where r = |z|

and v is the outward normal relative to D.
Inverse Problem 1.1. Fiz k. Reconstruct D from the surface data ®p(x,y; k) given at
all z € 0Bg and y € 8Bp.
The ®p has the form ®p(z,y; k) = ®o(z,y; k) + Ep(z,y; k), where E(zx) = Ep(z,y; k)

satisfies 5E 50

A+K)E=0inR*\D, = =-=2

(A + k%) 0inR*\ D, 5 % ondD
and the outgoing Sommerfeld radiation condition Jlim r(0E/9v—ikE) = 0; ®o(z, y; k) =
=¥l /(47|z — y|). The Ep(z,y;k) is called the scattered wave field generated by the

point source 6(- — y) located at y. ®p(z,y; k) is called the total wave field.
In [7] the author has established the following result.

Theorem 1.1. Assume that k? is not a Dirichlet eigenvalue for —/\ on Bg nor an
eigenvalue for —A on Br \ D with homogeneous Dirichlet boundary condition on O0Bgr
and Neumann boundary condition on OD. Then one can reconstruct D from ®p(z,y; k)
giwven at all z € 0BR and y € OBpR.

A brief outline of the proof is as follows. Set 2 = Br. We starts with introducing two
Dirichlet-to-Neumann maps for the Helmholtz equation in Q \ D and Q.
Given f € H'/2(60) let u € H'(\ D) be the weak solution of the elliptic problem

(A+Kk)u=0inQ\ D, %:OonaD, u = f onoN. (1.1)
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The map Ap : f ~— Gu/0v|sq is called the Dirichlet-to-Neumann map associated with
the elliptic problem. Set also Ap = Aq for D = 0.
Theorem 1.1 is divided into two steps.

Step 1. One can calculate Ao — Ap from ®p(z,y; k) given at all z € 89 and y € 9.

Step 2. One can reconstruct D itself from the integral A Q(Ao — Ap)f - fdS for infinitely
many fs independent of D.

Note that the integral in Step 2 has the form

- ov_ Ou_
/m(A0 —AD)fode=/aQ (a—yu-— av) ds

where v = v(z), z € Q solves (A + kv =0in®, v = f ondQ; u = u(z), z € Q\ D
solves (1.1) with f = v|sq. Thus infinitely many f means infinitely many v.

The step 1 consists of two parts.
(i) Given f find the solutions g and h of the integral equations

Joo 20(@ ¥ D9@)ASw) = @), [ @o(z,u; DA)ISE) = f(a), = € o0

(ii) Compute (Ag — Ap)f by using solutions g and 4 in (i) by the formula (A — Ap)f =
g—h.

This type of procedure, like (i) and (ii) has been known for the stationary Schrodinger
equation [35] and the proof is an adaptation of the argument. Thus the point is Step 2.

1.1 Step 2.

In this subsection we explain Sﬁep 2. Instead of the original formulation of the probe
method we employ a new one developed in [16, 21].

1.1.1 Needle, Needle sequence

Definition 1.1. Given a point z € Q we say that a non self-intersecting piecewise linear
curve o in Q is a needle with tip ot z if o connects a point on 02 with z and other points
of o are contained in 2. We denote by N, the set of all needles with tip at x.

Let b be a nonzero vector in R3. Given z € R?, p > 0 and 6 €]0, 7| set C,(b,8/2) =
{ye R®|(y—2)-b> |y—z|b| cos(8/2)} and By(z) = {y € R*||y — z| < p}. A set
having the form V' = B,(z) N C;(b,8/2) for some p, b, § and z is called a finite cone with
verter at T.

Let G(y) be a solution of the Helmholtz equation in R3 \ {0} such that, for any finite

cone V with vertex at 0
J, IVGw)Pdy = co.

Hereafter we fiz this G. ,
Definition 1.2. Let ¢ € N,. We call the sequence {v,} of H'(2) solutions of the

Helmholtz equation a needle sequence for (z,0) if it satisfies, for any compact set K of
R3 with K C Q\ o

A (lon () = G- = 2)llzagey + I1V{wa( ) = G(- = 2)}H|z2x)) = 0.



The existence of the needle sequence is a consequence of the Runge approzimation
property (cf.[30]) for the Helmholtz equation under the assumption on k: k? is not a
Dirichlet eigenvalue for —A on Q. See the appendix of [7] and A.1.Remark in the appendix
of [16] for the proof. The unique continuation property of the solution of the Helmholtz
equation is essential.

1.1.2 Special behaviour of the needle sequence

In the following we do not assume that k? is not an eigenvalue for —A in Q with Dirichlet
boundary condition.

Lemma 1.1. Let z € ) be an arbitrary point and 0 € N,. Let {v,} be an arbitrary needle
sequence for (z,0). Then, for any finite cone V with vertex at  we have ||V,||L2(vng) —
00 as n — 00.

Lemma 1.2. Let z € Q be an arbitrary point and 0 € N,. Let {v,} be an arbitrary
needle sequence for (z,0). Then for any point 2 € o and open ball B centered at z we
have ||V, | 2(anay — o0 as n — oo.

Note that from Definition 1.2 and Lemmas 1.1 and 1.2 one can recover o € N, itself from
the behaviour of any needle sequence for (z, o).

Summing up, we see that {v,} has two different sides:
(A) converges to singular solution G(y — z) with singularity at y = z outside o;
(B) blows up on o.
These different sides of needle sequences yield two sides of the probe method which we
call Side A and Side B.

1.1.3 Indicator function and Side A of the probe method

Let v satisfy (A + k2)v = 0 in 2 and u solve (1.1) with f = v|gn. Set w = u—v inQ\ D.
The w satisfies

(A+k)w=0inQ\ D, w=00ndqQ, g—qj=—% ondD. (1.2)

Integration by parts yields

[, (8o = Ap)(wlon) - 7S = [ |VuPdy - ¥* [ joPay

25 12 2
+/Q\51Vw| dy k/mﬁlwl dy.

This motivates
Definition 1.3. The indicator function I(z), z € \ D is defined by the formula

I(z) = a2 L2 )2 24 _ 1.2 2
(@)= [ IV6y~a)Pdy—¥* [ Gy~ a)Pdy+ [ (Vuldy~ 8 [ juweldy,

where w;, is the unique weak solution of the problem:

w_ @

2% ()3 5 _9
(A+Kk)w=0inQ\D, 5 Ew

(G(+ —z)) onD, w =0 ondnN.



