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Abstract. In this paper we considered several formally determined problems in two
dimensions. There are no global identifiability results for these problems. However,
we can recover an important feature of these functions, namely their singularities.
More precisely, we prove that one can determine the location and strength of
singularities of an L* compactly supported potential by knowing the associated
scattering amplitude at a fixed energy. Also we prove that one can determine the
location and strength of the singularities of the sound speed of a medium by
making measurements just on the boundary of the medium.

1. Introduction and Statement of the Results

In this paper we consider formally determined inverse problems in two dimensions.
These problems involve determination of the sound speed of a medium by making
measurements at the boundary of the medium or a quantum mechanical potential
by making scattering measurements away from the support of the potential.

For the problems under consideration there are no global identifiability results
available in the case of a general L*® potential or sound speed. The results known
are either local ([S-U, Su L, II]) or generic ([Su-U I]). Kohn and Vogelius ([K-V])
proved a global identifiability result in the case that the potential is piecewise
analytic. In this paper we consider the problem of determining the strength and
location of the singularities of the sound speed or the potential from either
boundary measurements or scattering information.

All the results we prove are reduced to prove a similar result for the inverse
problem of determining a bounded, measurable potential from the Dirichlet to
Neumann map associated to the Schrédinger equation at zero energy. We proceed
next to define this map.
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** Partially supported by NSF grant DMS-9100178
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Let Q < R? be a bounded domain with smooth boundary. Let g€ L®(Q).
Assume that 0 is not a Dirichlet eigenvalue of —A4 + g. Then Vfe H*(0Q) there is
a unique solution ue H*(Q) of the Dirichlet problem

(—A+q)u=0 inQ, ulag=f. (11)

The Dirichlet to Neumann map is defined by

0
AN =3 (12)

with u solution of (1.1) and v denotes the unit outer normal to 0Q. The inverse
problem we consider is to determine the injectivity of the map

g 4, (1.3)

It is known that A is locally injective near g = 0 ([S-U]) or ¢ = constant ([Su I]),
locally injective in an open and dense set of potentials in W *(Q) ([Su-UI])
and globally injective on pairs of potentials in an open and dense set in
Wt (Q)x Wh*(Q) ([Su-U I]). In [Su-U II] the authors proved that one can
determine the strength and location of singularities of potentials ¢ having jump
type singularities across a subdomain of Q from A,. In this paper we extend
this result to determining general L® singularities of potentials from 4,. More
precisely:

Theorem A. Let q;e L*(Q) with 0 not a Dirichlet eigenvalue of —A4 + q;,i=1,2.
Assume

A A

a = 4y -

Then _
ql—qZEC“(Q) V(X, 0§d<1

Here C* denotes the Holder space of order «. We first apply Theorem A to the
inverse scattering problem by a potential at a fixed energy. We describe the
problem below. The scattering amplitude of a potential g e L*(IR?) with compact
support is defined via the outgoing eigenfunctions. Namely, for Aie R — 0,0, weS*
there exists ¥ + (4, x, ) solution of

(—4+q—2P),=0 (1.4)
satisfying

ag(4, 0, w)e !

= eilx~a) +
[/ P

+0(]x| %) (1.5)

with 0 = l——i—] The scattering amplitude, a,(4, 6, ®) measures the effect of the
potential g on plane waves of the form e***'®, The inverse scattering problem at
a fixed energy 4, in two dimensions, is to determine the potential g from the
scattering amplitude a,(4, 6, w) with A fixed and with 6, we S*. In this paper we
prove:
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Theorem B. Let q,, q, € L*(IR?) with compact support. If
ay, (4,0, w) = a,,(4,0, )
for all 0, weS* for a fixed A, then
g1 —q2€C{R?*) Vo, 0Za<1.

