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Abstract

The subject of this work concerns the classical direct and inverse
scattering problems for quasi-linear perturbations of the two-dimensional
biharmonic operator. The quasi-linear perturbations of the first and
zero order might be complex-valued and singular. We show the exis-
tence of the scattering solutions to the direct scattering problem in
the Sobolev space WL (R?). Then the inverse scattering problem can
be formulated as follows: does the knowledge of the far field pattern
uniquely determine the unknown coefficients for given differential op-
erator? It turns out that the answer to this classical question is af-
firmative for quasi-linear perturbations of the biharmonic operator.
Moreover, we present a numerical method for the reconstruction of
unknown coefficients, which from the practical point of view can be
thought of as recovery of the coefficients from fixed energy measure-
ments.

1 Introduction

We consider the following two-dimensional quasi-linear differential operator
Hyu(z) = ANu(z) + Wz, [u]) - Vulz) + V(z, [u])u(z),
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where W is a vector-valued complex (in general) function and V' is a scalar
complex-valued potential. Our basic assumptions for the coefficients of Hy
are:

%
Assumption 1.1. We assume that functions W and V' satisfy the following
conditions:

o [W(x,5)| < C, aw(e) and [V(z,s)| < C, av(x)
o [W(x,51) — W(x,5)] < Cplsy — 52| B ()
o [V(x,51)—V(x,8)] < Cpls1 — 59| By (),

where 0 < 8,871,589 < p. Precise conditions for functions oy, oy, Bw and
By will be given in each theorem, but they are always assumed to satisfy the
following decay property

|[f(2)] < T 7] = R, (1)

C
I

where R is big enough and p > 2.

The motivation and the interest to study multi-dimensional operator of
order four appear for example in the study of elasticity and in the theory
of vibration of beams. As a concrete example, the non-linear beam equation
(see [7])

OrU (z,t) + A2U (x,t) + m(2)|U(z,t)[PU (2, t) = 0,

where p > 0, under time-harmonic assumptions U(z,t) = u(x)e ! leads to
the equation
A?u(x) + m(x)|u(z)Pu(z) = wu().

The wave parameter w is fixed (in general), but nevertheless we can consider
it fixed but big enough in order to apply limiting process and appropriate
numerical methods. This allows to consider some scattering problems with
high frequency for this potential equation. For the scattering problems (in-
cluding non-linear equations), see for example [13] and references therein.
Concerning inverse problems for biharmonic and polyharmonic operators we
mention some solutions to inverse boundary value problems (see [10, 11]).

Assumption 1.1 includes the power-type nonlinearities of the nonlinear
beam equation described above, and most other physically relevant nonlin-
earities, such as the saturation and sinc nonlinearities

Juf?

1+ |ul?’

sin(|ul)

q(x) ]

and ¢(z)



The present work follows the footsteps of [5, 6, 9, 15, 17]. In [5], [9] and [15]
the inverse scattering problems for multi-dimensional nonlinear Schrédinger
operators were considered. In [17] similar study was carried out for a multi-
dimensional biharmonic operator with linear perturbations of first and zero
order (see also [18]). In [6] fixed energy problem (the inverse scattering prob-
lem with fixed wave number) for nonlinear Schrédinger operator is studied.
In [19] these problems were considered for biharmonic operator with first
and zero order nonlinear perturbations on the line while a general nonlinear
Schrodinger operator on the line was investigated in [14]. The purpose of this
work is to initiate similar studies in the two-dimensional case.

The present work is concerned with the following scattering problem for
the operator H, given by

Hyu(z) = Kru(z), u(z) = ug(x) + uge(x), up(x) =e*@0 gest (2)

where ug is a plane wave travelling in direction # with wavenumber k£ and the
scattered wave ug. and its Laplacian Aug. are required to satisfy Sommerfeld
radiation condition at the infinity

of (x)

lim 72 (— — 1k:f(x)> =0, r=|z|, for both f = us and f = Aus..
r—500 or
(3)

We are looking for the scattering solutions wug to the equation (2) in the
Sobolev spaces Hit (R?)NW?2 (R?). Literally repeating the proof of Theorem
3.3 in [17] (see also [3]) and using the radiation conditions (3) we obtain that
if u = g+ Use, use € Hy (R?) N W2 (R?) solves (2) then it also solves the

loc
integral Lippmann-Schwinger equation (see [17] for details)

-

u(r) = uo(x) — /RQ G (lz =y (W (y, ul) - Vu(y) + V(y, [ul)u(y))dy,

where G} is the outgoing fundamental solution of the operator (A% — k*) in
R?, i.e., the kernel of the integral operator (A? — k% —i0)~!. This function
G in R? has the following form

i

GZWD k2

.
(8 01) + 2 HofhlaD) ) k>0

where HO(I) is the Hankel function of the first kind and order zero and Kj is
the Macdonald function of order zero.

