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1. Introduction
It is known (see e.g. [5] or [6]) that the three-dimensional inverse scattering with fixed energy in the case when the
potential is spherically symmetrical, is described by the following system of equations

1
oi0) = " 000~ a0 +Rgn() =0, 120 (11)

with real-valued potential function q(r), rq(r) € L1(0, 00) and fixed energy k* = 1. It is known that there exists a unique
solution of (1.1) with

on() = yar"™ (1 +0(1)), r— 0+ (12)

and

@n(r) =sin(r —nmw /2 +8,) +0(1), r— 4o0. (1.3)

The quantities 8, are called phase shifts.
The inverse scattering problem investigated here consists of the recovery of the potential q from the phase shifts §,.
Sometimes it is useful to extend the system (1.1) to noninteger A, %A > 0 as follows:

., 22 —1/4
@, x) — Trp(r,AH(l —qM)e@,2)=0, >0, (14)
e, ) =yt (14+0(1)), r— 0+, (1.5)
@(r,2) =sin(r —w /2(A — 1/2) + §(1)) + 0(1), 1 — +o0. (1.6)

Then §, =8(n+1/2) and y, =y (n+1/2) forn > 0.

* Research supported by the Hungarian NSF Grant OTKA T 61311.
* Fax: +361 463 3172.
E-mail address: horvath@math.bme.hu.

0022-247X/$ - see front matter © 2010 Published by Elsevier Inc.
doi:10.1016/j.jmaa.2010.10.071

Please cite this article in press as: M. Horvath, Partial identification of the potential from phase shifts, ]. Math. Anal. Appl. (2010),
doi:10.1016/j.jmaa.2010.10.071

© 00 N O O b~ WD =

10

-
iy


http://dx.doi.org/10.1016/j.jmaa.2010.10.071
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jmaa
mailto:horvath@math.bme.hu
http://dx.doi.org/10.1016/j.jmaa.2010.10.071

© 00 N O O b~ WD =

O OO g o0 g g o oo A B B B BB DD DD OO OWWWWWWWWNMNDMNDMNDDNDNDNDDNNDND S S S dd e
- O © 0 N O O & WOWN = O © 0N O O & WNM =+ O © 00 NO OGO & WNM -+ O O© 0N GG A ON =+ O © ©N O G N = O

JID:YJMAA AID:15410 /FLA [m3G; v 1.47; Prn:2/11/2010; 12:06] P.2(1-10)
2 M. Horvdth /. Math. Anal. Appl. eee (eeee) eee—eee

The scattering amplitude F(t) can be expressed by the phase shifts:

o
F(t)=Y @n+1)FPy(t),  Fp=e® sins,. (1.7)

n=0
Here the functions P, (t) are the Legendre polynomials, see (2.16) below. The scattering amplitude has a physical interpreta-
tion only for t € [—1, 1], however the formula (1.7) can be extended to any t € C in case of convergence. For example if the
potential is compactly supported then the phase shifts have a more than exponential decay, hence (1.7) defines an entire

function F(t). In the next statement, which is the main result of this paper we characterize the knowledge of the tail of the
potential by the asymptotical behavior of the scattering amplitude.

Theorem 1.1. Let rq(r), rq*(r) € L1(0, 00) and let 0 < a < oo.

(a) Ifq=q™* a.e. on (a, oo) then F(t) — F*(t) is entire and

|F(6) = F*(0)] < c(1+|t]) exp(ay/2]t]). (1.8)

(b) Conversely, if q and q* have compact support, F(t) — F*(t) is an entire function and

F(t) — F*(t) = O(exp(a1+/21t])) (1.9)

holds for all a; > a, then ¢ = q* a.e. on (a, 0©).
Concerning the characterization by the decay of §, — §;; we have

Theorem 1.2. Let rq(r), rq*(r) € L1(0, 00).

(a) Ifq=q™* a.e. on (a, 00), then for all sufficiently large n

C ae n
|5,1—5;§|<n—2(%> ) (1.10)

(b) Conversely, if q and q* have compact support and

2n
5,1—5;‘:0((%) ) n— 0o (111)

holds for all a1 > a, then ¢ = q* a.e. on (a, co).