We now apply Theorem A to an inverse problem arising in geophysics: to
determine the sound speed of a medium by making measurements at the boundary.
We formulate more precisely the problem. Let 2 be a bounded region with smooth
boundary. We denote by c¢(x)( > 0) the sound speed of the medium Q and assume
that ¢(x) = ¢o > 0 for xeIR? — Q. The scattered pressure field generated by a point
source at a point x, € 022 is given by the outgoing Green’s kernel which satisfies the
outgoing radiation condition and solves

2
A%9.(x, X0, A) + gi%c—) G.(x, X0, A) = —8(x — xo) . (1.6)

The inverse problem is to determine c(x) by measuring %,(x, xo, 4) with x, xo € 0Q
and 1 fixed. In this paper we prove:

Theorem C. Let ¢y, c,€ L®(R?), ¢;>0,j=1,2, ¢;(x) = ca(x) =co >0 for xe
R? — Q, where c, is a constant. If

gcl(xn X0» /1) = gcz(xa X0, A‘)
for x, xo€0R and 2 fixed. Then
¢ —ceCYR2?), Vo, 0Za<1.

The proof of Theorem A uses the special solutions constructed in [S-U]J.
Namely, there are solutions of

(—4+qu=0 inR?
(by extending ¢ = 0 in R? — Q) of the form
u=e*(1+w(x/)) 1.7

with {eC? {-{ =0 and ¥ decaying at oo for |{| > K (see Proposition 2.1 for
a more precise statement).

Then we can define the function 7, considered by Beals and Coifman ([B-C])
and Ablowitz and Nachman ([N-A]) in the ¢ approach to inverse scattering.

T,(k) = @ (k) gf) e q(x)(1 + o(x, ))dx ,
where

1
{=3(k+J0), k= (ki k)eR?, J=<_(1) (1)> i=/—1,

and

1 for |k|= K

Pxlk) = {0 for |k| < K .
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The main point is the following result (see Theorem 3.1).
Theorem D. Let ge L*(R?), suppq < Q. Then
q—F 'TeC*Q) Vo, 0Za<1,
where & denotes the Fourier transform.
Theorem A then follows from Theorem D and the fact that

Theorem E. ([Su-U II]) Let ;€ L*(R2) as in Theorem A. Extend q; = 0 on R? — Q.
Then

AII 1
implies that
L,

qu
];2 N

Theorem D suggests a reconstruction method to determine the location and the
singularities of g from A,: Using the methods of Nachman ([N]), one can recon-
struct T, from A, and by Theorem D, the singularities of g.

In Sect. 2 we develop the preliminaries. In Sect. 3 we prove Theorem A. In
Sect. 4 we reduce the proofs of Theorem B and C to Theorem A. We also state in
Sect. 4 extensions of the results to other classes of L? potentials.

2. Preliminaries

In what follows we use the following notation:
L ={feL” suppf< Q},
F)
L= {f,(1 +|x*)*fe LA(R?)} .
Proposition 2.1. ([S-U]) Let {eC? with (-{=0. Let p>1, deR with
2
—1<d6-1 +;< 0. Let qeLy. Then there exists a constant K =

K(2,p,6, 19l L~(r2)) such that for |{| > K, there exists a unique solution of
(=4 + q)u = 0 in IR? of the form
u(x, {) = e*'t(1 + o(x, () 2.1)
with
weLY(R?).

Furthermore, there exists a constant C = C(, p, 9, | q| L=(r?)) such that

C
[ “Lg(]RZ) = m . 22)

If we choose

1
C=%(ik+Jk), k = (ky, ky)eR2, J=< (1) 0), i=J—1,

then a straightforward computation shows that

(0 + (ky + iky))o —qo =q , (2.3)
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Fo( 9,0 s-( 2 _; %
axl 5x2 i - axl 0x2 ’

The above proposition follows directly from the lemma below.

where

We shall write  (x, k) instead of ¥ (x,{) from now on.
Lemma 2.2. ([S-U]) Let qeL®, feL? (R?), p>1, 6eR with —1<6—1
+ g < 0. Then there exists a constant K = k(,p,d, |q| r=(r?) such that for
|k|p> K there exists a unique function w(x, k)e LE(IR?) satisfying

(0 + ky + ik)o —qw =f in R?. (2.4)
Moreover,

C
”w”Lg(]RZ) = l‘k‘l‘ ”f”Léﬂ(]RZ) ,

where C = C(0, p, | qll1=(r2)) is a constant.