The function w; is called the reflected solution by D.

The following theorem is based on the convergence property of needle sequences and
says that
e one can calculate the value of the indicator function at an arbitrary point outside D
from Ao - AD;
e the indicator function can not be continued across D as a bounded function in the
whole domain.

Thus one can reconstruct 9D as the singularity of the field I(z) which can be computed
from the data with needles and needle sequences. That is the meaning of the following
result.

Theorem A. It holds that
e (A.1) given z € Q\ D and needle o with tip at = if e N D = O, then for any needle

sequence {v,} for (z,0) we have I(z) = Jm /an(Ao — Ap)(vnlaeq) - URdS;
e (A.2) for each € > 0 sup {I(z) | dist(z, D) > €} < oo;
o (A.3) for any point a € OD Jim I(z) = oo.
The key for (A.3) is to establish lim sup [[w || ;2(\5) < 00. An outline of the proof is
Tr—a

as follows. Using the solution of the boundary value problem: (A + k%)p = w, in Q\ D,
p =0 on 0 and dp/dv = 0 on &D, we have the expression

fogoldy = [ 0(e) ~ p0) 50t ~ 2)dS) + Kp(z) [ Foly =)y

Applying a standard regularity estimate of p: [|p|| y2\py < Cliws|l 2 @\5) and the Sobolev
imbedding: |p(z) — p(y)| < Clz — yI"2||pllgaenpy %y € 2\ D and ||p|| ez <
Cllpll g2¢\py to this right-hand side, one gets an upper bound of |jw,|| 2(@\5) Which in-
volves integrals of weakly singular kernels over 8D and D.

1.2 Remark I. Side B of the probe method and an open problem

Since mathematically Theorem A is enough for establishing a reconstruction formula, in
the previous applications of the probe method we did not consider the following natural
question.

o Let z € 2 and 0 € N;. Let £ = {v,} be a needle sequence for (z,0). What happens on
the sequence

1(,0,6)n = [ _(Ao— Ap)(valon) -TdS,n = 1,2,

when z is just located on the boundary of obstacles, inside or passing through the obsta-
cles? We call sequence {I(z,0,£),} the indicator sequence for (x,0) and &.

In practice the tip of the needle can not move forward with infinitely small step and
therefore in the scanning process with needle there is a possibility of skipping the unknown
boundary of obstacles, entering inside or passing through obstacles. So for the practical
use of the probe method we have to clarify the behaviour of the indicator sequence in
those cases. The answer to this question is



Theorem B. Assume that k? is sufficiently small (not specify here). Let z € Q and
c€N,. Ifz€Q\DandonND #0 orz € D, then for any needle sequence & = {v,} for
(z,0) we have Jim I(z,o0, €)n = 00.

In the proof the blowing up property of needle sequences is essential.

A sketch of the proof. For simplicity, we consider here only a single obstacle case. We
make use of two well known_ Poincaré’s inequalities: .

(I ||w||i,(n\5) < CQ\D)|Vul}:q\p) for all w € HY(Q\ D) with w = 0 on 8%

(1) {lv = vpli3a(py < C(D)IIVvl|Z2(p) for all v € H(D), where vp = /D'vdy/lDl.

Let A be an arbitrary Lebesgue measurable set with A C D, |A| > 0 and v € L*(D).
A simple argument in [42] gives ”’U—-'UA”%z(D) < 2KAI|U"‘UD”%2(D), where v4 = /Avdy/lAI

and K4 =1+ |D|/|A]. A combination of this and (II) yields
/D v]*dy < 4K 4C(D) /D |Vol?dy + 2| D|[val?. (1.4)

Let u = uy, solve (1.1) with f = v,|sn and set w, = u, — v,. It follows from (1.3), (I)
and (1.4) that

I(z,0,6)s > (1— K2C(Q\ D)) /n . |V, |?dy

+(1 — 4k2K,C(D)) /D |V, |2dy — 2k2|D||(va) 4 2.
Thus if & satisfies k2C(Q2\ D) < 1, then we have
1(2,0,)a 2 (1~ 46°K4C(D)) | [Vva[*dy - 2K*Df|(va) .

Write 1 — 4k*K,C(D) = 1 — 8k*C(D) — 4k*(K 4 — 2)C(D). Here we make k smaller in
such a way that 8k*C(D) < 1. Using an exhaustion of {2 \ o, one can construct A C D
in such a way that |A| =~ |D| and A C Q\ o. Since K4 — 2 = |D|/|A| — 1, one gets
1—-4k*K,C(D) > 0. Note also that the sequence {(v,) 4} is always convergent for a fixed
A. Thus the blowing up property of the indicator sequence is governed by that of the
sequence {||Vv, |32 }-

A combination of Theorems A and B yields another characterization of the obstacle.

Corollary 1.1. Assume the smaliness of k* same as Theorem B. A point € ) belongs
to Q\ D if and only if there exists a needle o with tip at  and needle sequence £ for (z,0)
such that the indicator sequence is bounded from above.

Needless to say, this automatically gives a uniqueness theorem, too.
An open problem in the foundation of the probe method is the following.
Open problem 1.1. Can one remove the smallness of k% in Theorem B?
Here are some closely related technical questions.
elsittrue?. ifr€eQ\DandoND #0orz € D, then

. "vn“L"’(D)
lim ———— =0. 1.5
n—e0 || Vgl L2(p) (1.5)



e Let u = uy, solve (1.1) with f = v,|sq and set w, = u, — v,. We know that if z € D,
then ||[Vwy|| 25 — 00 as n — oo ([20]). The question is: identify the points in
Q\ D that really contribute the blowing up of Vuw,. See [16] for an example in the case
when k = 0. ‘

elsittrue? ifz€eQ\DandoND#0Qorze D, then

. ||'wn“z,2(n\5)
lim ——L(®D) _
n—oo ||V, |12

See [16, 19, 20] for more information on these questions.