Remark that in the special case g* =0 a statement similar to part (a) is given in Ramm et al. [16]; they proved that if
q(r) =0 for a.e. r > a and g has constant sign in some interval (a — €, a) then

lim ns,|/@0 = 2.
n— o0 2

Remark. The reconstruction of the potential from the phase shifts may be not unique. For example there are nontrivial
potentials, oscillating and of order r—3/2 at infinity for which all the phase shifts vanish, see e.g. Newton [10], Chapter 20.4.
However, for potentials of compact support, uniqueness is already proved in the paper of Loeffel [9] in 1968. In this case
very sparse subsequences of §, are enough for the unique reconstruction of the potentials, see Ramm [17]. If the potentials
are not spherically symmetrical, uniqueness is given in Ramm [14] for the case of compact support and in Novikov [11] for
bounded potentials with some exponential decay.

The inverse scattering is only weakly stable. Examples for very different stepfunction potentials with almost the same
phase shifts are given e.g. in [13]. The idea that the error in the output can be estimated by the reciprocal of the logarithm of
the input error, appears in Alessandrini [2] for the stability of the inverse conductivity problem. Similar results are obtained
by Stefanov [19] for the inverse scattering with fixed energy. A logarithmic bound for the Fourier transform of the potential
perturbation is given in Ramm [15]. If only finitely many phase shifts are available with some error, a logarithmic estimate
can be found in Horvath and Kiss [8].
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2. Preliminaries

In this section we prove three results we need in the later parts of the paper. The first one is a collection of uniform
estimates of ¢(r, ») for large A. The second one is a characterization of even entire functions F(z%) of exponential type
< A through the coefficients of the expansion of F(z) by the Legendre polynomials; the third one is a “discrete” uniqueness
result for the Laplace transform of a function in L1 (0, a).

It is known that for ¢ =0 we have ¢(r, 1) = u(r, 1), u(r, 1) = %r]x(r). Another solution of (1.4) in case ¢ =0 is the

function w(r, 1) = —i %HS)(r), see e.g. [5]. The following uniform estimates are necessary for later purposes:

Lemma 2.1. Suppose that 1 > 0 is sufficiently large to satisfy

o0 4 1
|:n/T|q(r)|dr:| + 55 < (2.1)
0

Then

lp@r, M| < V27, (2.2)

1\ /4
|go(r,)»)w(r*,)»){ <7Tx/rr*<)»2—ﬁ) , ifo<r<r* <oo, (2.3)
242
M| =2 2 24

lo@r, 1) Frorn (2.4)

Proof. We know e.g. from Alfaro and Regge [3, p. 84] that
o
e, ) =e B8Py 1)+ / K(r.7')q(r)e(r', »)dr’ (2.5)
0

with kernel function

K(r,r')=u@<,)w(@=, 1), ro=min(r,r'), ro =max(r,r’). (2.6)
In [3, Appendix D] the estimate

K (r,7)| < %vrr'(xz ~1/16)" " (2.7)
is proved. Putting this into (2.5) gives (we omit the second components A)

oo
4 —~1/4
lo)| < Jum)| + E(Az —1/16) / f«/rr’|q(r/)|}go(r’)|dr’. (2.8)
0

The estimate | J; (r)| < 1 (see [1, 9.1.60]) implies |u(r)| < /7 /2+/T. We are looking for a similar estimate |¢(r)| < c4/T. For
fixed A such a constant c exists, see (1.5) and (1.6). To check that c is independent also of A return to (2.8), we obtain

o] < Varz+ 5ur2 <1716 [ Fla@)leviar 29)
0
or
[VF< VT +e3 (2 - 1716) " [¥lg(r)]ar. (210)
0

If ¢ =sup(|g(r)|/+/T) then

<2+ c%(xz - 1/16)‘”4/r’|q(r’)|dr’ <Vm/2+c/2. (211)
0
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That is, ¢ < +/27 and this proves (2.2). To check (2.3) define

¢ =sup(jpw(r*)|/~/m*) if0<r<r* < oo (212)

This constant is finite: near the origin ¢//r and w/+/r* have the order r* and (r*)~*, so their product is bounded; if
r* — oo then w(r*) and ¢(r) are bounded. So c is finite indeed. Multiplying (2.5) by w(r*) gives

pw(r*) =e P Purw(r*) + / u(r)wn)g(r)e(r)w(r*) dr' + / umw(r*)q(r)e()w(r')dr'. (213)
0 r

Applying here (2.7) three times and (2.12) two times we obtain

lpw(r*)| gcox/rr_*+/cox/ﬁ|q(r’)}c«/r’r*dr’+/co\/rr_*\q(r/)|cr’dr’ (2.14)