The proof of Lemma 2.2 can be done by using an iteration procedure and
reducing it to a special case g = 0 in (2.4). We write

o= i ; 2.5)
j=0
{a‘(a + (ky + iky))wo = f
00 + (ky + k\)wjr1=qw;, j=1.
Assuming Lemma 2.2 holds when g = 0, one sees immediately that

CliglL=ry )+ .
uwjuLg(Rz)g(% 1 le, ey G20, @2.7)

which shows that ) w; converges in L5(IR?) for large |k|.
The equation (2.4) with g = 0 can be reduced to 0 equations. A direct computa-
tion shows that

2.6)

a+ e ™p
= 2.
ko + ik, @8)
solves (2.4) with ¢ = 0 if @ and b solve the following 0 equations:
da=f
{6b = —e™ga’ 9)

The following result shows that the equation du = f is unique solvable in the
space LE(IR?). In what follows we denote by 0! the inverse of  in L(R?). The
reference for the next results is the paper by Nirenberg and Walker ([N-W]).

2
Proposition 2.3. Let p > 1, 0eR with —1 <6 — 1+ » < 0. Then

j" f

1 I
@ NE) == 155

dé (2.10)
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defines a bounded operator from L%, to L5. Moreover, the following pointwise
estimate holds:

107 (IS Czl + D732 fll s, - 2.11)
If, in addition, fe LE, then
0~ = CUzl+ D)7 1 f s » (2.12)
where z = x; + ix,.
The next result gives properties of the singular integral operator 40 1.
Proposition 24. Let p > 1,0eR, with —1 <d—1+ % < 0. Then
5 1 (&)
001 = ——p.v. 1
@)= = pv | e @13)
defines a bounded operator from L%, to L%, .. If, in addition, fe L3, then
106~ ll ey < CILfll s € = C(p) . (2.14)
Also, the following pointwise estimate holds for large |z|:
C
0071 £ 2.15
1007 N = o 1 e (219)

One sees that Propositions 2.3 and 2.4 give unique solutions a and b in L} in
(2.9).
We now turn to the 7, function. Given ge L g, we define

T (k) = ®g(k) | e™*q(x)(1 + (x, k))dx , (2.16)
Q
where w is the unique L§ solution to (2.3) and
_J1 |kl>K
‘px(k)—{o = K

with K as in Lemma 2.2.

The function T, is the two dimensional analogue of the scattering transform
considered in the 6 approach to the inverse scattering problem by Beals and
Coifman [B-C] and Ablowitz and Nachman [N-A]. An important fact about T, is
that knowledge of A, or the scattering amplitude at the fixed energy determincs 1,
uniquely as a function of k [Su-U II]. Thus, the question of determining the
discontinuities of g from A, or from the scattering amplitude at a fixed energy is
reduced to determining the discontinuities of g from T;.

3. Proof of Theorem A

The proof of Theorem A is reduced to the proof of the following
Theorem 3.1. Let ge Ly and let T, be the function defined in (2.16), then
q—F 'T)|gqeC¥(Q), 05a<l1, (3.1)

where & ~ ' denotes the inverse Fourier transform.
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Using the expansion (2.5) we may write T; as
T,=0Fq+ Y TP, (32)
j=0

where 7,0 < j < oo are function of k given by
TP (k) = dg(k) | e™q(x)w;(x, k)dx , (3.3)
Q

where w; is given by (2.6) with = q.
Applying the estimate (2.7) to (3.3) yields an estimate for T3,
jt+1

TP s

W, 0sj<, (34)
where C = C(£, ||| L=(r?)), which implies that
F TP eH *(R?), Ve>0. 3.5)

This result is sufficient to conclude that

(3 1)
j=2

However, for T and T{", (3.5) is too weak. We shall show that # ' T\ and
F 71T are actually in the C* class with 0 < o < 1.