1.3 Remark II. An explicit needle sequence

From Lemmas 1.1 and 1.2 we know that given o € N, the energy of an arbitrary needle
sequence {v,} for (z,0) blows up on 0. However, it will be difficult to understand the
behaviour of v,(y) at each y € o. In this subsection, we give a family of special solutions
of the Helmholtz equation with two parameters that yields an explicit needle sequence for
a straight needle. We call such a family a generator of needle sequence.

The contents of this subsection are based on the classical materials developed by
Yarmukhamedov, Mittag-Leffler and Vekua.

1.3.1 Yarmukhamedov

The following fact is taken from the article [45].

Theorem 1.2. Let K(w) be an entire function such that: K(w) is real for real w;
K(0) =1; for each R>0 and m=0,1,2 sup |K"™(w)| < oo.

|Rew|<R
Define
_2m%®y(z) = /oo I (K(w)) du ,
0 w \/|:1:’|2 + u?

where w = z3 + iy/|7'|2 + u? and =’ = (z1,25) # (0,0). Then one has the expression
®x(z) = 1/(47|z|) + Hk(z) where Hy satisfies AHy(x) =0 inR3.

Note that ®x can be identified with a unique distribution in the whole space and
satisfies APy (z) + 6(z) = 0 in R3.
Example 1. K(w) = 1. In this case we have ®x(z) = 1/(4x|z|). This is because of

1 /°° du
drlz|  J-co 4m2(|z|2 + u?)

and

1 1 1
——— = —Im : .
|z|? + u? (zg+i\/|a:’|2 +u2) \/lx’|2+u2

Thus for general K we have

HK(m)=_._1_/0°°Im (K(w)—l) du

22 w /|lz']? + u?’




Example 2. K(w) = e™. 7 > 0 a parameter. In [12] the author pointed out that ®x(z)
with this K coincides with the Faddeev Green function G,(z) with z = 7(e3 + iey):

2 ei-‘z'ﬂ
6.@) = Gyt s ="

The Faddeev Green function has been applied to several inverse boundary value/scattering
problems by Sylvester-Uhlmann [43), Novikov [36], Nachman {35}, et al..

1.3.2 Mittag-LefHler

Let 0 < a < 1. The entire function of the complex variable w

w w? w?

Tita) T(+2a) TA+3a) T "
is introduced in [34] and called the Mittag-Leffler function.
It is known that K(w) = E,(Tw) with 7 > 0 satisfies the condition in Theorem 1.2 (cf.

[2]). In [46] Yarmukhamedov applied this function with a fixed a to the Cauchy problem
for the Laplace equation in two dimensions.

Eo(w) =1+

1.3.3 Vekua
The Vekua transform v — Tiv in three dimensions [44] takes the form

Tio(s) = v(s) — "2 [ ofoy) s (e VT =)y

where J; stands for the Bessel function of order 1 of the first kind.
The important property of this transform is: if v is harmonic in the whole space, then
Tyv is a solution of the Helmholtz equation Au + k%*u = 0 in the whole space.

1.3.4 Generator of needle sequence

Using materials introduced by Yarmukhamedov, Mittag-Leffler and Vekua, the author
found an explicit needle sequence when the needle is given by a segment.

Given 0 < @ < 1 and 7 > 0 define v(y;,7) = —Hgk(y), y € R3, where K(w)
E.(tw). This v is harmonic in the whole space and thus the function v*(y;e,7)
Tiv(y; @, T), y € R3 satisfies the Helmholtz equation in the whole space.

Theorem 1.3([21]). Let z € Q and o be a straight needle with tip at x directed to
w = (0,0,1)7, that means: o has the expression 0 = {z + sw|0 < s < I} with{ > 0.
Then the function v*(- — z;a,7)|q as @ — 0 and T — oo generates a needle sequence

for (z,0) with G = G\ given by
L
Guls) = e (g ).

4ry|

Note that since the function

sin k|y|
Ayl

y € R®



satisfies the Helmholtz equation in the whole space, the function

_sin k|y — z|

(o
v(y—z;a,7)+1 Ty — 7] , YEN

generates also a needle sequence for (z,0) with

eiklyl
" dnly|

G(y) (1.6)

Thus now we have an explicit generator of a needle sequence for a straight needle with
(1.6). This makes the probe method completely ezplicit in the case when one uses only
such a needle. Everything is reduced to the choice of small a and large 7.

- This is very important also in the singular sources method by Potthast [38] since in
his method one has to construct the density of the Herglotz wave function (cf. [3]) that
approximates locally the fundamental solution of the Helmholtz equation in a domain like
2\ 0. However, Theorem 1.3 shows that instead one can consider only a simpler problem:
construct the density of the Herglotz wave function that approximates v*(y — z; @, 7) on
the whole boundary of a geometrically simpler domain like a ball.

Open problem 1.2. It would be interesting: do the numerical testing of the probe and
singular sources methods in three dimensions with this ezplicit needle sequence.

Open problem 1.3. A mathematically interesting question is: find a generator of a
needle sequence for a general needle.

Note that Yarmukhamedov [47] made use of ®k(y — z) itself not its regular part
Hy(y — z) to give a Carleman function which yields a representation of the solution of
the Cauchy problem for the Laplace equation in three dimensions.

Finally we give a remark that is closely related to Open problem 1.1. In [21] an explicit
formula of the precise values of v*(y — z; @, 7) on the line y = z + sw(—00 < s < 00) is
given. They are: '

o if y=1z + sw with s # 0, then

1 Ey(rs) —cos ks k.
4 s 4T

vy —z;0,7) = ‘/01(1 —w))V2E, (1(1 — w?)s)Jy (ksw)dw;

o if y =z, then
r

amT(1+a)

Moreover, we see that Vv*(y — z;, 7) on the line y = £ + sw (—00 < s < 00) is parallel
to w. In particular, we have

vy — 250, 7)|yes =

72

Vb (y — 50, 7)|y=z = mw- .

It seems that the behaviuor of v*(y — r; @, 7) and its gradient at y =  suggest the validity
of (1.5).
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2 The enclosure method for inverse obstacle scatter-
ing problems at a fixed wave number

The enclosure method was introduced by the author in [10] and has been applied to
several inverse problems for partial differential equations. In this section we present its
applications to inverse obstacle scattering problems at a fixed wave number.

