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Inverse scattering problem
for two-dimensional Schrodinger operator

V. SEROV* L. PATVARINTAT

Received December 6, 2005

Abstract — This work deals with the inverse scattering problem for two-dimensional
Schrédinger operator. The following problem is studied: To estimate more accurately
first nonlinear term from the Born series which corresponds to the scattering data
with all energies and all angles in the scattering amplitude. This estimate allows us to
conclude that the singularities and the jumps of the unknown potential can be obtained
exactly by the Born approximation. Especially, for the potentials from LP-spaces the
approximation agrees with the true potential up to the continuous function.

1. INTRODUCTION

The purpose of this work is to correct (to make more accurate) the estimates
of the first nonlinear term from the Born approximation in the Schrodinger
operator which was published in the works [6-8] and to formulate more pre-
cisely the results concerning the reconstruction of singularities of the unknown
potential. The main result of the above-mentioned articles is that the leading
order singularities (in some particular cases all singularities and jumps) of the
potential are obtained exactly from the scattering amplitude by the linearized
method (Born approximation). Actually in present article we will obtain more
stronger results than in [6-8] for singular potentials in two-dimensional case.
The notation “singular potential” in this article means that a potential is not
locally bounded.

Let ¢ be a real valued potential in R? appearing in the Schrédinger operator

H=-A+qx).
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We assume that the potential belongs to the weighted space L2 (R?) defined by

the norm
1/p

e = ([ 0+ el lata)r az) ™ (1)

where 1 < p < 0o and ¢ is a nonnegative number that will be specified later.

Below we use the following notations. The space W/ (R?) denotes the usual
LP-based Sobolev space in R? and H!(R?) = Wi(R?).

Under the above assumptions on the potential the Hamiltonian H is a self-
adjoint operator in L?(R?). The spectrum of this operator consists of a contin-
uous spectrum, filling out the positive real axis (with possible positive eigenval-
ues), and a possible negative discrete spectrum of finite multiplicity with zero
as the only possible accumulation point. In addition we suppose the potential
has some power decay at the infinity

lg(z)| < Cla|™* (1.2)

lq

for large |z| and for some p > 2. Then the discrete spectrum (if it exists) is
purely negative and finite, there are no positive eigenvalues and zero belongs
to the continuous spectrum [0, 00) (see [2, 11]). In this case we can define for
arbitrary k € R, k # 0, the scattering solutions of the homogeneous Schrédinger
equation

(H — k*)u(z, k) =0

to be the unique solutions of the Lippmann—Schwinger equation
(@, k,9) = e — / G (|2 = yl)aly)uly, k,9) dy,
]RZ

where ¥ € S! and the outgoing fundamental solution of the corresponding
Helmholtz equation Gz is defined as

1
Gyt (|2l) = 7 Hy" (Kl |]).

where Hél) is the Hankel function of the first kind and 0 order. Recall that the
function G} (|z — y|) is the kernel of the integral operator (—A — k? —i0)~%.

The solutions u(x, k, ) for k > 0 admit asymptotically, as |x| — +o0c uni-
formly with respect to 1 € S!, a representation

} 1+4 1
_ ik(z,9 ik|x|7.—1/2 —1/2 /
(s b ) = D) 4 e ol 172|312 A, o, 9) +O(W),

where ¢/ = z/|z| € S and the function A(k,9’,) is called a scattering ampli-
tude and is defined as

Ak, ', 9) = /R D)y, b, 0) dy. (1.3)

For reasons of purely technical nature, we define the solutions u(z,k, ) for
negative values of k as
u(z, k,9) = u(z, —k,9). (1.4)
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Therefore, we can extend A to negative k by A(k, 9, 9) = A(—k,¥,9) to obtain
a well-defined scattering amplitude for all & € R,k # 0. Such extension of A
exactly corresponds to (1.4).