)ecl's(é) Ye>0.
Q

Proposition 3.2. # 'T"|q and #F T |q belongs to C*(R?) for any o with
0sa<1.

Using (3.5) together with Proposition 3.2 we can prove Theorem 3.1.
Proof of Theorem 3.1. We have

g—F 'T=q—F '0xFq+ Y FITY

iMe

J
= —F Y ox—1)Fq+ F 'TO + F1TY

0
_1 i
+ .22 FTY.
=

Since ®x — 1 is supported in {|k| <K}, F (P — 1)FqeC®(R?). Using
Sobolev’s embedding theorem we obtain & ~' T j > 2 and thus ) 12, # "' T
belongs to C* ~¢(IR?) for any ¢ with 0 < ¢ < 1. Therefore, Theorem 3.1 follows from
Proposition 3.2. O

The rest of this section is devoted to the proof of Proposition 3.2. A direct
computation based on (2.6)—(2.9) yields the explicit formulas for w, and w, given
below:

wo = (ky +iky) 1[0 g — e ™07 (™00 q)], (3.6)

oy = (ky +iky) 7> [0 (g0 1 q) ~ 0~ *(ge™™*9™ (™00 q))]
= (ky + iky) 270" 1 [e*057 1 (g0 q)]
_ (kz + ikl)—ze—ixka—l[eixkaé'—l(qe—ixka~l(eixkag—lq))] . (37)
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Since wo and w, are defined for all k except k = 0, we may drop the function @
in (3.3) with j = 0 and define

TO = { e g(x)wo(x, k)dx .
Q
One sees immediately that # ™' 7® — # =1 T is a C* function. Therefore, we
need only to show
FATY, F1TOeCY(R?), Vo, 0Za<1. (3.8)

In the rest of this section we prove (3.8). In what follows, we denote
z=x, +ix,,zeC, 7 = (x;, x,)eIR% We divide the rest of this section into two
parts. In the first part we prove (3.8) with j = 0 and in the second part we treat the
case j = 1.

Part I. Proof of (3.8) with j = 0. We first prove a lemma.
Lemma 3.3. There exists a constant C such that

FHT0() = Selad ™~ (03 9)0 1, 69)

where * denotes convolution in R2.
Proof. From (3.6) we deduce that

1
1770) _ -1 lkx
d [kz Yk 3¢ 90" qu}
1
+5"_1[k Tk jqa L(e™ 00~ q)dz:l (3.10)
2 1Q
Clearly,
g —1 1 th c -1
F P g0~ 1qdz | = E*(qé’ q) . (3.11)
By (2.10), we have
_ lké
j‘qa—l(eikiaa—lq)dz_ ___j‘ ( ) j‘ (66 Zq)(é)déd
Q

Since 00~ 'qe LP(IR?) for any p > 1 (one can see this by using (2.14) and (2.15)),
it follows that,

5-1
glq(z)lgzl%‘dcdz (.12)
is finite. Thus, by Fubini’s theorem,
[ g0 (00 q)dz = — j (051 q()) jﬁild de

= = [ €00 a(@) (0 ) E)de
—F (00" 1q)0™1q). (3.13)
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Therefore,

1 - 1 _
g —1 -1/ ikZ -1 - -1 V4 -1 -1
F [kz " Sj}q@ (e™*200 q)dz} [kz T F (00" 1q)0 q:l

—c%*((aa"‘q)a—iq) ) (3.19)

Combining (3.11) and (3.14) with (3.10) we get (3.9). O
Using (2.11) and (2.14) we have that 8~ g is bounded and thus
g0 'q—(00"'q)0"'qe L (R?), Vp>1.