0 r

with cg = 7 /2(A2 — 1/16)~1/4. Thus, dividing by +/rr* we finally get

o0
c<c0|:l +c/r|q(r)|dri| <co+c/2 (2.15)
0

which means ¢ < 2cg and this proves (2.3). Finally let

c= sup(ga(r)/r“l/z).
From [1, 9.1.62] we infer

T 1
| <™. o=\ 5 ST

Putting all the above considered inequalities into (2.13) gives

r o0
lo)| < cor* T2 + / 7 /2(A* - 1/16)_]/4\/W]q(r’)|cr’\\/pdr’ + / cor™ ™2 |q(r') |7r (3% - 1/16)_1/4 dr’.
0 v
After dividing by r**1/2
which proves (2.4). O

and extending both integrals from zero to infinity it follows that ¢ < cg + ¢/2 + co, that is ¢ < 4cg

Our next statement gives a characterization of even entire functions F(z%) of exponential type < A in terms of the
coefficients of the expansion of F(z) with respect to the Legendre polynomials

Pa@) = —[(Z2 —1)"]". (2.16)

2"n!
Introduce the Legendre functions

1

1
Qn(2) = Ean(y)

-1

dy
z—y’

(2.17)

If F(z) is an entire function, it can be expanded into a series

> 2n+1
FO=Y aiPa@, an=" f F(O Q0 dt,

n=0 G

where G is any ellipse with foci +1, see [20, 15.4].
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Lemma 2.2.
(a) If F(2) is an entire function satisfying
|F(2)| < eV zecC

then

2n
F(z) = ZanPn(z) with |ap| < C\/_(Z«/—) forn>1.

n=0
(b) Conversely, if (2.19) holds then F (z) is entire and

|F()| <c(1 ~|—\/H)€A‘/m‘

The constants c can be different in different occurrences.

Proof. Substituting (2.16) into (2.17) gives after n integrations by parts that

1 1
1 , nqm dy 1 N dy
@)= g [ 1020172 = g [0

If the parameter of the ellipse G is 2R +2 then |z—y| >R for z€ G and y € [—1, 1], hence

1
c 1

1 N\
|Qn(z>|<mf(1—ﬂ dKﬁW-

-1
Now if (2.18) holds then
1

1
< < avRF__ 1 avR_1
laq] <cn % |F®)]|Qn(0)]|dt < cnjge NPT dt < c/ne R

[t—1|+[t+1|=2R+2

12:06] P.5(1-10)
5

(2.18)

(2.19)

(2.20)

(2.21)

The right-hand side is minimal at +/R = 2n/A and this gives (2.19). To prove the converse we will use the bound [12, 8.21]

|Pa(2)] < |z|*”2(|z|+ 2 —1|)"Y2, dist(z,[-1,11) > §

to obtain

2n
1 n+1/2
F(2)|<|a +Ec«/—< ) —(lz| + /|2 =1

ZAZ n
< |ao| +CZ<687(|Z| +J]22 - 1|)>
n=1

2
00 |z|4+4/ 12 —1] ]211

2
<lagl+¢) /n
— (2n)!

|z|+./ |22-1] ]anl

- !

[A
< |a0|+cz\/|7

= 2] + V22 — 1]
< A==
Iao|+c2\/|2|e><p( 5 >
n=1
<c(1 4|zl

which is (2.20). O

(2.22)

doi:10.1016/jjmaa.2010.10.071
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Corollary 2.3. The even and entire function F(z2) is of exponential type < o if and only if

o0
eo

F(2)=) ayPn(2), limsup(n?¥ja;|) < —=. (2.23)

r; ntn ( n ) 2\/§
The third topic considered is the following uniqueness result concerning the Laplace transform:
Proposition 2.4. Let f € L1(0,a). Ifforalle >0
a
[ fe™dy=0(e""1"9), n— oo (2.24)
0

then f =0 a.e., in particular in all Lebesgue points of f.