Definition 1. We say that the Hamiltonian H has a resonance at zero if
the homogeneous Lippmann—Schwinger equation for k = 0

oa) = = [ G (la = satw(s) s,

where G (|z]) = —(27)"!log |z| + co and ¢g is known positive constant, has a
nontrivial continuous solution vanishing uniformly at the infinity.

Note that if g(z) > 0 or [5. |G (lz — y[)||¢(y)|dy < 1 then H has no
resonance at zero. As it follows from [12] and [13] if the Hamiltonian has no
resonance at zero then the scattering amplitude can be also well-defined for
k = 0 by continuity and it is equal to zero in this case. The inverse scattering
problem that is considered here is: to recover the potential (or its points of
singularity) from the knowledge of A(k,’,¥) for all k > 0, ¢ and 9.

It follows from (1.3) that for every fixed point ¢ € R?

(Fo)() = lim A(00), €=k —0),

where F is the ordinary Fourier transform in R2. If we write ¢ = k(¢ — ') then
k and ¢ can be obtained back as

el
2(9,€)
The latter formulas justify the following definition.

9 =9 —20,6E, = é (1.5)

Definition 2. The inverse Born approximation gp(x) of the potential ¢(x)
is defined as follows:

45(z) =

= W/ e RO Ak 9 0) k| [0 — 9|2 dkd9dY’.  (1.6)
T JRxS1x St

Note that the latter integral is just the inverse Fourier transform of A on
the manifold R x S x S (see [5, 6]).

It is very easy to see that within the Born approximation, the scattering
amplitude is simply the Fourier transform of the unknown potential. The weaker
the potential, the better this approximation. But even when the potential is
not weak the Fourier transform of a scattering amplitude contains essential
information of the potential as it was shown in [4, 6, 10, 14] in two dimensions.
In this paper we improve these results for potentials with stronger singularities.

The following estimates for the resolvent of the Laplacian (see [9, 14]) on
the continuous spectrum play the key role in this work.

Proposition 1. Assume that 1 < p < co. Then for all k € R, k # 0, the
limit
(A —k? —i0)™ ' = hrfrlo(_A — k% —ie)!
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exists in the uniform operator topology from Lﬁp/(pﬂ)(RZ) to L2_p6/(p_1)(R2)

with the norm estimate
C
2 -1
(A — k* —i0) f||LiP5/(P+1)(R2) < TP ||fHL§P/<p—1)(Rz)7 (1.7)
where v = 2 —2/p and § = 0 for 1 < p < 3/2 and v = 1 — 1/2p and

d0>1/2—3/4p for 3/2 < p < 0.

The following corollary is more important for our purposes. Let us denote
by K the integral operator having the kernel

K(z,y) = la(@)|"*G} (| = yDar 2 (y),
where G (|z — y|) is the kernel of the integral operator (—A — k2 —i0)~! and
Q2 = |Q|1/2 sign (q).

Corollary 1. Assume that the potential q(x) b?longs to Lb;(R?) with

1 < p < 0o and with § as above. Then the operator K is bounded in L*(R?)
with the norm estimate

IR p2rn < ﬁ (1.8)
where «y is as in (1.7).
Now let ®o(k) and ®(k) be the operators, defined for f € L?(S1) as
Bo(k)f(z) = lala)|"2 [ M0 5(0) do,
st (1.9)
®(0) (@) = lo(e)/* [ (o k0)1(0) do.

Corollary 2 (see [6]). Under the same assumptions for q(z) as in Corol-
lary 1, the operators ®q(k) and ®(k) are bounded from L*(S') to L?(R?) with
the norm estimates

C C
5l < oz 190 < 7o (1.10)
where «y is as in (1.7).