Combining this with the next lemma we get the desired result.

1
Lemma 34. Let poeR, 2 < py < . Let fe L(R?)Vp, 1 < p < po. Then ;*f(z)e
2
C*(R?) fora =1 — —.

Do

Proof. Using Hoélder’s inequality and the hypothesis one shows easily that the
function

F(z) = /() = i ﬁQd&

is well defined for each z. Consider

[ W (&)
r2(z+h—8(z—-9)

Let 6 be a positive number in (0, 1). Using Holder’s inequality we get

F(z+h)— F(z) = — de .

1

h < dé e
IF(z + )‘F(Z)'=""(,,{42_¢+h|1+a|z_g|1+a> 171,55 g

Now

j = Sl
R2 12— &+ ATz = ETT0 e | RTTOETO

gt (=)
_|§II+6 [511+5'— |f|1+6

. S VP A T W
_c# x((_ml_é) >=c,/ 1<|5‘2_25>_c|h|26.

Then it follows that

|F(z+ h) = F)| S CIf 1 s )lhll"‘%.
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. 2 146
This shows that FeC'~ %(IR2), 0 < < 1. Now, let —

5= Po > 2, then
1 26 2
0= o1’ hence 1 — T35° 1- E concluding the proof.
Part I1. Proof of (3.8) with j = 1. Using (3.7), we get
9’—11"(1)=L1_L2__L3‘_L4,

where L; is the function of k given below, j = 1,2, 3, 4.

Li=F 1 (ky +iky) 2P | e"‘iqt’i_"l(qa_"lq)dx] , (3.16)

B Q

=F Y (ky +iky) 2D | ei"fqg‘l(qe'"‘iqa'1(e"‘z~65‘1q))dx} , (3.17)
a

L

Ly=F "1 (ky + iky) 2@ | q@'l(e"‘fﬁé‘l(qg'lq))dx] , (3.18)
2

Li=F! L(kz +iky) 2@ | qa—l(eikfaé‘l(qe-iﬁa-l(eikfaé-1q)))dx] ,
) .
(3.19)

We shall first show that
LieH*(R?), j=1,2,3. (3.20)
This implies by Sobolev’s embedding theorem our result. Since ®x(k) =0 for
|k| < K, it follows that (3.20) is a consequence of the following three results:

L(k)= [ e*qo~' (g6~ 'q)dxe L*(R?), (3.21)
Q

L(k) = [ e*q0~"(qe ™07 (e**00™ ' q))dxe L*(R?),  (3.22)
Q

L(k)= [ g0~ '(e™00™ ' (g0~ 'q))dxe L*(R?) . (3.23)
Q

Since g0~ 'q and 6~ (g0~ ! ¢) are bounded function according to (2.12), one can
use the same method as the one given in Part I to show that

F ML —k)=q0 *(q0"'q) + [007"(q0'q)]07 (g0~ q)e L*(R?).

Thus we need only to prove (3.22).
We have

'—lkt 1
IZ ___ij ikt ( )j’ q(T) j‘ ,kn(aa ‘1)('7)d d dZ
n RZ n —_—
By making the change of variables in #: - n — z + 1, we get

=i2§q(z)5tq—(%f (90 Q)("H 2 inded: .
- -
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Using Propositions 2.3 and 2.4 one checks easily that we can use Fubini’s theorem
to exchange the order of integrations in L. Therefore,

1
L == [ e [f 4(2) f (T) (66 '+ — z)dtdz]dn (3.24)
on —

Using (2.14) and Hoélder’s inequality we have

N P g
dz> (jlaa'lql“(n+r——z)dr>
Q

1

P
dT) “ a@‘quLq“Rz) s (3.25)

jq()