2.1 The enclosure method with infinitely many data

The method applied to inverse obstacle scattering problems is based on the asymptotic
behaviour of the function (we call the indicator function again)

— /8 (o — Ap)(vlon) - S,

where v = = (TwHVTHR W) having large parameter 7; both w and w' are unit vectors
and perpendicular to each other.

This v satisfies the Helmholtz equation Av + k?v = 0 in the whole space and divides
the whole space into two parts: if z-w > ¢, then e ™ |v| — 0 as 7 — o0 if - w < ¢,
then e~ "tlv| — 0 as 7 — oo0.

The method yielded the convex hull of unknown sound-soft obstacles by checking the
behaviour of the indicator function. It virtually checks whether given ¢ the half space
z -w > t touches unknown obstacles.

In [9] an extraction formula of an sound-hard obstacle D C R?® with a constrained on
the Gaussian curvature of 8D from Dirichlet-to-Neumann map Ap has been established.
Its precise statement rewritten with the present style is the following.

Let us recall the support function of D: hp(w) = supz -w, w € S%. The convex hull
z€ D

of D is given by the set Nyes2{z € R3|z -w < hp(w)}. Therefore, knowing hp(w) for a
w yields an estimation of the convex hull of D from above.

Theorem 2.1. Assume that the set {z € D |z -w = hp(w)} consists of only one point
and the Gaussian curvature of D doesn’t vanish at the point. Then the formula

) 1
lim —Tlogl /m(Ao — Ap)(v]sa) - TdS| = hp(w),

T—00

is valid. Moreover, we have:
if t > hp(w), then

lim [ (Ao — Ap)(e ™wv|sq) - e~"*dS = 0;

T—00 on

ift < hp(w), then
Jim [ (Ao = Ap)(e™vlon) - e"THwdS = oo;

if t = hp(w), then

lim inf Q(Ao — Ap)(e ™ v|gq) - e~™wdS > 0.

T—00 e

10



Note that: if one considers the Dirichlet boundary condition u = 0 on 8D instead of
the Neumann boundary condition du/dv = 0 on 8D, one can drop the assumption on w
and the Gaussian curvature of dD. See [10] for this result. Thus we propose -

Open problem 2.1. Remove the curvature condition in Theorem 2.1.

A sketch of the proof of Theorem 2.1. Let u solve (1.1) with f = v|sq and set w =

u—vinQ\ D. The w satisfies (1.2). We have three lemmas.

Lemma 2.1. There ezists a positive constat C(k) such that for allw € 5%, 7> 0

2 2rzw _ 12 2 _ .5 2 2 21w
or /De dz — k /Q\E|w| d:cS/m(Ao Ap)(vlon) - TdS < C(k)(r +k)/De dz.

This is a consequence of the representation formula (1.3) and the estimate ||w]| ;4 @by <
Ck) vl (p)-

Lemma 2.2.
lim inf e~27hpw) ;2 / e *vdz > 0.
T—00 D

The proof of this lemma can be done by slicing D with the planes z - w = hp(w) — s

with0 < s << 1.

Lemma 2.3. Assume that the set {z € 0D |z-w = hp(w)} consists of the only one point
and the Gaussian curvature of D doesn’t vanish at the point. Then

/n\b‘ |w|?dz
lim

ALY — Y
T 92 / e vdx
D

From Lemmas 2.1, 2.2 and 2.3 one knows that there exist positive constants C;, C;
and 79 > 0 such that for all 7 > 7

Cre?™o@) < /6 (Ao — Ap)(vlon) - 7S < Cyr?et™ o),

All the statements in Theorem 2.1 now follows from these estimates.

Finally we describe the outline of the proof of Lemma 2.3. One can find p € H(Q\ D)
such that (A+k®)p=win Q\ D, p = 0 on 89 and Op/0v = 0 on 8D. From the Sobolev
imbedding and the estimate [|p||g2q\p) < C(k)|lw]| L2@\p) We have: |p(z) — p(y)| <

C(k)lz — yI'"*|lwl| L2\ ) and Sg{) Ip(z)| < CR)|wll L2055y
zeQ\D

Let zo be the point in the set {z € D |z -w = hp(w)}. Since /aD(ﬁv/al/)dS(x) =

—k? / vdz, one can write
D

ov ov
20r — _ - - — 2
/9\5 |w|*dz = /:90 paudS(x) /(;D{p(:co) p(z)}audS(z) + k°p(z0) /Dvda:.
From these one gets

/Q phuldz < C(k) (\/272 e /8 lzo = a2 dS(z) + /D e”""d:c) ol g2,

11
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and this thus yields

/ﬂ\ﬁ |w)*dz < C(k) {(T /;D |zo — xll/zem'wdS(z))z + (/l‘) e.,-z.wdz>2} .

The Schwarz inequality yields

( /D e”“"d:z:)2 < |D| /;3 eXr*vdz.

Thus from this and Lemma 2.2 one knows that it suffices to prove
lim re~"ho@) / |zo — z|*/%e™**dS(z) = 0.
T—00 aD

In fact, one gets
Te—ThD(w) /aD lxo _ xll/ze-rz-wds(x) — O(T—IM).

This is proved by using a localization at z, and a local coordinates at the point.

2.2 The enclosure method with a single incident plane wave

The idea started with considering an inverse boundary value problem for the Laplace
equation in two dimensions in [8]. Five years later in [15] the idea was applied to an
inverse obstacle scattering problem in two dimensions. The problem is to reconstruct a
two dimensional obstacle from the Cauchy data on a circle surrounding the obstacle of
the total wave field for a single incident plane wave with a fized wave number.

In this subsection we assume that D is polygonal, that is, D takes the form D U---UD,
with 1 < m < co where each D; is open and a polygon; D; N Dy = @ if j # 5.

The total wave field u outside obstacle D satisfies

Au+k*u=0inR?\ D, %g =0o0ndD
and the scattered wave w = u — e**% with k > 0 and d € S? satisfies the outgoing
Sommerefeld radiation condition lim VT (0w/dr — ikw) = 0, where r = |z|.
" Let Bg be an open disc with radius R satisfying D C Bg. We assume that Bp
is known. Our data are u and Ou/0v on 0Bp. Let w and w! be two unit vectors
perpendicular to each other. Set z = Tw + iv/72 + k2w! with 7 > 0 and v(z; z) = €2,
Recall hp(w) = supgep T - w.