Since ug is just a bounded function with the norm |lug||peo@2) = 1 it is
more convenient to study (instead of (2)) the equivalent integral equation
for the scattered wave, namely



) == [ Gl =) (W (0 + ) - ¥ a0+ 1) 0)
V(9 o + el (0 + use) (9) )y (4)

Once we have shown that the unique solution exists, by repeating the cal-
culation that was done in [9, 17] we obtain for fixed £ > 0 the asymptotic
behaviour for |z| — oo of the function wug.

i+1 ekl

1
sc = ——..—1A kvelae 1 ’

where ¢ = x/|z| is the angle of observation and function A is called the
scattering amplitude and it is given via the formula

Ak, 0, 0) = /

R2

e [T (y, Jul) - T+ V (g, u])u] dy.

From the point of view of inverse problems one regards this scattering
amplitude as one possible scattering data. For these purposes one requires
the scattering amplitude to be known for all possible angles 6 and ¢’ and all
arbitrarily high frequencies k& > 0.

The main result of this work is the following Saito’s formula. Similarly to
other scattering problems it allows us to obtain a uniqueness result for the
inverse problem and a representation formula for the unknown combination
B(z) :=V(z,1)—4V- W(x, 1) which appears in Theorem 1.2. What is more,
it was shown in [16] that Saito’s formula can be inverted numerically by
considering large value for k£ > 0 and solving the convolution type equation

for 3.

Theorem 1.2 (Saito’s formula). Let functions V_[} and V' satisfy Assumption
1.1 with functions ayw, v, Bw and By belonging to space LY (R?) where
2 < p < o0 and they all satisfy condition (1). If in addition we assume that
V- VT}(, 1) € L (R?), with 2 < p < oo, and has the behavior at the infinity
(1) then

—
. / Vy,1) — Iy . w 1

lim / / e O Ak, 0, 6)d6'd0 = 4 / @)~ g >dy,

e JanJe R? |z =y (5)

5

uniformly in v € R2.



The most significant consequences of Saito’s formula are contained in the
following corollaries.

_>
Corollary 1.3. Let 81(z) = =3V - Wi(z,1) + Vi(x,1) and fBa(x) = =3V -
%
Wo(z,1) + Va(z,1) be as in Theorem 1.2 and Ay(k,0',0) and As(k,0',0)
be the corresponding scattering amplitudes arising from these two scattering
problems. If these scattering amplitudes coincide for all angles 6,0" and for
some sequence k;j — 0o as j — 0o, then B1 = Pa almost everywhere in R?.

Corollary 1.4. If all conditions of Theorem 1.2 are satisfied, then

B(x) = —; lim k2/ / (k,0',0)|0 — ¢'|le *=02)doqdg’,
St Jst

87‘(‘2 k—oo
in the sense of tempered distributions.

Proofs for these corollaries can be found for example in [9].

Remark 1.5. Heuristically, if the non-linearity can be expanded by the Taylor
formula, we recover the principal part of the expansion. If the non-linearity
is of some known type, for example V (z, |u|) = q(z)|u|" for some function ¢
and r > 1, then we can recover the unknown potential ¢ uniquely.

The following notations are used throughout the text. The symbol L§(R?),
1 < p < 00,8 € R denotes the p-based Lebesgue space over R? with norm

1= ([ A+ pisapa)

The weighted Sobolev spaces W%(RQ) are defined as the spaces of functions
whose weak derivatives up to order m > 0 belong to L§(R?) and the norm is
defined as follows,

I lwg = > 1D Flluz-

laj<m

For L*-based space we use the special notation Hj*(R?) = W3'5(R?). Through-
out the text the symbol C' (compare with the constants C' with some special
index and special meaning) is used to denoted generic positive constant whose
value may change from line to line.