We are now in the position to represent the asymptotic expansion for the
Born potential. A repeated use of the Lippmann—Schwinger equation yields the
following representation for the Born potential gp(x):

m

gp() = a(@) = q1(2) + ) 4(@) + G (@), (L.11)
j=2

where ¢;(z) and §;(x) have the forms

¢j(x) = Fy! (25 (k) sign (q) K7 @o(k)),

3 (1.12)
4)(2) = Fy (@3 (k) sign () K79 (k)),
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where the inverse Fourier transform is applied to the kernel of the corresponding
integral operator and ®f(k) is the adjoint operator for ®¢(k). And for the first
nonlinear term ¢ (x) we have a special representation (see (1.6)):

g1 (2) = — /RMRZ a(y)a(z) dde/oo kIG5 |y — =) dk

" 1673 o

x / (1= (0,9"))e” * ==k v=2) g gy’ | (1.13)
SlxSt

where G = G} for k >0 and G} = Giz for k < 0 (see (1.4)).
To estimate the smoothness of g; we will prove the following lemmas.

Lemma 1.1. Assume that the potential q(x) satisfies all conditions of Corol-
lary 1 with 3/2 < p < co. Then the terms ¢;(x) and §;(x) from the Born expan-
sion (1.11) for j > 2 belong to the Lipschitz class Lip(«) for any o < 1—3/(2p).

Proof. For x1, 75 in R? we have (see [5] and (1.6))
gi(@1) — gj(2) = c/ wdk [ ao [ av(— @,
— 00 Sl Sl
x @f sign (q)f(jcl)o(k,19,19')(6_%(19_19,’9“) - e_ik(ﬁ_ﬁ/’“)).

If for [ = 1,2 we denote by ¢; = e™(@1) ¢ L2(S') and E; = 9-¢; € (L*(S'))? in
the space of vector-valued L?-functions, then the latter difference will be equal
to

oo
C/ |k?| dk ((61, (I)S sign (q)K] q)oel)l;(sl) — (62, (I)S sign (q)Kj(I)()€2)L2(Sl)
—00

— (Eh CI)S sign (q)Kj(I)OEl)L2(Sl) + (EQ, (I)S Sigl’l (Q)qu)()EQ)LZ(Sl)). (114)

Because ||Ey — Es|r2(s1) = |ler — ez||r2(s1) and Hel||2L2(51) = |9 = 27, we
obtain from (1.14)
g5 (1) — gj(22)] < C/ k| dk ler — ezl 2 (s1)| @G sign (¢) K7 @] (1.15)

Next, let us stress now that (see, for example, [16])

ler — e2Fasn) = / (2 — Mo — e 0mme2)) gy
Sl
= dm(1 = Jo(|kl[x1 — x2]))

where Jy is the Bessel function of order zero. According to Corollary 1 and
Corollary 2 and due to the fact that H has no resonance at zero we have

. C
* . J e ——
(| @ sign (q) K7 @l < 1+ |kpG+D

with v as in Proposition 1.
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These two facts and (1.14) imply that (by denoting r» = |z1 — x3|) we need
an estimate for the integral

o k

We split this integral into two parts: 1/r < k < oo and 0 < k < 1/r. Using the

asymptotic behavior of the Bessel functions for large argument we estimate the
first part by

Lk (+1)-2
Y -
C/l/r TG0 dk < Cr

with the condition v(j + 1) > 2. In order to estimate the remaining part of the
integral (1.16) we use the following asymptotic behavior of the Bessel functions
for small argument

Jo(x) = 14 0(a?),

If we take it into account then we can estimate the second part of (1.16) by

C v i dk < Cr(1 v 1 dk\) < ¢pmin (L,y(+1)-2)
’"OW—T(+1W)—T :

Hence, the proof for ¢;(z) is complete if we can show that ¢; € L°°. But this is
true, since

e k

for v(j + 1) > 2. It remains to observe that for v =1 —1/(2p) and j > 2 the
condition v(j + 1) > 2 implies 3/2 < p < co. We leave it for the readers to
check that the proof goes through for ¢;(x) with obvious changes. Lemma 1.1
is thus proved. 0O

Let us prove a little bit more “rough” result for ¢; but for any j > 1.