QT

(007 'q)(n + t —z)dz| LI)Z

s(j] &
q(t) |?
—z

“(1f

1 1 . .
where 1 < p <2, and ;+ —=1. It is easy to see that the right side of (3.25) is

q
uniformly bounded in z and # which implies that # ~'I, € L2 .(IR?). To show that
F 1L e L*(R?) and thus I, e L?(IR?), we use (2.15). Since 1, z€ Q, it follows from
(2.15) that for |n| large,

I q( ) - (33 q)(n + 7 —2)dr| S
ot [n]
for some constant C > 0. Therefore,
1 C
s q(2) izt <
aln—z| In Inl
for large ||, concluding that &# ~'L, e L?(IR?).
We now prove that I,e C*(IR?),0 < « < 1. Write
I, = F Y(ky + iky) 2 ®kP), (3.26)

where

P(k) = "’ qa—l(eikiaé_—l(qe*ikia-l(eikz“aa——1q)))dz

=—fq(Z) | " o5 0~ (ge ™1 (™00~ 1q))(v)drdz .

]RZ‘E—Z

Since 0~ (qe”* 0~ (e 30 1q))e L? for p > 1, we can use Fubini’s theorem to
exchange dz and dz. Hence,

P(k)= — - j e*05 (g0} (%07 ) (1) | L) dzde
QT

-z
= — [ e*(071q)()00 " (ge~ ™0™ (™00~ ' q))(t)dr . (3.27)
]RZ

Since 00! is a singular integral operator, we cannot use Fubini’s theorem. We will
change variables and integrate by parts.
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Using integration by parts, we can write

P(k)= [ e*q(z)0™ " (qe~ ™0~ (e™00 ' q))dr
IR2

+ (ky + iky) | (87 1q)0 " (ge~ ™0 (™00 1 q))dr
]RZ

= Hl + (kz + lkl)Hz . (3.28)

We can perform integration by parts here because the second integral in (3.27)
and the two integrals in (3.28) converge in L!(IR?). Also, (0 'q)(tr) and

(6™ 1(ge~ ™ 571 ("85 1 q)))(t) behave like

tions 2.3 and 2.4.)
Substituting (3.28) into (3.26) yields

L=F H(ky +iky) 2 Odly) + F (kg + iky) ™ Ok T,)
We shall prove N; e C3(R?),0 < « < 1 by showing that
I, eL*(R?). (3.30)
Using Fubini’s theorem, and the change of variables in s: s - s — 7 + 7, we get
-1
== j e*q(t )f e i 22 9(n) [} ’ks<‘———(aa, qz(8)> dxdndr
n—TR2 s—1n
1 ™00 1q(s — 7 +
e q(n) | q( - )
T Q ol — TR2 §—71

1
? as |7] tends to oo. (See Proposi-

|t

dsdndz

_ i j‘ eikgj q(t) Q(’?)(aa—qus —T+1) dnduds . (3.31)
R

-2
2

Bl

QS—1TQ n—rz

By making the change of variables # + s — 7 — 7, we get

- _ F-1
= | L 40 (4t =5 + 900 ) n) dnde |
L” es—1T@ n—s _
Now applying Fubini’s theorem we obtain
00! T —s+1
1, _ 7| j ( q)(n)jq( )a(n ) e
TC R? n—=s 0 S—1 |
Therefore, it suffices to show
-1
R HN—S @ §—1
Since, by (2.12),
T —S+71
(I =40 gl Tl

Q §—71 |‘
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and thus, by Propositions (2.3) and (2.4) we conclude

|7~ \(I1

C =
1)(S)I§(1+15|)(1+|S|)1+5 "‘1“25"56 lq“Lgﬂ(]RZ)

C
SWM”LM

443

2 . . .
where p>2, —1<d—1+ ; < 0. This estimate gives (3.32). Finally, since

N, — F Y(ky + iky)"'I1,)e C*®, we need only to consider

:97_1((k2 + ikl)—1H2)= C<%*(9’-—1H2)(s)> .