The paper is organized as follows. In Section 2 we study the direct scat-
tering problem and establish its unique solvability under some suitable as-
sumptions. Section 3 is devoted to proving the main result of the paper, i.e.,
Saito’s formula. In Section 4 we demonstrate a new numerical method for
reconstruction of function .



2 Existence of the scattering solutions

The goal of this section is to show that the scattering problem (2) has a
unique solution. To this end the following theorem holds.

Theorem 2.1. Let functions W andV be as in Assumption 1.1, with ayy, By €
LP (R?), where 1 < p < oo and ay, Py € LL.(R?). Then for any p > 0

loc loc
there exists ko > 0 such that the equation (4) has a unique solution in

B,(0) :={f € WLR?) : || fllwr < p}, for all k > ky. Moreover, depending
on 1 < p < oo, the solution will agree to the following norm estimates

k=12 4/3 <p<oo

Usc 1 SC
lsellwa, {k—f, 1<p<4/3,

for some constant C' and any 0 < € < %.

Proof. Let us start by defining an operator F' by setting
N —
Flp) (@)=~ [ Gplle—yl)|[ Wy fuo+¢l) - V(o +¢)
R
+ V(y, [uo + ¢|)(uo + ¢) |dy,

where ¢ € WL (R?). We will show that operator F' is a contraction from

B,(0) to itself. The asymptotic behaviour of functions H ;1) and K (see [12])
leads us to the following estimates for the fundamental solution

C
Gz — )| < 7
and )
T kle —y| <1
V.G (1~ )] < Gy | i 1 (6)
k3/2|x_y|1/27 |x_y| > °

The latter estimate gives us that for any 0 < e < % there exists constant
C., such that we have

C
V.G |z — < 7
V.Gt (e = 9] < ey = @
for all x,y € R? and k > 0. From (6) it follows that the value of ¢ can not

be bigger than  in (7). Using this behaviour of function G}, the following



inequality holds for all ¢ € B,(0), when k > 1,
Co -
@)@ <35 [ (0 o+ DI+ p) + 1V luo + D1+ ) dy

el 8
k Y ( )
where

C" = CoCrir(1+p) (law o + llav(z),

uniformly in 2 € R%. Conditions for functions oy, and oy guarantee that this
value is always finite. For the gradient of F'(¢), we use the estimate (7). If

% < p < o0, we choose € = % and otherwise we pick any 0 < ¢ < 222 and
p

we have

V.F < Ce C k d

VaF () (2)] < o T m — g P! law ()] (k + p)dy

C c*
+/ f(fm lav ()l (L +p)dy < -, (9)
RQ

where

o
C* = C.Chi1(1+ p) sup / —’ W(y)|dy + CoChir (1 + p)||av|| 21,
R

zER2 2 |,I' — y|5

which is finite due to ayy € L (R?), with 1 < p < oco. Indeed,

loc

1
2 |7 — Y| wi<r 17 — Yl wi=r 1T = yle[y|*

For I} we may use Holder inequality and we have

p—1

—ep P
hSHmMm</ m-mww@ < Culloww]lir
ly|<R

uniformly in € R?, since e < 22,

In order to show that I, is bounded uniformly in 2 € R?, we consider two
cases. Let us first assume that || < R/2. Then, inside the area of integration
in I, we have |x — y| > R/2 and therefore (for these values of z)

2 13
L <C (—) / ly|Hdy < Cp
R} Jysr

due to p > 2.



In case when || > R/2, for any p — 2 < a < u+ ¢ — 2 we have

1 1
5:0/ —————@gCRﬂ/—————jw
wisr [T =yl lyl* r2 [T —yllyl*

— C 1!
s B e S Or

Therefore, we may conclude that uniformly in z € R?

owly - o

sup
zeR2 JR2 |95 - ZU|8

Combining estimates (8) and (9), gives us that

1E (@) [lwz, < p,

s\ 1/E
whenever k£ > k; := max< 1, (%) . Next, we will show that F' is

contraction, i.e., there exists 0 < 7 < 1 such that for all ¢, ¢ € B,(0),

1F (%) = F (@) [lwg, < 7ll¢ = ellwy,-

Let ¢, ¢ € B,(0). We start by splitting the difference into two parts
F(p) (x) = F(¢) (x)
%
—— [ Gl = [ o+ o) Vo + )
RQ
%
= Wy, [uo +[) - V(ug + ) |dy
= [ Gl = s oo+ ) o+ ) = Vi g+ 01) o + )]y
R2
—I'+ 1
The first part can be estimated as
715 [ 167 = o1 |70 o +01) = W0 o+ )| IVl
R2
+ [ 1GE G =D ¥ (o o+ 01) = W0 o+ )| IV
RQ