The continuous version, where (2.24) holds also for noninteger n, is proved in Simon [18].
To verify Proposition 2.4, we need

Lemma 2.5. In all Lebesgue points r of f € L1(0, a) we have

/[1 fo) S0 }dy—> 2wif (r), &— 0+. (2.25)

— ei(e—in—y - 1 — ei(—e—in—y

Proof. Remark first that (2.25) is valid for f =1, that is,

a
! ! d 2mi 0 2.26

1 — ei(e—in—y - 1 — ei(—e—in—y Y = HIRE > U+ (2.26)
Indeed, for w = +¢ —ir

ea

a
[ dy / t_dt. = log(e® —e') —log(1 —e™) (2.27)
0

1 —eiw—y = eiw
1
and the imaginary part on the right of (2.27) tends to +m for w = ¢ — ir. This verifies (2.26). Thus for the proof of (2.25)
it is enough to check that

a
1 1
/(f(y) - f(r))|:1 _eile—in—y 1 _ ei(fefir)fy] dy -0,
0
that is,
a .
sing
/(f(y) —fm) dy — 0, &— 0+. (2.28)
cosh(y —r) —cose
0
Since
(y—n’+e 4, 4
cosh(y —r) —cose = <77 +0((y —n*+¢%)
hence
sine _ o(}) ifly—r|l<e,
cosh(y —r) —cose 0((yfr)2) ifly —r|>e.

Introduce the function

y
F(y):/]f(t)—f(r)\dt,

Please cite this article in press as: M. Horvath, Partial identification of the potential from phase shifts, ]. Math. Anal. Appl. (2010),
doi:10.1016/j.jmaa.2010.10.071

© 00 N O O b~ WD =

10

-



© 00 N O O b~ W N =

O O g o o0 oo o g o a s BsE BA B BA DM DA DD DO OOOOOOWWWWWMNDNDNDNDDNDNDDNDNNDDNDN =S 24 22
- O © O N O 0O & WN = O © 0N OO & WNM =+ O © 0 NO OGO A WONM -+ O O© 0N G A ON =+ O © ©N O G WN = O

JID:YJMAA AID:15410 /FLA [m3G; v 1.47; Prn:2/11/2010; 12:06] P.7 (1-10)
M. Horvdth /. Math. Anal. Appl. eee (eeee) eee—eee 7

then F(r +t) — F(r —t) = o(t) if t — 0 since r is a Lebesgue point. In (2.28) the following estimates can be applied:

1
:0(5 / |f(y)—f(r)\dy>—>o, & — 0+,

|ly—r|<e ly—r|<e
[f(y) - f()l ( F'(y) >

=0 ——d

(8 / e A o Y

y—r|>¢e

ly—r|>¢ ly—r|>¢

Fiy) 77° /
=0 =0(1
( [(y_r)z]y =r+¢& s ) 0( )

This proves Lemma 2.5 O

Proof of Proposition 2.4. Define

gn= / f(y)e™™dy.
0

The uniform convergence of the series

1

Ze‘"(y iw) — Iw >0
1—elw=y’
in y € [0, a] implies that
> i S
_ y ~
h(w) =" gne™ /f(y)Ze ny=iw) gy — =y — " _dy, Iw=>0. (2.29)
n=0

0

From (2.24) it follows that the sum in the left-hand side of (2.29) has a regular extension to Iw > —a, while the integral
on the right of (2.29) is regular on w € C\ [0, —ia]. Thus the sum and the integral are equal for Sw > —a, w ¢ [0, —ia], in
particular for w = ¢ — ir where r is a Lebesgue point of f. Consequently

h(s—ir)—h(—e—ir):/[l LS )} ]dy.
0

— ei(e—in—y 1 — ei(—e—in—y

Here the right-hand side tends to 2mif (r) by Lemma 2.5 while the left-hand side tends to zero by the continuity of h
at —ir. Proposition 2.4 is proved. O

3. Proof of the theorems

Consider the Schrodinger operator Ly = —y” + Q (x)y on the half-line x € [0, c0) with the potential Q € L1(0, 00). It is
known that for A € C\ (8, o0) the solution y € L3(0, c0) of —y” + Q (x)y = Ay is unique up to a constant factor. Using this
solution we can define the m-function as
y'(0)

y(0)
Let Q* € L1(0, 00) be another potential. In Simon [18] it is proved that Q = Q* on (0, a) if and only if

m(A) =

m(—1?) —m*(-7?) =0(e " 1"9)), 7 400
holds for all € > 0. We show below that it is enough to verify this condition for the discrete values T =n+1/2:
Proposition 3.1. Let Q, Q* € L1(0, 00). Then Q = Q * on (0, a) if and only if

m(—(n+1/2)?) —m*(=(n+1/2)%) =0(e72"1=9), n— oo 3.1)
holds for all ¢ > 0.
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Proof. It is known from [18] that

o0 1 o0
m(-t%) =-1 —/A(a)e’zm do, 7> 5 / Q]
0 0

with a function A such that A — Q is continuous and |A(x) — Q ()| < cexp(x||Q |l1). The estimate (3.1) means that