Theorem 2.2. Assume that the set 9D N {z € R? |z -w = hp(w)} consists of only one
point. Then the formula

lim 1 log = hp(w),

T—00 T

/83,, (%v(x; z) — gvl—/(x,z)u) dS(z)

is valid. Moreover, we have:
ift > hp(w), then

lim =0;

T—00

@ -7t . - —‘rt?ﬂ .
/aaﬂ (aue v(z;2) —e 6I/(::;,z)u) dS(z)

12



ift < hp(w), then

lim = 00.

T—00

au -7t . _ —Tt_a_v_ .
/BBn (Ee v(z;2) —e ay(m,z)u) dS(z)

Sketch of the proof. The one of key points is: introducing a new parameter s instead
of 7 by the equation s = V72 + k2 + 7, we obtain, as s — oo the complete asymptotic
expansion

.
>, ek, K,

' au av —’N'r’ 0wt —T1 w .
/l;BR ( (z;2) — g(az, z)u) dS(z)e VT HFsow ~Tho() , _; > . (2.1)

—v
v = §hn
Here the A, describes the singularity of u at a corner and in this case explicitly given by
the formula A, = (n — 1)7/©, where © denotes the outside angle of D at zo € dDN{z €
R?|z-w = hp(w)} and thus satisfies 7 < © < 2m; K, are constants depending on A,,
w and shape of D around zo; a9, as, --- are the coefficients of the convergent series

expansion of u with polar coordinates at a corner:

u(r,0) = arJo(kr) + D andy,(kr)cos A0, 0<r << 1,0< 6 < O.

n=2

Now all the statements in Theorem 2.2 follow from (2.1) and another key point: 3n > 2
on K, # 0. This is due to a contradiction argument. Assume that the assertion is not
true, that is, Vn > 2 a,, K,, = 0.

First we consider the case when ©/7 is irrational. In this case we see that Vn >
2 K, # 0. Thus a, = 0 and this yields u(r,§) = a;Jo(kr) near a corner. Since this
right-hand side is an entire solution of the Helmholtz equation, the unique continuation
property of the solution of the Helmholtz equation yields u(z) = a3 Jo(k|z —x0|) in R?\ D.
However, we see that the asymptotic behaviour of this right-hand and left-hand sides are
completely different. Contradiction.

Next consider the case when ©/7 is a rational. By carefully checking the constant
K, we know that for each n > 2 with K, = 0 the \, becomes an integer. From the
assumption of the contradiction argument one knows if n satisfies K, # 0, then C, = 0.
Thus we have the expansion

u(r,8) =Y _ Cn;Jz,, (kr) cos A 6,

where n; > 2 satisfy K,; = 0. Since A, is an integer and An;© = (nj — 1), from this
right-hand side one gets: for all 7 with 0 < r << 1 Ju/90(r,7) = Ou/30(r,©® — w) = 0.
Then a reflection argument ([1]) yields that this is true for all r > 0. However, from this
together with the asymptotic behaviour of Vu one can conclude that incident direction d
has to be parallel to two linearly independent vectors which are directed along the lines
f = and § = © — 7. Contradiction.
Remarks are in order.

o In Theorem 2.2 one uses the Cauchy data on the circle surrounding the obstacle as the
observation data. However, du/0v on Bp can be calculated from u on 8Bg by solving an

exterior Dirichlet problem for the Helmholz equation.
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e In [18] a similar formula has been established by using the far field pattern Fp(p,d; k),
@ € §! of scattered wave w = u — €**¢ for fixed d and k which determines the leading
term of the asymptotic expansion of w at infinity in the following sense
ikr
w(rp) ~ E\/——TFD(% d; k) r — oo.

Moreover, therein instead of volumetric obstacle, similar formulae for thin sound-hard
obstacle (or screen ) also have been established with two incident plane waves.

e In [37] the numerical testing of a method based on results in [14, 15, 18] has been
reported.

e It would be interesting to consider the case when the total wave u satisfies the equation
V - yVu + k*>u = 0 in R? where v(z) = 1 for z € R?\ D and v(z) = A, for z € D,
j =1,---,m; each A; are positive constants and A; # 1. The author thinks that this
case becomes extremely difficult because of the complicated behaviour of u at a corner.
However we propose

Open problem 2.2. Establish Theorem 2.2 for u above.

See [11] for k = 0 and [17] for the equation V - yVu + k2 yu = 0.

e For recent applications of the enclosure method with a single measurement for a system
arising in linear theory of elasticity we have [24, 25, 26]. However, their extension to the
elastic wave with a single incident plane wave remains open. It is a challenging problem
to be solved.

3 Inverse obstacle scattering problems with dynam-
ical data over a finite time interval

Previously we considered only the stationary or time harmonic problem. In this section
we consider how one can use the data over a finite time interval to extract information
about the location and shape of unknown obstacles. In [28, 39, 40] some uniqueness
results have been established, however, it seems that mathematically rigorous study of
the reconstruction issue in this type of problem has not been paid much attention. Note
that: there are some results [31, 32, 33] in the context of the Lax-Phillips scattering
theory, which give the convex hull of an unknown obstacle, however, the data are taken
fromt=0tot=oo0.

The purpose of this section is to introduce a new and simple method in [23] which is
an application of the idea developed in {22, 27] and employs the data over a finite time
interval on a known surface surrounding unknown obstacles.

3.1 New development of the enclosure method

In order to explain the basic idea, in this subsection we present an application to the
one-space dimensional wave equation which is taken from Appendix B in [22). Let a > 0
and ¢ > 0. Let u = u(z,t) be a solution of the problem:

—2—2—uu = Uy in]0, a[x]0, T[, cuz(a,t) =0 fort €]0, T,

u(z,0) = 0, w(x,0) =01in]0, a[.

14



The quantity ¢ denotes the propagation speed of the signal governed by the equation.
Inverse Problem 3.1. Assume that a is unknown. Extract a from u(O t) and u.(0,t)
forO<t<T.