+ [ 168 = DI (0o + 61| 196 — Vulay

Bl ~ o
WBles 1 4 o)l — vl + 1990519 - Wi (10)

<



Similar calculation shows that

HﬁvHL

o 1
Aol e - ()

1"] < Corr(L+ p)llp = Pll +

Finally, for the difference of gradients of functions F' () and F'(¢)), we may
again pick 0 < e < 2 — % and similarly as above, we have

VF) @) - VF@ @< [ 2] le v, a2

where the constants A; and A, are given as

A= Cgép-‘rl Sup/ |ﬁw(y)idy and
R

zER?2 2 |I - yl

Ay = Co{ CosrpllBw s + Corallawller + Cora (1 + ) 1By |z + Cppallav s

Our conditions for functions ayy, By, ay and [y guarantee that these con-
stants are finite. Now, by combining estimates (10), (11) and (12) we have
that

|F (¢) = F (@) [lwy < ksHﬂp Vllwa, (13)
where € > 0 and
%= (.G, sup / Pw W)l 4y 4 &, a1+ p(1 + Co))ll Bl
reR2 JR2 |I - y|

+ Cora(1+ Co) (lawlln + llav 1) + Cpia (L + p) (L + Co)llBy |-

From this it follows that operator F' is a contraction for all & > ky =
max{1,7/¢}. The estimate (13) also yields an estimate for the scattered field
Uus in terms of iterations defined by w; := F(u;-1),7 = 1,2,... and ug = 0.
This follows from Banach fixed point theorem’s a priori estimates (see e.g,
[20, Theorem 1.A(iii)]). Indeed, using u; = F(0), we have

=L o
|use — ]| (m2) < ( /~/)k||F(O)”W§O(R2) < Ck~UHDe, (14)

when k > k. In particular, when we consider functions W and V that satisfy
Assumption 1.1 with 2 < p < 0o, we have

J+1

use — tjllwa mey < Ck™72. (15)

The norm estimate for ug. given in Theorem 2.1 follows immediately from
the error estimate (14) and estimates (8) and (9) for ¢ = 0. This finishes the
proof. ]



Lemma 2.2. Let W and V satisfy Assumption 1.1. Then the following norm
estimates hold

C .
||USC||H16(R2) S m, i :O,l,Z
with some constant C' > 0, where § > %

Proof. This lemma follows from the mapping properties of integral operator
with kernel G} and from the Agmon’s estimate [1, Appendix A, Remark 2],
which states that for § > % and k£ > 1,

3—|a « 2 4
o] <4
where the constant C' > 0 depends only on n and ¢. For details, see [17]. [

Theorem 2.3. Let ug. be the solution of (4) obtained in Theorem 2.1. Then
for fized k > ko it has the following asymptotic representation as |x| — oo

i+1 el 1
SC = — A k, 0’7 0 1 3 16
Usc () 8/ || /2K5/2 ( )+o PE (16)
where, 8" € S? is the angle of observation, i.e., 0 = ﬁ and function A is

called a scattering amplitude and it is given as

Ak, 0,0) = /

R2
Proof. See [17, Theorem 5.2]. O

e [TV (y, lul) - T+ V (g, ul)u] dy.