By virtue of Lemma 3.4, we need only to show & ~ 111, e L?(IR?) for any p > 1.

As in (3.31), we get

(08 'q)(n) (07 @) (1)q(n — s+
= I )

(e = [ D0 o

By making the change of variables t + n — s — 7, we obtain

(93~ 61)('1)561(1)(a ')t +s—n)

1
F N (I,)(s) = —25 ik dedn .

R? S Q n—r

By (2.12)
‘e ts—n | Clal
IO+ 5 =) | LS up (07 g) (e + 5 )
Q 7’]_ [ lre!)
Clal,  _Clal,

< = .
T+ DA +Is=n) T 14+]s]

Thus, by (2.11)

C —
IO = e 140190 ey, oo

2
where —1<d—1 +I7<0, p' > 2. Then we can set 6 =0. Thus
e LP(R?), Vp > 1, concluding the result.

4. Proofs of Theorems B and C and Remarks

F1(11,)

O

This reduction of Theorems B and C to Theorem A is well known in the case n > 2
([N, St]). The same method of proof applies in the 2 dimensional case. We indicate

the main steps here for the purpose of completeness.

Assume suppg; < B(0,R) with R >0. Here B(0,R)= {xeR? |x| < R}.
We may choose R so that zero is not a Dirichlet eigenvalue for 4 —g;,j =1, 2.
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The outgoing Green’s kernel for —A4 + g has the asymptotic expansion for
large |x|:

eillxl
Gy(x, X0, 4) = I’ Y4, X0, —0) + 0(Ix| ~3)

with 6 =% and Y, the outgoing eigenfunction. This can be seen by using
the large |x| asymptotics of the free outgoing Green’s kernel (associated to
the potential zero) which is given by the Hankel function (see for example
[A-S]):

i

Go(X, X0, )') = 4

HE(|x — xo]4)

and writing an integral equation for the outgoing Green’s kernel in terms of the free
one (see [St] in the 3 dimensional case).
Now if a,, (4, 0, w) = a,,(4, 0, w) for a fixed A then,

G, (%, X0, 4) — Gy, (x, X0, 2) = 0(|x| ~3|x,| )
and
(4x — 22)(Gy,(x, X0, A) — Ggy(X, X0, 4)) =0, |x],|x0] Z R.
Therefore by Rellich’s Lemma we conclude
Gy, (%, X9, A) = Gy, (x, X0, A), x|, |x0| Z R. 4.1)

Define the single layer potential

Spaf(X)= [ Gp(x, xo,2) f(x0)dSx, -

2B(0, R)
Then (4.1) implies that
Saa=S84,4-
Therefore, by formula (1.40) in [N] (also valid in two dimensions) we get
Agi—z2=Agy—s2 . 4.2)

Now using Theorem A we conclude Theorem B.
The reduction of Theorem C to Theorem A follows along the same lines (see
[N] in the case n > 2). In fact, if we denote

1 1
'=_}'2 ST T2 ) ‘=1927
o ( ) !

then

)‘2
gcj(x, X0, /1) = qu<x, X0, EE) .
0
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Thus, by the above arguments, the hypothesis of Theorem C implies

A Az:A AZ'

ct c3

(By replacing Q by a large ball we may assume that 0 is not an eigenvalue for
4+ el j=1,2 on Q). Theorem C then follows from (4.3) and Theorem A.

We remark that the proof given in Sects. 2 and 3 carries over to the case of L?
potentials. The analog of the exponential growing solutions (2.1) for a L? potential
in dimension two has been constructed by Ikehata [I]. Using these solutions and
Lemma 3.4 one can show the following analog of Theorem A which we state
without proof.

Theorem F. Let q;e L*(Q),2 <p < o0, with 0 not a Dirichlet eigenvalue of
—A + q;,i=1,2. Assume
A, =4

1 q2 °

Then
1—q,€C! _é(g) .

Analog results to Theorems B and C can also be stated in a similar fashion.
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