Theorem 3.1. Let u,(0,t) € L*(0, T) satisfy the condition: there exists a real number p
such that

T
lim inf 74 /0 u-(0,t)e "t dt

Let T > 2a/c and v(z,t) = v(z,t;7) = e "@/*). Then the formula

> 0. (3.1)

lim 2 log / (—cus(0, £)u(0, £) + cua (0, £)v(0, 8)) dt| = —2a/c, (3.2)

T—00 T

s valid.

Some remarks are in order.
e The v satisfies the wave equation (1/c)?vy; = v, and satisfies: if z + ¢t > 0, then
v(z,t) — 0 as 7 — oo; if z + ¢t < 0, then v(z,t) — +00 as T — oo.
e The quantity 2a/c coincides with the travel time of a signal governed by the wave
equation with propagation speed ¢ which starts at the boundary z = 0 and initial time
t = 0, reflects another boundary z = a and returns to £ = 0. Thus the restriction
T > 2a/c is quite reasonable and does not against the well known fact: the wave equation
has the finite propagation property.
e The condition (3.1) ensures that u,(0,t) can not be identically zero in an interval
]0,7'[C]0, T|. Therefore surely a signal occurs at the initial time. However, it should be
emphasized that the formula (3.2) makes use of the averaged value of the measured data
with an ezponential weight over the observation time. This is a completely different idea
from the well known approach in nondestructive evaluation by sound wave: monitoring
of the first arrival time of the echo, one knows the travel time.

A sketch of the proof of Theorem 8.1. Introduce the function w by the formula

T
w(z) = w(z;7) = /0 u(z,t)e "dt, 0 < z < a.
It holds that
w' — 72w = e T (uy(z, T) + Tu(z, T)) in]0, a[, cw'(a) = 0.

Then, this together with integration by parts gives the expression

T
g2ar/e /0 (—cvs(0, £)u(0, £) + cuz (0, t)u(0, ¢)) dt

= Tw(a)e”/® — ¢ le (T~ (2e/0) / (ue(&,T) + Tu(€, T))e ¢/°d¢.
0
Now (3.2) can be checked by studying the asymptotic behaviour of this right-hand side
with the help of the expression
2cw'(0) e T
T (ea'r/c _ e—ar/c) T (eaf/c _ e—-a.r/c)

w(a) = —

{ [l )+ rule T odg + [ (e, T) + 7ule, T)etdg)
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together with (3.1).

The proof presented here heavily relies on the spaciality of one-space dimension. In
[27) we found another method for the proof which works also for higher space dimensions
and applied it to a similar problem for the heat equation. In the following two subsections
we present further applications of the method to the wave equations.

3.2 Sound-hard obstacle

Let D C R3 be a bounded open set with smooth boundary such that R®\ D is connected.
Denote by v the unit outward normal to 8D. Let 0 < T < oo.

Given f € L?(R®) with compact support satisfying supp f ND = @ let u = u(z,t)
satisfy the initial boundary value problem:

u— Au=0in(R?*\ D)x]0, T, gu; =0 ondDx |0, T},

u(z,0) = 0, du(z,0) = f(z) nR3\D.

Let  be a bounded domain with smooth boundary such that D C 2 and R3\ 0 is
connected. Denote by the same symbol v the unit outward normal to 0S2.

The 09 is considered as the location of the receivers of the acoustic wave produced by
an emitter located at the support of f. In this section we consider the following problem.
Inverse Problem 3.2. Assume that D is unknown. Extract information about the
location and shape of D from u on d02x]0, T'[ for some fixed known f satisfying supp f N
Q=0and T < oo.

Note that u in (R3 \ £2)x]0, T[ can be computed from u on 9Qx ]0, T by the formula

u=2zin(R*\)x]0, T (3.3)
where 2 solves the initial boundary value problem in R3 \ :
2z —Nz=0in(R¥*\Q)x]0, T[, z=u ond0x]0, T,
2(z,0) = 0, 8,2(z,0) = f(z) inR3*\ Q.

Thus the problem can be reformulated as
Inverse Problem 3.2’. Extract information about the location and shape of D from u
in (R?\ ©)x]0, T for some known f satisfying supp f NQ2 =0 and T < oo.

Now we state the result. Let B be an open ball with BN = (. Choose the initial
data f € L%(R3) in such a way that:
(I1) f(z) =0 a.e. z € R3\ B;
(I2) there exists a positive constant C such that f(z) > C a.e. z € Bor —f(z) > C ae.
T € B.

Set

T ——
w(z;T) = /0 e "u(z,t)dt, x € R3\ D, 7 > 0.

Our result is the following extraction formula from w and dw/dv on 82 ]0 T[ which can
be computed from the data u in (R3®\ Q)% ]0, T[.
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Theorem 3.2. Let 7 > 0 and v € H(R3) be the weak solution of

(A =7+ f(z) =0 inR3. (3.4)
If the observation time T satisfies
T > 2dist(D, B) — dist(Q, B), (3.5)

then there ezists a 19 > 0 such that, for all T > 7

and the formula

) 1 Ov .
Jim 7 log - (5-1;11) — —a—;v) dS = —dist(D, B), (3.6)

is valid.
Some remarks are in order.
e The v is unique and is given by the explicit form
1 e~ Tle-yl
;7)=— | ———f(y)dy, z € R3.
v T) =0 | =] f(y)dy, =
e The quantity dist (D, B) + 1/|0B|/4r coincides with the distance from the center of B

to D and thus (3.6) yields the information about dp(p) for a given point p in R? \ Q.

o It is easy to see that 2dist (D, B) —dist (2, B) > I(0B, 8D, 02), where (0B, 3D, Q) =
inf {|z—y|+|y—2||z € 8B,y € 8D, z € 0Q}. This is the minimum length of the broken
paths that start at z € OB and reflect at y € &D and return to z € 9. Therefore (3.5)
ensures that T is greater than the first arrival time of a signal with the unit propagation
speed that starts at a point on OB at t = 0, reflects at a point on 8D and goes to a point
on 0.