3 Proof of Saito’s formula

Proof. We start by splitting the left hand side of (5) into four parts

k / / e RO=0"2) A(k. ¢, 0)d0'dO
St JSt
:k/ / e_ik(e_e/’z)/ e_ik(el_e’y)ikQ-W(y, |u|)dyde’de
St Jst R2

[ [ et [ MOy u]) - Vs ()dyde a0
st JSst R2

+k‘/ / e_ik(e_el’x)/ e RO =0V (4 |ul)dyds’do
St JSt R2

+/€/ / eik(eg"x)/ ROV (4 | )use (y)dyds’dd
st Jst R2

=L+ 1L+ I3+ 14

10



In what follows, we will make a frequent use of the following result,
/ e kO 40 = o Jy(k|z — y|), (17)
Sl

where Jj is the Bessel function of first kind and order 0. Some justification
for this can be found in [8]. Function .J; satisfies the following asymptotic
behaviour

0(1), z2—=0
Jo(z) = 1 5
ol2) \/ECOS(Z——W)—I—O(Z_E), z — 400.
TZ 4

Let us first consider the term I;. By substituting W (y, [u|) = W(y,1) +
Wy, |u|) — W(y, 1) we obtain

L=k / / o Ik(O-0"2) / ¢ MO =0W)ik0 . W (y, 1)dydd'do
st Jst R2
+k / / e ik(0=0"2) / e kO =0)iLg . (W(y,|u|)—W(y,1)> dydé'ds
ot R
When we substitute § = 0 — 6’ + 6’ into I’, we have
I'=k / / e ik(O-0"2) / e O =09k (0 — 0) - W (y, 1)dyde'do
st Jst R2
+ k / / o Ik(O=0"2) / e O =0V)ike" W (y, 1)dydo'do
St Jst R2

= k/ / efik(efél,x) Vyefik:(é’fe,y) . W(y) 1)dyd0/d9 _ 1/7
St Jst R?

where —I" appears on the last row due to asymmetricity with respect to 6
and €'
If we now rearrange the equation above, we may integrate by parts and

11



use the result (17) to obtain
2[/ — —k/ / e—ik(@—@’,x) / e—ik(@'—@,y)v . W(y7 ].)dyd@/dg
st Jst R2
— a5k [ Rkl — 4DV W . Dy
R2

= —47r2k;/ V- W(y,1)dy
klz—y|<1

2
2 cos(k|z —y| — 1 .
—47r21<;/ (fcos( z =yl 4W)+O<;)> V- W(y,1)dy
klz—y|>1

km|x — y| 32z — y[3/2

.

= —47r2k/ V- W(y,1)dy
klz—y|<1

2 1 -
- 47r/ cos?(klz — y| — =m)V - W(y, 1)dy
klz—y|>1 lz —yl 4

S (18)

lz—y|>1 k?|ZE - y|2

Here the first term goes to zero as kK — oo uniformly in x due to Assumption
1.1 and

47T2k‘/ V- W (y, 1)|dy
klz—y|<1

1/p . 1/p
< 4m’k (/ 1dy> (/ IV-W(y,l)I”dy)
klz—y|<1 klz—y|<1
. 1/p
< op-2 ( / |v-W<y,1>|pdy) ,
klz—y|<1

where p’ is the Holder conjugate of 2 < p < oo and thus 1 —2/p’ < 0.
The second term in (18) can be further split into two parts and we obtain

Wy, 1 1
47?/ w2 cos?(k|z — y| — =m)dy
klz—y|>1 4

[z -yl
Wy, 1 Wy, 1
:47T/ wdy+47r/ L(%)Sm(%u_m)dy,
klz—y|>1 |z —y klz—y|>1 |z — |

where at the limit when k£ — oo, the first term gives us what we wanted.
In order to show that the rest goes to zero as k — oo we will use Riemann-

Lebesgue lemma. It suffices to show that % € L'Y(R?), uniformly in

12



x € R2. Now

/ v W(y,l)!dyg/ N W(y,l)ldy+c/ dy
2T =Y wi<r 1T =Y wisr [Y*lz =yl
5 1/17 1 1/p’
< </ |V~W(y,1)|”dy) (/ —,dy>
WI<R wi<r | —yl?

d
Iy
wi=r [Y*]T =yl

where the first term is finite uniformly in 2 € R? due to p’ < 2. In the second
term we consider two cases. First, let |z| < £. Then for all |y| > R, we have
|z — y| > & and therefore

o <2 [ [ s
ly|>R \y!“lﬂﬂ— ’ R Ja

In the case when |z| > £ we may choose ¢ > 0 such that 1 < u—¢ < 2.
Now for the convolution 1t holds that

dy C dy c 1 Cn—e-t
¢ T <= Y < < —
ik [Y1e =yl = R Jge |yl oo —y[ TR falre Ry
and therefore ¥ S P ( D ¢ L1(R?), uniformly in 2 € R2. Thus Riemann-Lebesgue