[A(oz) — A*(a)]efZ(nH)a do = o(efzna(l—s))

for sufficiently large n. Here f0°° can be substituted by f(;’ thus by Proposition 2.4 it follows that A = A* a.e. on [0, a] and
then Q = Q* a.e. on [0,a], see [18]. O

Proof of Theorem 1.2. From the estimate (2.4) it follows that

| | n+1 it r(er
()] <c <c =v5) <C—<—>
2" (n+3/2) zn(nJr:/Z)" / Jno n\2n

for large n. Recall the variational formula
00
=~ f a7,
0

see [7]. Using the linear deformation q(r, t) = tq(r) + (1 — t)q*(r) we get

o\_l

/ 4" () — q()g2(r. by drdt.
0

If ¢* =q on (a, 00), this implies

m ¢
|85 — 8n| < n%(%) frlq*(r) —q(r)|dr
0

which proves the part (a) of Theorem 1.2. To verify part (b), fix a number 0 < a < b < oo such that both g and g* are
supported in [0, b]. After the variable substitution x = log(b/r) the new functions y,(x) = r‘l/zgon(r), 0 < r < b satisfy
Yn € L2(0,00) and —y, + Q (X)yn = —(n + 1/2)%y, with the new potential Q (x) =r2(q(r) — 1), Q € L1(0, 00), see [6].
Clearly ¢ =¢g* on (a, c0) if and only if Q = Q* on (0, log(b/a)) if and only if the difference of their m-functions satisfy

2n(1—¢)
m(—(n+1/2)2)—m*(—(n+l/2)2)=0<(%> ) n— oo

for all € > 0 by Proposition 3.1. Taking into account the formula

Ya© _ 1, en®) _ ) Janp® @Yy, 5 0)
yn(0) 2 on(b) Jnv1/2(b) —tanépYni1/2(b)
from [6] or [4] we have to prove that
.]T/l+1/2 (b) — tanéy Y;/wrl/z (b) ];H-l/z (b) — tanéy Y,;+1/2 (b) o((a >2n(1_8)>
— = - , n— 00.
Jni1y2(b) —tané;Yny12(b)  Jny1/2(b) —tandnYny1/2(b) b

The estimate

6] < c [eb\ ™"
"2\ 2n

for large n can be verified as above in part (a). From the known asymptotics [1, 9.3.1]

m(—(n+1/2)?) =

(3.2)
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1 eb n+1/2
b) ~ ,
Jns172(b) 2n+ Om <2n+l>

2 eb —n—1/2
Y, b))~ —
n+1/2(b) n+1/2)7 <2n+1>

we infer that

c (eb\"
| Jn1/2(b) — tan 8, Yny1/2(b)| = ¢| Jag1/2(b)| = E(%) .

Consequently the derivative of the map

Jir12®) = Y5120

Jng172(0) = tYnq12(b)

for t between tané, and tané; satisfies

T g ®¥ns120) = Jn1p @V 0®) ( i ) _ (nz<2_n>2”>
(Unt1/2(b) = tYni1/2(b))? ],3+]/2(b) eb

(we used the Wronskian [1, 9.1.16]). Thus, using (1.11) the left-hand side of (3.2) can be estimated by

0<(tan5n - tanﬁﬁ)n2<§—z>2n> :0<n2<%>2n) :0<<%)2n(1—6)>

for all € > 0 if a; is sufficiently close to a. So (3.2) is verified and then the proof of Theorem 1.2 is complete. O

H:t—

H'(t) =

Proof of Theorem 1.1. We know that

00 28y _ o287
F(t) = F*(t)=)_anPy(t) witha,=@2n+1) o

n=0

Now if g =¢g* a.e. on (a, o0) then (1.10) implies

c(ea\ ™"
lap] < = =—=
n\2n

for large n hence for all n > 1 with another constant. Now Lemma 2.2 says that (1.8) is valid. Conversely if we have (1.9)
then Lemma 2.2 implies

2n
: 5 Q% ea]
g2l _ o200 — o — Ya; > a
2n

and a similar estimate is valid for §; — 4. Thus by Theorem 1.2 ¢ =q* a.e. on (a,00). O
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