The main part of the proof of Theorem 3.2 is to show that

lim inf 7e? 4ist (0.5) o (@ — ?Ev) ds > 0. (3.7)

au“’ ov

It is a consequence of the following representation formula which corresponds to (1.3) and
the estimate for v:
Ov ow
/an ( W Ev) ds

_ 2 2 2 RYY 2 a2
/DIVvI dz + 7 /Dlv] dz+/R3\B|V(w v)[*de + 7 /Ra\ﬁfw v|%dz

-T — _ o=1T .
+e /Ra\ﬁ(w v)(Geu(z,T) + Tu(z,T))dz — € /ﬂ\_D_(Btu(z:, T) + ru(z, T))vdz;
lim inf 78¢2rdist (D,B) /D [v|*dz > 0. (3.8)

Note that the precise values of 4 and 6 of ¢ in (3.7) and 7 in (3.8), respectively are not
essential.
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3.3 Penetrable obstacle

The method in the former subsection can be applied to a more general case. Given
f € L*(R?) with compact support let u = u(z, t) satisfy the initial value problem:

Ou—V-yVu=0inR*x 0, T,
(3.9)
u(z,0) = 0, Bu(z,0) = f(z) nR?,

where v = 7(z) = (7;;(z)) satisfies: for each i,j = 1,2,3 v;(z) = v;i(z) € L®(R3); there
exists a positive constant C such that y(z)¢ - &€ > C|¢|? for all £ € R? and a. e. z € R3.

We assume: there exists a bounded open set D with a smooth boundary such that
v(z) a.e. £ € R®\ D coincides with the 3 x 3 identity matrix I3. Write h(z) = v(z) — I,
ae z€D.

Our second inverse problem is the following.
Inverse Problem 3.3. Assume that both D and h are unknown and that one of the
following two conditions is satisfied:
(A1) there exists a positive constant C such that —h(z)¢ - & > |€|? for all £ € R3 and a.e.
z € D;
(A2) there exists a positive constant C such that h(z)¢ - £ > |£|? for all £ € R? and a.e.
ze€D.
Let Q be a bounded domain with smooth boundary such that D C Q. Extract information
about the location and shape of D from u on Qx]0, T'[ for some fixed known f satisfying
suppf N =0 and T < oo.

Note that u in (R®\ ) x]0, T'[ can be computed from u on 82x]0, T[ by the exactly
same formula as (3.3) and thus the problem can be reformulated again as
Inverse Problem 3.3’. Extract information about the location and shape of D from u
in (R®\ Q)x]0, T[ for some known f satisfying supp f N2 =0 and T < oo.

Now we state our second result.

Theorem 3.3. Assume that v satisfies (A1) or (A2). Let f satisfy (I1) and (12) in
subsection 3.2 and v be the weak solution of (3.4). Let T satisfies (3.5) and w be given by

T
w(z;7) = /0 e "u(z,t)dt, € R}, 7>0

with solution u of (8.9). If (A1) is satisfied, then there exists a 7o > 0 such that, for all

T2To
ov ow
./BQ (5';'11) - 'é;'l)) ds > 0,

if (A2) is satisfied, then there ezists a 7o > 0 such that, for all T > 79

v ow
— o2 (Ew — Ev) ds > 0.
In both cases we have

. 1
i, 5 log

Ov ov

/ (@w - @v) ds‘ — _dist(D, B).
N
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The key points for the proof are an estimate for Vv similar to (3.8) and the following
two representation formula:

/a {(Vv-vyw— (Vw - v)u}dS = - /D hV - Vvdz
+/Ra'yV(w—v)-V(w-v)dm+'r2/1;3 w — vf2dz
+e T /R ,Ou(z,T) + 7u(e, T)) (w - v)dz — &7 /ﬂ (Beu(z, T) + Tu(z, T))vdz;
- /a A(Vv-v)w = (yVw - v)}dS = /D hVw - Vudz
+/RSV(v—w)-V(v—w)d:c+7'2/Rs v — wlde
T /R _(Beu(z, T) + 7u(z, T))(v — w)dz + &7 /Q (Beu(z, T) + Tu(z, T))vdz.

4 Summary and further research direction

In this paper we presented: past applications of the probe and enclosure methods to
inverse obstacle scattering problems with a fixed wave number and related open problems;
recent applications of the enclosure method to inverse obstacle scattering problems with
dynamical data over a finite time interval.

In particular, in Section 3 we presented a new and simple method in [23] for a typical
class of inverse obstacle scattering problems that employs the values of the wave field over
a finite time interval on a known surface surrounding unknown obstacles as the observation
data. The wave field is generated by an initial data localized outside the surface and its
form is not specified except for the condition on the support. The method explicitly yields
information about the location and shape of the obstacles more than the convex hull.

It would be interesting to apply the method presented in Section 3 to other time
dependent problems in electromagnetism(e.g., subsurface radar (4], microwave tomography
[41]), linear elasticity, classical fluids etc.. Those applications belong to our future plan.

Acknowledgements
This research was partially supported by Grant-in-Aid for Scientific Research (C)(No.
21540162) of Japan Society for the Promotion of Science.

References
[1] Alessandrini, G. and DiBenedetto, E., Determining 2-Dimensional cracks in 3-

dimensional bodies: uniqueness and stability, Indiana Univ. Math. J., 46(1997),
1-82.

19



20

[2] Bateman, H., Higher Transcendental Functions, Volume III, Bateman Manuscript
Project (A. Erdélyi, Editor), New York, McGRAW-HILL, 1955.

[3] Colton, D. and Kress, R., On the denseness of the Herglotz wave functions and
elecromagnetic Herglotz pairs in Sobolev spaces, Math. Meth. Appl. Sci., 24(2001),
1289-1303.

[4] Daniels, D.J., Gunton, D. J. and Scott, H.F., Introduction to subsurface radar, IEE
PROCEEDINGS, 135(1988), Pt. F, No.4, AUGUST, 278-320.

[5] Ikehata, M., Reconstruction of the shape of the inclusion by boundary measurements,
Commun. in partial differential equations, 23(1998), 1459-1474.

[6] Ikehata, M., Reconstruction of an obstacle from the scattering amplitude at a fixed
frequency, Inverse Problems, 14(1998), 949-954.

[7] Ikehata, M., Reconstruction of obstacle from boundary measurements, Wave Motion,
30(1999), 205-223.

[8] Ikehata, M., Enclosing a polygonal cavity in a two-dimensional bounded domain from
Cauchy data, Inverse Problems, 15(1999), 1231-1241.