lemma gives us

Wy, 1
lim 47r/ V- Wiy, 1) sin(2k|x — y|)dy = 0,
klz—y|>1

k—oo |z —y|

uniformly in o € R2.
The third term of (18) can be estimated as

/ V'W(y,l)dy Si/ \V‘W(y,l)ldy,
k ko Jrz |z —y[tto

a—yi>1 Kz —y?
where the last integral is finite when 0 < o <1 — %.
In order to estimate term I”, we prove the following inequality. For a
function g € L (R?), 2 < p < oo satisfying the decay-property (1) and
0 < p— =, we have

L e = DPlato) Py < 5, (19)

13



for some 7 > 0 small enough. Indeed,

AJ“*WWﬂ%%u—yMﬂmwﬁm

2
<[ arPiray o 1+ 9L g
klz—y|<1 klz—y|>1 ]{fll’ - yl

1
g/ u+wm%wW@+c/ (1 + Iy —rdy
klz—y|<1, |y|<R klz—y|<1, |y|>R Iy!

C 9(y)?
+_n (1_‘_‘y’)26 ‘ ( >|nd
k klz—y|>1,|y|<R |z —y
C 1
+ — 1+ y)* ——dy
k' Jkja—y|>1, lyI>R [z — ylly|*

=K+ Ky + Kz + Ky.

Using Holder’s inequality, we may estimate the first term as follows

K, <(1+R)¥ 244 v 1d v < ¢
1< (1+R) l9(y)[**dy v =
klz—y|<1 klz—y|<1

where ¢ = £ and ¢’ = p%Q, and the second term as
262 ¢
fa—yl<1/k k

Again, by Hoélder’s inequality we have

C 1/‘1 1 1/q/ O
K§—1+R2‘5(/ nggdy) (/ —,dy> < —,
’ k;n< ) Iy\§R| ) ly|<R |z — y[m kn

where both integrals are finite when ¢ = £ and 0 < n < 2 — %. And finally

2
the fourth term can be estimated as

C 1 C
(sl el
k Jiysr |z —ylly?—2 k

since § < p — 5. This proves (19).
Next we will show that the term I” goes to zero as k — oo. Using Holder
inequality and Lemma 2.2 together with estimate (19) we have

<ok a0 | |Jy(klz— (y)d
=i [ a0 [ 1t — ) o) oty
1/2
SCkQ/ de (/ (1+|y|)25|Jo(klw—yI)IQIBw(y)de)
gl RQ

1/2 C
—26 2
<L Huby) <

14



for some 1 > 0 small enough.
Let us now consider I3. We start again by substituting V (y, |u|) = V(y, 1)+
V(y, |ul) = V(y,1) and we have

I =k / / e ik(O-0") / e HO=09 Y (y 1)dyds'dd
St Jst R2

we [ [ e [ om0 (g, ) - Vg, 1) dydrds
st Jst R2
=I"+ 1.

The term I** can be considered in the same manner as we did earlier with
I". In I* we may calculate integrals with respect to both 6 and 6’ using (17)
and we obtain

I =tz [ (ke = o)V (5. )y
]R2

= 47r2k/ V(y,1)dy
klz—y|<1

2
Ak ————cos(kle —y| = ;1) + O ( 55 | | V(g 1)d
o /k:vy>1 (\/JCOS( 7=l 47T)+ <k3/2|3;_y|1/2>> (y, 1)dy

= 47r2k:/ V(y,1)dy
klz—y|<1

2 1
+ 47r/ cos?(klz — y| — =m)V(y, 1)dy
klz—y|>1 |$ - y| 4

Vi(y,1
+0(1)/ UL IS
klz—y|>1 k’|ﬂf - y|

We may estimate term .J; straightforwardly by using Holder’s inequality and
we have

1/p 1/p
|| < 4n®k ( / 1dy> ( / IV (y, 1)\de> < Ok,
klz—y|<1 klz—y|<1

where 1 < p/ < 2.
Let us now split J into two parts,

1 1
k k

|lz—y|>1 ’.T - y’ |lz—y|>1 ‘ZE - y‘

where the second term goes to zero due to Riemann-Lebesgue lemma and
the first term is as we wanted. For J; there exists some constant C' such that

15



the following estimate holds

C Viy,1
|J3|§E/ Md%
R? |

T — y|1+6

where the integral is finite when £ > 0 is small enough. To combine, we have
now shown that

Viy, 1) —iv .- Wy, 1
lim (I + I3) = 47T/ (y,1) = 3 (v, 1)
k—o0 R2 |z —y|

uniformly in o € R2.