Lemma 1.2. Assume that the potential q(x) satisfies all conditions of Corol-
lary 1 and in addition g(x) belongs to L*(R?). Then for j > 1 the terms g;(z)
and q;(z) belong to the Sobolev space H'(R?) for any t < v(j +1/2) — 1 and
with v as in Proposition 1.

Proof. As it follows from (1.12) and (1.10) it is enough to prove the state-
ment of this lemma only for ¢;(z). By the definition of the norm in the Sobolev
space H' and (1.12) we obtain

g1 z2y = (L + €172 F (45)(€) 122 ey
1€l

= % /RQ(I +[e?)’ df] /Sl[<1>;§ sign (q)KJ'@O](w?é),ﬂ —2(9,8)¢, 19) )

2
)
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where [®F sign (¢) K7 ®,] denotes the kernel of the corresponding operator inside.
After the change of variables (1.5) we can get from the latter equality

* . ) 2
1951131+ (rey < C s (1+ [k(9 = 9")|*)"|[@g sign (¢) K’ o] (k, ', 9]
xS1x St

< k| |9 — 9|2 dk d¥’ d9

SC/ k’(l—i-kz)tdk/ / ’@6(Sign(q)IA(j(|q|1/Qeik(ﬁ/"))’2d19d19'
0 st Jst
<0 [ k) dk [ BPIK ] gl do
0 St
o] k1+2t dk
= C<1+/1 kv(2j+1)>'

But the latter integral converges if and only if ¢ < v(j + 1/2) — 1. Therefore,
Lemma 1.2 is proved. 0O

2. ANALYSIS OF THE FIRST NONLINEAR TERM
AND MAIN THEOREM

In this section it will be shown that the smoothness estimates obtained in the
previous section are not the best possible, especially for g;(x) (see Lemma 1.2).
That’s why we will try to write the first nonlinear term in a more explicit form
to refine the analysis of the degree of smoothness.

Let us remark also that the final step (the inequality (4.14)) in the proof
of Lemma 2.4 in [7] is not correct. The same situation with the proof of The-
orem 2.2 in [6]. And in this section we will give the revised version of the
corresponding proofs in two dimensional case.

To estimate the smoothness of ¢; we will first prove the following result.

Lemma 2.1. Assume that the potential q(x) belongs to Lt s(R?) with p and
0 as in Proposition 1. Then the first nonlinear term (1.13) admits the integral
representation

)dy| . 2.1
@ () 87r2’/Rz\x—y|2q y 2.1)

Proof. Since (see [16])

/1 e~ R W2 =2) gy = om Jy (k| |z — 2|)
5

and
ﬁe—ik(ﬂ,m—z) — _i v e—ik(ﬁ,m—z)
ik "
then using the following property for Bessel functions (Jy(r))’ = —J1(r) we can

rewrite the integrals in (1.13) with respect to k, ¢ and ¢ in the equivalent form
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as

a2 [ IKGEly = 2D (Ja(lklle — o (Il — =)

(‘T*Zaxfy)

T e

) dk. (2.2)

Due to the definition of G (see (1.4) and (1.13)) this integral (2.2) can be
rewritten as

~2n [ ¥a(hle o) (Jolble — ) okl — =)

(:E—y,x—z)

- Jl(k|l'—y|)J1(k|(E _ZD |.13 _y”x — Z|

) dk, (2.3)

where Y is the function of Neumann of 0 order.
In order to calculate (2.3) precisely it remains to calculate the following two
integrals

/ " o (ak) o (bk) Yo (ck) di, / Ry (k) (b)Y (ck) ke, (2.4)
0 0

where we denoted by a = | — y|, b = |x — z| and ¢ = |z — y|. Let us remark
that a+b>cand a — b < c.