[9] Ikehata, M., How to draw a picture of an unknown inclusion from boundary measure-
ments. Two mathematical inversion algorithms, J. Inv. Ill-Posed Problems, 7(1999),
255-271.

[10] Ikehata, M., Reconstruction of the support function for inclusion from boundary
measurements, J. Inv. Ill-Posed Problems, 8(2000), 367-378.

[11] Ikehata, M., On reconstruction in the inverse conductivity problem with one mea-
suremen, Inverse Problems, 16(2000), 785-793.

[12] Tkehata, M., Inverse conductivity problem in the infinite slab, Inverse Problems,
17(2001), 437-454.

(13] Ikehata, M., Reconstruction of inclusion from boundary measurements, J. Inv. Ill-
Posed Problems, 10(2002), 37-65.

[14] Ikehata, M., Complex geometrical optics solutions and inverse crack problems, In-
verse Problems, 19(2003), 1385-1405.

[15] Ikehata, M., Inverse scattering problems and the enclosure method, Inverse Problerns,
20(2004), 533-551.

(16] Ikehata, M., A new formulation of the probe method and related problems, Inverse
Problems, 21(2005), 413-426. :

[17] Ikehata, M., An inverse transmission scattering problem and the enclosure method,
Computing, 75(2005), 133-156.

(18] Ikehata, M., The Herglotz wave function, the Vekua transform and the enclosure
method, Hiroshima Math. J., 35(2005), 485-506.

20



(19] Ikehata, M., Inverse crack problem and probe method, Cubo A Mathematical Jour-
nal, 8(2006), 29-40.

[20] Ikehata, M., Two sides of probe method and obstacle with impedance boundary
condition, Hokkaido Math. J., 35(2006), 659-681.

[21] Ikehata, M., Probe method and a Carleman function, Inverse Problems, 23(2007),
1871-1894.

[22] Ikehata, M., Extracting discontinuity in a heat conductive body. One-space dimen-
sional case, Appl. Anal., 86(2007), no. 8, 963-1005.

[23] Ikehata, M., The enclosure method for inverse obstacle scattering problems with
dynamical data over a finite time interval, arXiv:0907.0109v2.

[24] Ikehata, M. and Itou, H., Reconstruction of a linear crack in an isotropic elastic body
from a single set of measured data, Inverse Problems, 23(2007), 589-607.

[25] Ikehata, M. and Itou, H., An inverse problem for a linear crack in an anisotropic
elastic body and the enclosure method, Inverse Problems, 24(2008) 025005(21pp).

[26] Ikehata, M. and Itou, H., Extracting the support function of a cavity in an
isotropic elastic body from a single set of boundary data, Inverse Problems, 25(2009)
105005(21pp).

[27] Ikehata, M. and Kawashita, M., The enclosure method for the heat equation, Inverse
Problems, 25(2009), 075005(10pp).

[28] Isakov, V., On uniqueness for a discontinuity surface of the speed of propagation, J.
Inv. 1lI-Posed Problems, 4(1996), 33-38.

[29] Isakov, V., Inverse problems for partial differential equations (Second Edition),
Springer, New York, 2006.

[30] Lax, P. D., A stability theorem for solutions of abstract differential equations, and
its application to the study of the local behavior of solutions of elliptic equations,
Comm. Pure and Appl. Math., 9(1956), 747-766.

[31] Lax, P. D. and Phillips, R. S., The scattering of sound waves by an obstacle, Comm.
Pure and Appl. Math., 30(1977), 195-233.

[32] Majda, A., A representation formula for the scattering operator and the inverse
problem for arbitrary bodies, Comm. Pure and Appl. Math., 30(1977), 165-194.

[33] Majda, A. and Taylor, M., Inverse scattering problems for transparent obstacles,
Comm. in partial differential equations, 2(4)(1977), 395-438.

[34] Mittag-Leffler, G., Sur la représentation analytique d’une branche uniforme d’une
fonction monogéne, Acta Math., 29(1904), 101-215.

[35] Nachman, A., Reconstructions from boundary measurements, Ann. of Math.,
128(1988), 531-576.

21

21



22

[36] Novikov, R., Multidimensional inverse spectral problem for the equation —AY¥ +
(v(z) — Eu(z))¥ = 0, Transl. Funct. Anal. Appl., 22(1989), 263-272.

[37) KILEF], A, WEELRIE DB VAR KICE D < BYERRE, HASABEZR 2009
FREFIFMETRE, pp. 101-102 (2009).

[38] Potthast, R., Stability estimates and reconstructions in inverse scattering using
singular sources, J. Comp. Appl. Math., 114(2000), 247-274.

[39] Rakesh, An inverse impedance transmission problem for the wave equation, Comm.
in partial differential equations, 18(1993), 583-600.

[40] Rakesh, Some results on inverse obstacle problems for the wave equation, Algebra i
Analiz, 8(1996), no.2, 157-161.

[41] Semenov, S. et al., Three-dimensional microwave tomography: experimental proto-
type of the system and vector Born reconstruction method, IEE Transactions on
biomedical engineering, 46(1999), No.8., August, 937-946.

[42] Stanoyevitch, A. and Stegenga, A., Equivalence of analytic Sobolev Poincaré inequal-
ities for planar domains, Pacific J. Math., 178(1997), 363-375.

[43] Sylvester, J. and Uhlmann, G., A global uniqueness theorem for an inverse boundary
value problem, Ann. Math., 125(1987), 153-169.

[44] Vekua, I., Modification of an integral transformation and some of its properties, Bull.
Acad. Sci. Georgian SSR, 6(1945), 177-183.

[45] Yarmukhamedov, Sh., Integral representations of harmonic functions in multi-
dimensions, in Russian, Dokl. Akad. Nauk SSSR, 204(1972), 799-802.

[46] Yarmukhamedov, Sh., Integral representation of a CR-function and its holomorphic
continuation, Dokl. Math., 51(1995), 253-255.

[47] Yarmukhamedov, Sh., A Carleman function and the Cauchy problem for the Laplace
equation, Siberian Math. J., 45(2004), (3), 580-595.

e-mail address
ikehata@math.sci.gunma-u.ac.jp

22