Finally, in order to finish the proof of Theorem 1.2 we need to show that
both I, and I, go to zero as k — oo. When we first calculate the integral
with respect to @ € S! and then use Holder’s inequality, we obtain

2l < 2k [ a0 [ 1kl = ullow () Vel
1/2
<mk [ a8 ([ 041021t — ) Plaw (o) Pay
st R? D
< ([ vika)

1/2
<2k [ Bl 0 [ (40P 100 = o) PlawnPay)
St R2

The term inside brackets tends to zero as k — oo due to estimate (19)
and therefore by Lemma 2.2 the whole term tends to zero when k — oo.
Similar calculations can be done for I, (even simpler than for I5) and we
may conclude that

k—o0

Thus Theorem 1.2 is completely proved. O

4 Numerical examples

In this section we demonstrate numerically how we can recover g from the
knowledge of the scattering amplitude. We take two different approaches.
Firstly, we shall compute numerically the left hand side of Saito’s formula
and invert the convolution type integral equation for 8. Our second approach
makes use of the representation formula which gives us a direct access to 3.
In both cases we fix large enough £ to simulate the high frequency limit.
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To simulate the scattering data A we need to solve the direct scattering
problem (2). Due to the non-linearity of the problem we need to approximate
the scattered field ug. iteratively. To this end, we follow [4, 19]. Let us briefly
describe this approach for the convenience of the reader. Since the solution
to the direct scattering problem can be obtained from the iterations u; =
F(uj_1) (see Theorem 2.1), we need to calculate the integrals

~ = ~ ~
F 1) ) == [ Gl =) [P oo+ Ty-1]) - Do+ 750)
+ V(y, luo + uj—1|)(uo +u;-1)|dy,

where (7, k,0) = e*@9 and %, = 0. We note that the kernel G} is essen-
tially bounded, so we can use for example Gauss-Legendre n-quadrature rule
for the integrals. These integrals are evaluated iteratively. Then the scattered
field is obtained as the limit us. = lim; ,o, u;, where we take j = 3, choice
justified by the estimate (15).

In order to obtain the scattering amplitude we use the asymptotic be-
haviour of the solution u, see (16). By discarding the error term o(|z|~%/2),
we have

i+1
8VrRE?
where we put # = R’ with R = 10%. This will be our synthetic data. To
simulate noisy measurements, we add Gaussian white noise to the data with
standard deviation 5% of the maximum of the measurement.

We use the abbreviation

u(x, k, 0) ~ e*@0) e"RA(K, 6,0,

Bly) = V(1) = 5V Wiy, 1)

For the inverse problem of recovering 5 from A we will follow [16]. Saito’s
formula says that

lim k / e kO=0"2) (. 0,0)d0dE = 4x / By) dy
S1xSt

k=00 r2 [T — Y|
1

[-1

where * denotes the convolution. The convolution-type integral on the right-

hand side can be inverted by using a Calderon operator as follows. Note first
that the Fourier transform of g(z) = 1/|z] is

~in (5 S CEEC!



Therefore, in the sense of distributions, we have that

1
]

|- _

SF RSN @ = F 67 (55 ) ©] 0 = 7 ] = o).
This high-pass filtering is implemented numerically with the fast-Fourier
transform.

Remark 4.1. This approach of inverting Saito’s formula has the practical
benefit that one can choose to use a different filter instead of the simple
high-pass filter |¢|. Depending on the features that one wants to emphasize
one can choose filters such as Shepp&Logan, Hamming or Blackman filters.
The effects of different filters in the context of computed tomography are
described for instance in [2].

The integral over incident and measurement angles in Saito’s formula is
computed in polar coordinates

0(t) := (cos(t),sin(t)), 6'(s) := (cos(s),sin(s))

as

/ e kO=0"2) A(k. 6, 0')dOde’
St xSt

27 2T
_ / / e—IKOO=09).5) Ak (). 0'(s))dtds. (20)
0 0

This double integral can be evaluated by using standard quadrature rules,
and we resort to Gauss-Legendre rule. We used 64 incident and measurement
angles, totalling 4096 measurements evaluated at the quadrature nodes.