For the calculation of these two integrals we will use the following represen-
tation

Yo(ck) = 7% Ko(—ick) +iJo(ck),

where K is the function of Macdonald of 0 order. With respect to such rep-
resentation, in order to calculate the two integrals from (2.4) it is needed to
calculate the following four integrals:

I = /OO kJo(ak)Jo(bk)Jo(ck) dk, I = /OO kJo(ak)Jo(bk) Ko(—ick) dk
0 0

@zlmwwwhwwwwﬁ7h:AmMMMM%Ww%M%

Since a, b and ¢ are the sides of a triangle we can apply formula (4) (see [16,
p. 412]) and obtain
o
mab
where X = (a? + b — ¢?)/(2ab). Applying now formula (4) and (6) (see [16,
p. 156, and p. 412, respectively]) and formulas (12) and (13) (see [1, p. 150]) we
can obtain that

1-X2)72 f= o x2)e, (2.5)

I = —
! mab

b x2y-12 2 G N S
L 2ab<1 X%) v 2ab(1 X%) 2ab’ (2:6)

where X is as in (2.5).
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Combining (2.4)-(2.6) we obtain that the first integral in (2.4) is equal to
zero (this fact has an independent interest) and the second integral is equal to

B
wab 7o —y||lr— 2|
Therefore, this fact implies (see (1.13), (2.2)—(2.4)) that
1 (ﬂf — YT — Z)
a@) =1 [ awae)(2r T Y dzdy
R2 xR2

1673 |z — y|?|z — z|?

y)d
87r2‘/R2|x— |2q y

Thus, this lemma is proved. 0O

Lemma 2.2. Under the same assumptions for q(x) as in Lemma 2.1 we
have

1) for 1 < p < 3/2 the function q1(x) belongs to (W, _,(R?))?;

2) for 3/2 < p < oo the function ¢(x) belongs to (I/V1 051 (R?))? for
1—-3/2p <26 <2—2/p, where W, ,(R?) denotes the space of all func-
tions f(z) from LP(R?) such that V f(z) belongs to LP(R?);

3) for p = oo the function q;(z) belongs to (A'(R?))2, where A'(R?) denotes
the classical Zygmund space with smoothness index 1.

Proof. We introduce Riesz potential I~ and Riesz transform R (see [15])

@ =t (M@, g = (19,

where F~! denotes the usual inverse Fourier transform in R%. We first observe
that VI~! = R is bounded in LP(R?) for every 1 < p < oo (see [15]). But due
to the well-known estimates by Nirenberg and Walker (see [3]) we have also that

as

—.rr

U+I(R2) - Lg(RQ),

where —2/p < 0 < 2/p’ —1. Since for 1 < p < 3/2 we can choose 140 = 0 then
the statements 1) and 2) of this lemma follow from these two facts immediately.
As it concerns the case p = oo the statement 3) can be proved by exactly the
same manner as Lemma 2.2 from [5]. Hence, this lemma is completely proved.
OJ

We are now in the position to formulate and prove our main result.

Theorem 1. Assume that the potential q(x) satisfies all conditions of
Lemma 1.2. Then

1) for 2 < p < oo the difference qp(x) — q(z) is continuous;
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2) for 3/2 < p < 2 the difference qp(x) — q(x) — g1 (x) is continuous and
bounded;

3) for 5/4 < p < 3/2 the difference qp(x) — q(x) — q1(x) belongs to the
Sobolev space Ht(R?) for any t < 4 —5/p.

The proof of this theorem follows immediately from Lemmas 1.1, 1.2, 2.1
and 2.2 and we leave it for readers to check that the proof goes through.

Remark. This theorem gives that all singularities and jumps of the un-
known potential from LP(R?) for 2 < p < co can be obtained exactly by the
Born approximation. In particular, if the potential is the characteristic function
of a bounded domain then this domain is uniquely determined by this scattering
data. Whereas if the potential belongs to LP(R?) for 5/4 < p < 2 then by the
Born approximation we can obtain only the leading order singularities of the
unknown potential.
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