Similar integral appears in the representation formula (see Corollary 1.4).
We evaluated this integral in the same manner as (20) to test the applicability
of this approach.

While Saito’s formula requires a limit & — oo, for numerical purposes
large £ > 0 will suffice. In our experiments k > 15 yields reasonable recon-
structions. The examples below are done with k& = 25.

Let us now describe our sample potentials. We denote by

(2) 1, €A,
xTr) =
xa 0, v& A

the characteristic function of the set A.
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For the component functions of W we will use Cg°-functions on an ellipse
{(z,y) € R* | (z/a)* + (y/b)? < 1, a,b > 0}, given by the formula

| _ Jexp (W) , (@/a)® + (y/b)? <1,
(pelhpse ('Ta y) .
0, otherwise.

The ellipses will also be shifted and rotated in different examples.
We consider the following nonlinear examples

1. W=0 and V(z,|ul) = Xellipse(x)’u|2‘

2
. . u
2. W, u) = (0 pa) sinf) and V() = Xocape ()1
- u2
3. 17 (2, ul) = (i 287 alu2) amdd V (2, Ju) = s (w)lu?
LW ul) = (o o)l and Vi, ful) = ()

These examples contain both smooth functions and functions with jump
discontinuities. In Example 4 we will choose the smooth bump functions
1,2 and 3 so that their supports intersect. Figure 1 depicts the potential
combinations [ for each example. Figure 2 displays the scattered fields uge.
The corresponding reconstructions by using inversion of Saito’s formula by
FFT are shown in Figures 3-6. We conclude that the shape and location of
the scatterers are reconstructed reasonably well. It must be mentioned, that
with this approach we can not distinguish the different functions V, W; and
W, from each other.

Without details we report that the reconstructions obtained with inver-
sion of Saito’s formula and the representation theorem are indistinguish-
able to the eye, since the absolute difference between the reconstructions is
within 107%. To us this signals that the end user may choose which one of
the approaches best suits application. On one hand, representation formula
Corollary 1.4 is very simple to implement. On the other hand, inversion of
Saito’s formula allows one to choose different filtering functions and possibly
different regularisation methods. This approach is also considerably faster
numerically due to effectiveness of fast-Fourier transform.
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Figure 1: The potentials 8 for Examples 1 (top left), 2 (top right), 3 (bottom
left) and 4 (bottom right). In Example 1 we have only potential V' which is
a characteristic function of an ellipse. In Example 2 V is the characteristic
function of an L-shaped domain and W = (0, ¢,) sin(|u|) has one component,
where @9 is a smooth bump function in a circular domain. In Example 3
both components of W = (¢ lﬁ‘;'g , 02|u|?) are multiplied by smooth bump
functions ¢ and o supported in ellipses located at the top and bottom
right in the figure, respectively. The coefficient @3 of potential V' is also a
smooth bump function supported in an ellipse, located in the middle-left side
of the figure. In example 4 all coefficients are smooth bump functions (see

also Figure 6), but their supports are intersecting.
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Figure 2: The scattered fields for Examples 1 (top left), 2 (top right), 3
(bottom left) and 4 (bottom right) with & = 25. The locations of the supports
of the potentials are presented in black. Here the incident field is travelling
from the left to the right.
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Figure 3: Example 1. Left: The unknown target (. Right: The numerical
reconstruction Snum.
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Figure 4: Example 2. Left: The unknown target (. Right: The numerical
reconstruction f,,,. This example shows recovery of corners and recovery of
a shape with piece-wise smooth boundary.

Figure 5: Example 3. Left: The unknown target . Right: The numerical
reconstruction f,,,. We see that weak potentials are quite difficult to detect
while stronger potentials are clearly visible in comparison, as is expected.

22



-1

4 05 0 0.5 1 A 05 0 0.5 1

Figure 6: Example 4. Top left V(x,1), top middle Wi(z,1) and top right
Ws(z,1). Bottom left: The unknown target . Bottom right: The numerical
reconstruction [,.,. In this example the supports of potentials V', W; and
Wy overlap. We can not distinguish these functions from each other.
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